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Items to be Discussed
1 Overview - AWWA Video on Jar Testing
2 Related Jar-testing Information

– Mechanisms of Particle Destabilization
– Matching Jar Testing with Full-scale Operations– Matching Jar Testing with Full-scale Operations

• Rapid Mix
• Flocculation
• Sedimentation

– Preparing Stock Solutions
– Reasons for Jar Testing
– Optimizing Turbidity and Organics Removal
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Video Reissue from AWWA
• AWWA Principles and Practices of Water Supply Operations 

(WSO)
– Five Textbooks

• Water Sources

• Water Treatment

• Water Transmission and Distribution

• Water Quality

• Basin Science Concepts and Applications• Basin Science Concepts and Applications

– Thirteen Videos
• Filtration

• Jar Testing

• Eleven others

– Can be associated with M Series of Manuals
• M12, M20, M37

• Products are considered by AWWA membership to be “white paper”
• Carry the sponsoring or backing of a committee of TEC

• As do Standards and  Periodicals

• Peer reviewed and industry consensus

• AWWA revises all of these products periodically



Revision Methodology

• AWWA gets input from many groups

– Technical committees which belong to Divisions of 

TEC

• e.g. , Plant Operations Division

– Paid authors from both within and outside AWWA

• Academia

• Utility members

• Consultants

– Volunteer groups 

– Feedback from the general membership

• Surveys, questionnaires at ACE, online courses feedback



Product Feedback Responses
• AWWA has received much input and feedback

– Most of it helpful, encouraging, useful

– Some negativity

• AWWA feedback for previous Jar Test video
– Garnered the most feedback of any product

– Majority of feedback on it was negative– Majority of feedback on it was negative
• Feedback came mostly from operators

• Operators reported that they found it:
– Too technical

– Too hard to understand

– Too difficult to put it to practical use

– Not likely to help them in their own plant

• AWWA revises the video for the membership
• Uses Cleveland Plant for backdrop

• Puts in more practical information



Today’s Intent
• We will share the video with you

• It was produced with class III and IV operators in mind

• We’ll  bring up Tim to put some perspective 

on jar testing - He will :

– Provide us with some related information that – Provide us with some related information that 

couldn’t be covered in this short video

– Help us match jar testing with full-scale operations

– Show us calculations for stock solutions, 

procedures, etc.

– Encourage operators to “give it an honest effort 

back home”



Video

• Video is shown at this point

• Takes about 35 minutes



2. Related Jar-testing 2. Related Jar-testing 
Information
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Remembering the Mechanisms 
of Particle Destabilization

• Adsorption, charge-neutralization

• Sweep floc (Enmeshment in a precipitate)

• Inter-particle bridging

• Double-layer compression



Adsorption, Charge-Neutralization
is Making Baseballs

• The turbidity-causing particles                    
in surface-water sources are            
baseballs without strings, and                    

-

- -

-
the white surface of the balls                       
is negatively charged.

• These negatively-charged,                
colloidal particles repel                           
each other like the poles                              
of a magnet.

-

-
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Adsorption, Charge-Neutralization
is Making Baseballs (cont.)

• Alum forms positively-charged, hydrolysis 

species “within a second” of being added 

to water:to water:

(Alum) Al2(SO4)3 x 14.3 H2O

Al(H2O)6
3+ + SO4

2- + H2O

Al(OH)2+ + Al(OH)2
4+ + Al7(OH)17

4+



Adsorption, Charge-Neutralization
is Making Baseballs (cont.)

• The positively-charged, hydrolysis species 

formed when alum is added to water are the 

red baseball strings.

• These red strings are attached to the 

baseballs in the rapid mix step.

• The baseballs collide and stick

together in the flocculation step

(i.e., positive red strings attach to

the negative white surfaces).



Sweep Floc is Making Gum

• Alum reacts with the alkalinity of the water to 

form an aluminum hydroxide precipitate 

(sometimes called floc) “within one to seven (sometimes called floc) “within one to seven 
seconds” of being added to water:

Al2(SO4)3 x 14.3 H2O + Alk.              Al(OH)3



Sweep Floc is Making Gum
(cont.)

• The large sticky precipitates (floc, 

aluminum hydroxide) formed when alum is 

added to water are the pieces of gum.added to water are the pieces of gum.

• The turbidity-causing particles in the 

surface-water source then stick to these 

pieces of gum during flocculation.

Al(OH)3

-

- -

-
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Inter-particle Bridging
is Roping

• Organic polymers as a coagulant are long-

chained organic molecules.

• The chains, or ropes, have positively-• The chains, or ropes, have positively-

charged segments located along the rope.

