
.

. Technical intEgrity d' the data handling
and analysis procedures; and

. Best professional judgement of the
State regarding the decision-making
criteria used by the PWS in deter-
mining the recommended optimal
corrosion control treatment.
In the ~ of this dlapter, examples

d' ~~~on oontrol studiM will be p~nt-
ed to illustt'ate Ule approach and rationale
used in the design, implementation, and
interpretation of findings for corrosion
control studies. A st)mmary of those
studies available in the literature is
provided in Appendix B for additional
resource material available to States,
PWSs, and engi~ involved in perform-
ing corrosion control studies.

4.1 f;Qrrosion Sfl,Ztly" - co\.'

Organization
The suggested framework for a corro-

sion study as shown in Table 4-1 p~nts
a logical sequence of steps, organized to
satisfy the reqtJirements and ~mmenda-
tions outlined. For completing steps 1-3,
a logic diagram was presented in Section
3.3.1 (Figure 3-6) and these steps refer to
the d_~ evaluation dL~L~ at length
in Chapter 3. The result of the desk-top
evaluation for those systems performing
corrosion control studies is the selection
of alternative treatments to be tested.
Small and medium-size PWSs which are

This chapter is intended primarily for
large systems and th~ small and medi-
um-size systems required by the State to
conduct corrosion control studies. Those
small and medium-size systems that are
not required by the State to conduct
corrosion control studies should proceed
to Chapter 5 afte: making their treatment
recommendation.

The Rule requires CCil7osion control
studiEB to be rsfcrmed by large PWSs aid
those small and medium-size PWSs
required by the State after exceeding the
lead or copper AL. Further, the Rule
defines certain conditions which must be
met by these studies, but it does not
specify the details of those studies. This
cllapter provid~ guidance fir and discuss-
~ the following aspects <t" \:D.~_on oontrol
studies: (1) the components n9('~ to
accomplish tho study; \~) tile testing"
protOcols to be used; (3) the procedures
for evaluating data; and (4) the basis for
identifying "optimal" corrosion control
treatment.

The full scope of a corrosion study will
vary system-by-system, and the methods
and p~w. used to read1 a ~-
dation will necessarily reflect this level
of site-specificity. Thus, States should
consider the following criteria in the
review of corrosion control studies and
subsequent recommendations:

. ~nablen~ of the study design and

findings;

4-1

Chanter 4.0 -



Table 4-1: Organization of the Major Components in
Corrosion Control Studies

S.p 1 DOCUMENT HISTORICAL E'VIO£NCE
. ~ PWS W., ~ w1d ~ ~~ Ctt.a~
. Review PWS ~ of ~ AdivIy.
. I~ Prior ~ COftroi Exp.-"-~ w1d S1Udes P..~"~ by PWS.
. Id8wIify Prior ~ COftroi EXP6o~"~ w1d Studes P..~ "~ by 00,... PHs. with Sima..

Ctw~

S.P2 EV ALUA 1E SOURCE W A TEA CON'TWIBU'nON
. Mc.1- Pb.cu-POe.
. o.~.. Pb/Cu ~ Due to Corro8ic.\.
. o..m.. SaJ~ W.. Tre8lmn Needs.

5.p3 mENTFY CONSmAlNTS. Canp8itj8y ~ W Ouaay Ch81~ J~ (See Fig'" 3-7).
. I.~...~...~~ with 00wr W8t8t Tr.-n-.t PrOc.88-.. ~ay <If MuIip. ~~ of SupPY.. Canp8ibiity tor Con88QItiV8 PiNs... ReI~1Iy F...". for Particu- Tr88In8ft App~ I~ng (1) Procesa ~ (2) 0per8tior.J

R8d16td8tIey Requi a; 81d (3) C"-nic8 Suppty InI8grty 8nd Av8I8bi~.
. AdverM Imp8:IS~ h ~Unty: Conwnerd8 u W , Oper~ ~ F8ditles.

.p4 mENTFY CORROSION CONTROL TREA1MENT PRlORnES. T8rg8i8d M8M88 t« Cc ""'. ~ ~. Comp8ting W88r Q4.ay/Ti88i;"" : ~. SeCX»nd8Y B8n8ftI8 .fL_8..Lowering M8t8I ~ ~ PO1W ~~).

H ".5 -
I W.NA1E UNSUITA8..E APPROACHES BASED OM AND8IOS FROM S1EPS 1-4.