• The ropes swing around in the flocculation 

step and lasso the small, negatively-charged 

particles.
-

- -

-

-

- -

-

+
+



Adsorption, Charge-Neutralization
Sweep Floc & Inter-particle Bridging

Coagulant
(-) Particle

Destabilization
Wolfe’s

Terminology
Rel. Am’t
of Sludge

Polyaluminum Charge (+) Baseball +

“Crude” Comparison of Coagulants

Polyaluminum
Chloride

Charge

Neutralization

(+) Baseball

Strings

+

Cationic
Polymers

Inter-particle

Bridging

(+) Ropes ++

Alum/polymer
Blend

Charge Neutr. &

Inter-part. Bridg.

B-ball Strings

& Ropes

+++

Aluminum
Sulfate (Alum)

Charge Neutr. &

Sweep Floc

B-ball Strings

& Gum

++++

Ferric
Sulfate

Charge Neutr. &

Sweep Floc

B-ball Strings

& Gum

+++++



Matching Jar Testing
with Full-scale Operationswith Full-scale Operations
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Coagulation in Operating Terms
• Coagulation is treatment of water with 

certain chemicals to bring together non-

settleable particles into larger heavier 

clumps, flocs, that are removable by 

clarification or filtration.clarification or filtration.

• Coagulation is mainly a function of two 

unit-treatment processes:

– Rapid Mix, and

– Flocculation



Rapid Mix



Rapid Mix
• Rapid and complete dispersion of the 

coagulant, coagulant aid, etc. throughout the 
water.

• Detention time should not be greater than 
thirty seconds.thirty seconds.

• Typical Back-mix

Reactor



Rapid Mix (cont.)

Major Types of 
Rapid-Mix Units:

• Back-mix reactors

• Inside-the-pipe units:

– In-line blenders

– In-line static mixers

– Pump-diffuse mixers



Rapid Mix (cont.)

• Back-Mix Reactors
– Generally work best if the dimensions are:

Length = Width

Side-water depth = 1.25 x Length = 1.25 x Width

– Typical detention times are:

• 5 to 10 seconds for “charge neutralization”

• 5 to 10 seconds for “sweep floc” if time available in 

the pipeline between rapid mix and flocculation for 

“perikinetic” flocculation to occur

• 2  to 2.5 min for “sweep floc” if the initial 

“orthokinetic” flocculation is to take place in the 

rapid-mix unit



Rapid Mix (cont.)

Detention Times and Velocity Gradients 
of Back-Mix Reactors 

Detention Time 
( sec ) 

Velocity Gradient, G 
( sec -1 ) ( sec ) ( sec  ) 

20 1,000 

30 900 

40 800 

50 + 700 
 

 



Rapid Mix (cont.)

• Inside-the-Pipe, Rapid-Mix Units

– Detention times of approx. 1/2 sec– Detention times of approx. 1/2 sec

– Velocity gradient, G, of 3,000 to 5,000 sec-1



Rapid Mix (cont.)

• Important Concepts with “Charge 
Neutralization”
– Complete and instantaneous dispersion of the 

coagulant (i.e., the hydrolysis species develop coagulant (i.e., the hydrolysis species develop 

very quickly - < 1 sec)

– No concentration gradient (i.e., want to 

uniformly bring zeta potential to approx. “0”)

– Coagulant dose proportional to the colloidal 

particle concentration (i.e., turbidity)

– Can restabilize if coagulant is overdosed



Rapid Mix (cont.)

• Important Concepts with “Sweep Floc”
– Precipitate forms in 1 to 7 sec, but initial floc

formation can take minutes

– Over-saturation with coagulant important to – Over-saturation with coagulant important to 

drive the formation of floc

– Other ions in solution are important (e.g., 

sulfate speeds the formation of floc)

– Coagulant dose inversely proportional to the 

colloidal particle concentration (i.e., turbidity)

– Can’t restabilize by overdosing coagulant



Key to Simulating Full Scale
is Matching “G” Values

• G = root mean square velocity Gradient

• G = power input per unit volume of water

P 1/2P 1/2

• G = = Mixing Intensity

V u

Where: P = power input

V = volume of tank

u = dynamic viscosity of water



M12 & M37 Help us Match
G Values for Rapid Mixing

G

25 C
Log scale

G
( sec -1
or,
fps / ft )

Impeller Speed ( rpm )

5 C

Log scale





Gt Values at the Jar-test and Full-
scale Levels are then Matched 

• Gt is the mixing intensity, G ( 1 / sec ), 

multiplied by the mixing time, t ( sec )

• Gt is a unitless quantity

• It is indicative of total mixing energy 

provided



Flocculation



Flocculation
• Gentle mixing  

of chemically-
treated water 
(under low-
energy 
conditions) to 
clump (i.e., 
agglomerate) the agglomerate) the 
destabilized 
particles and 
form large flocs.

• Horizontal, flow-through velocity between 0.5  & 1.5 feet per 

second.

• Detention time should be greater than 30 minutes.



Flocculation (cont.)

• Flocculation is:
– The agglomeration of destabilized colloidal 

particles in the “charge neutralization” mode, orparticles in the “charge neutralization” mode, or

The agglomeration of floc particles in the 

“sweep floc” mode

• Agglomeration is:
– Causing destabilized particles, or floc to collide 

and to grow in size



Flocculation (cont.)

• There are Two Types of Flocculation

1 Perikinetic Flocculation1 Perikinetic Flocculation
• Caused by the Brownian motion of the water (i.e., 

the thermal energy of water that causes small 

particles to be bounced around and agglomerate)

• Affects particles up to 1 micron in size

• Neither hindered nor aided by mechanical mixing 

(i.e., pipeline flow between the rapid-mix unit and 

the flocculation basins - typically +/- 10 sec is good)



Flocculation (cont.)

2 Orthokinetic Flocculation

• Caused by mechanical mixing to promote collision 

of destabilized particles or flocof destabilized particles or floc

• Want G values to range from 20 to 100 sec-1

• Want detention times of 15 to 30 min

• Want tapered flocculation (e.g., first stage G value 

of 75 to 100 sec-1, second stage G value of 50 to 75 

sec-1, and third stage G value of 25 to 50 sec-1)

• Tapered flocculation includes three to four stages



Flocculation (cont.)
• Major Types of Flocculation Basins

– Mechanically Mixed

• horizontal, or vertical paddle wheels

• vertical mixers (similar to rapid-mix units)

– Baffled Channel Basins

• Serpentine, around-the-end basins

• Series of over-under baffle walls

• Series of flow-through, baffle-walls

– Solids-contact units (proprietary)

– Contact flocculation (flow through large 

diameter media)

– Diffused air or water jet agitation



M12 & M37 Help us Match
G Values for Flocculation

G
( sec -1

25 C
Log scale

( sec -1
or,
fps / ft )

Impeller Speed ( rpm )

5 C

Log scale

And, jar-test and full-scale level Gt values are matched.



Sedimentation



Sedimentation (cont.)

Settl Settling Zone

SOR = Upflow Rate
= Q / A
= gpm/sf

Where : Q = Flow rate
A = Surface area of

Settling Zone

Sludge Zone

Inlet Zone Outlet Zone



SOR is the Upward Velocity
of Water Leaving the Basin

gal ft3

• SOR = x

min - ft2 7.48 galmin - ft2 7.48 gal

ft

=

min



Sedimentation (cont.)

Settl Settling Zone

All Particles with a 
settling velocity > vo
will be removed

H

Particles with settling a velocity
< vo (e.g., vs) will be removed
according to the ratio : h / H

V

Sludge Zone

Inlet Zone Outlet Zone

h

H

L

V

V

vo = Q / A

vs



M37  Helps us Match 
Sedimentation Times

• Example - Typical SOR = 0.5 gpm / ft2

0.5 gal ft3 2.54 cm 12 in.

X X X

min – ft2 7.48 gal in. ft

= 2.04 cm / min



M37  Helps us Match 
Sedimentation Times (cont.)

• Sampling port typically 10 cm below surface in 

a gator jar

10 cm min

X = 5 min of settling

1 2.04 cm before taking samples



Preparing Stock Solutions



Stock Chemical Solutions are 
Typically 1% ( pph, by wgt. )
1 part 10,000 10,000 parts

X =

100 parts 10,000 1,000,000 parts

10,000 mg 10 mg

= =

L ml

i.e., 1 ml of Stock Solution added to 1 L (2L) 

of water equals a dose of 10 mg/L (5 mg/L)



Specific Gravity (SG) is needed 
to Calculate V1 for 1% Solution

V1 x  C1 x  SG1 =     V2 x  C2 x  SG2

Where:

V1 = Vol. of Comm. Grade Alum needed, ml1

C1 = Conc. of Alum in Comm. Grade Alum, 48.5%

SG1 = Spec Gravity of Comm. Grade Alum, 1.33

and
V2 = Vol. of desired Stock Solution, ml

C2 = Conc. of Stock Solution, 1.0%

SG2 = Spec Gravity of Stock Solution, 1.0



Alum Stock Solution
Example Continued

V1 x    C1 x    SG1 =    V2 x   C2 x   SG2

V1 x  48.5%  x  1.33  =  500 ml  x  1.0%  x  1.0

500 ml  x  1.0  x  1.0
V1 =

48.5  x  1.33

V1 =  7.75 ml of Comm. Grade Alum



Reasons for Jar Testing



Reasons for Jar Testing (cont.)

• Perform jar tests to determine the optimum:
– pre-oxidant dose (e.g., potassium permanganate)

– coagulant (alum, ferric chloride, alum/polymer 

blend, cationic organic polymers, etc.)

– coagulant dose

– coagulant-aide, and coagulant-aide dose

– pH conditions (lower pH by adding either more 

coagulant or an acid to enhance organics removal)

– powdered activated carbon (PAC) dose to help 

adsorb total organic carbon (TOC)



Reasons for Jar Testing (cont.)

• Also perform jar tests to determine:
– PAC dose required to perhaps improve particle 

removal (i.e., provide targets)

– PAC dose for taste-and-odor management– PAC dose for taste-and-odor management

– Residuals quantity / characteristics

– And, in conjunction with measuring 

filterability index:

• filter aide

• filter-aide dose

• filterability of clarified water



Reasons for Jar Testing (cont.)

• Objective is to determine optimum pre-

treatment to minimize turbidity and DBPs

• Turbidity, TOC, UV-254 and Simulated • Turbidity, TOC, UV-254 and Simulated 

Distribution System DBPs (SDS-DBPs) are 

the water-quality parameters most monitored

• Optimizing both Turbidity Removal and 

Enhanced Coagulation (i.e., DBP-precursor 

removal)



Turbidity Removal and
Enhanced Coagulation / Softening

• Turbidity removal and Enhanced • Turbidity removal and Enhanced 

coagulation / softening are not necessarily 

optimized under the same coagulation 

conditions.



Mechanisms of Removing 
Turbidity

Sweep FlocHigh 1) Charge Neutralization

2) Sweep Floc

Low

ALKALINITY

TURBIDITYLow High

1) Add Targets
(Bentonite)

Charge Neutralization
2) Add Alkalinity

(Lime)
Sweep Floc

2) Sweep Floc

Charge Neutralization



Fundamentals of
Enhanced Coagulation

• Natural Organic Matter (NOM) – i.e., 
DBP precursors
– Typically measured as :– Typically measured as :

• TOC (mg/L)
• DOC (mg/L)
• UV-254 (1/m)
• SUVA (UV-254/DOC, L/mg-m)



Natural Organic Matter 
(NOM)

– Particulate organics (debris and microbes easily 

removed by coagulation);

– Colloidal organics (pass a 0.45-um laboratory 

filter, but are not in true solution); andfilter, but are not in true solution); and

– Dissolved organics (pass a 0.45-um laboratory 

filter and are in true solution – mainly humic

substances such as fulvic and humic acids).

Note: The humic substances make up a large part 

of the NOM present in source-water supplies, 

and tend to exhibit colloidal properties.



Mechanisms of Removing 
NOM

• Particulate fraction is more easily removed;

• Colloidal fraction is removed through 

“adsorption, charge-neutralization”; and

• Dissolved fraction is removed by:

– precipitation as fulvates or humates, or

– co-precipitation (a form of “sweep floc”).

Note: “adsorption, charge-neutralization” 
and “sweep floc” are also mechanisms of 
particle (turbidity) destabilization.



Enhanced Coagulation
• Enhanced coagulation is generally more effective at 

lower pH values (i.e., a pH of 6 of less) than those 

pH values often used in surface WTPs, so the pH 

must be lowered by adding either more coagulant 

or an acid.or an acid.

• Enhanced coagulation requires the addition of more 

coagulant, resulting in the formation of  more 

residuals.

• Enhanced coagulation involves using a coagulant to 

remove DBP-precursor materials and/or DBPs 

through the mechanisms noted previously.



Enhanced Softening

• Enhanced softening involves precipitating more 

magnesium hydroxide which acts similarly to 

the hydroxide precipitates formed (e.g., 

aluminum hydroxide and ferric hydroxide) aluminum hydroxide and ferric hydroxide) 

when inorganic coagulants (e.g., alum and 

ferric chloride) are used for enhanced 

coagulation.

• Enhanced softening can often be optimized by 

minimizing the recycling of residuals in the 

treatment process.



Turbidity and NOM Removal 
Mechanisms are Similar

• Particulate fraction of natural organic matter 

(NOM) is easily removed.

At lower coagulant doses and pH values:
• Colloidal fraction removal is predominantly • Colloidal fraction removal is predominantly 

through “adsorption, charge-neutralization.”

At higher coagulant doses and pH values:
• Dissolved fraction removal is mainly by:

– precipitation as fulvates or humates, or

– co-precipitation (a form of “sweep floc”).
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