S.pl EVALUATE VIA8LE AI. TERNA 11VE 'MEA lMENT APPROACHES:. A9PY And81g8 from An~ - ~ Syst8m ~. ev8lu818 A...,1y Md pH Aquatmerlt ~ ., TheorMic8I LeaJ Md Copper $d\bily.. ev8l.. 1~i)l0f Addition: Redudiona in T;-~8tie8I Le8d and ~ SokJ~.. - _ev8lu818 C8k:ium H.~ A~ustment Opti~ Calcium ~ !~pIt8tion p~ ~

St8p7 DECISION:
For 8ny PWS. NOT Requlnd ~ P8rlorm T_ang ~ Eva"". ~m8dw
Tr.8D-- -..:
. For:r,lnlltlt ~ t;tb~
. s ,~n81 ~r~.. -.1.:..n8ti..es,
. Go to Step 9. .

For 8ny PWS Requked ~ Pefform ~on...tIon T..1I", ~ EY8Ium ~m8t1V8
Tr :. Formlaate MnmU1\ Fe8iIIIy Cnt.ia b' A:",~ Tr.-nwnts.. S84ed the Alem.;,. Tr8C;o...~ to be IraId~ ., ~ T..w,g Progr.n.
. Eat8Dish ~ ~ ~ Seied ~ CorroIion ~ T~

Sap 8 PERFORM CORROSION CON11tOL DEMONS11tA11ON TES11NG.
. ~Il T-ung Appel_us.
. DweIop T~ Pr~ and ~rn.
. ~ T 88ting Progr8n and CoIect D8&
. Analyze D8a Gener8ling Ca1oabn COfV~ P.torm8nce ResIb.
. R8'k P.tc.m.nce ~ by Priofty of Corrosion ~ ~8n Goals.
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not required to perform demonstration
testing would select the recommended
tJoeatment based on a desk-top evaluation
as shown in Figure 3-6.

A corrosion control demonstration
,testing program is to be formulated and
implemented once alternative treatments
have been selected. This includes such
steps as:. devel~ing testing ~ls, p~urM

and frequency for data collection and
evaluation;

. analyzing the resultant data to

generate performance measurements;
and

. determining the pm'formance ranking
c:i the alta'l1ative u..tment SPIX~m-
on the basis of corrosion control,
secondary treatment impacts, and
process operations and control.
Preliminary design and ~t estimates

are to be prepared for the alternative
treatments selected from the desk-top
evaluation. While cost is not directly a
factor in assigning optimal treatment, it
may be det.=i-,,;ve whrn alt~rnative treat-
ments have comparable performance.
Additionally, preliminary design will be
required for the State review process.

The final recommendation of optimal
CCJm)8ion oontrol tr~me!lt may be based
on the results of a decision criteria matrix
and the ranking of the alternative treat-
ments. The selection process should be
documented and presented to the State.

may be accomplished through a variety
of approaches and mechanisms. While
flexibility exists for the actual design of
a testing program, all such endeavors
should clearly define and docwnent the
following elements of the study:
. Testing protocols, including sampling

program design which incorporates
sampling frequency, locations, volume,
parameters, and analytical methods;
and, D8hcxis clmatai al UA:I=.=~:Jre sud1
as flow-tJU'Ougb cr static mlvironments
under predetermined operating
conditions.

. M'ate1ials used to sin!7..!late the targeted
piping environment whether lead,
~ , iron, lead soId&'edjoi nts, brass,
etc;

. Measures of oorrosion activity t such as
weight-l~, metal leaching, corrosion
ratm, and surf~ oondition irlSpections;. Data handling and analysis ~niquest
including statistical testing and
guidelines fcr intaopl'eting the findings;

. Testing of secondary impacts to
"ate~me t.~e potential effects of
altm-native tloeatInents m eXiStJng PWS

. operations and compliance with other

drinking water standards; and
. Quality assurance / quality control

program elements for each element of
the testing program.
The premi- unda-lying demonstration

testing is that alternative treatment
approaches are to be evaluated in terms
of their relative reductions (or increases)
in corrosion activity for specific materials
of concern. Quite often, testing efforts are
used to predict the behavior of various
treatment components. In this respect,
corrosion studies differ. EP A does not

The evaluation of corrosion control
treatment through demonstration testing
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-
consider the purpose of these studies to
either: (1) predict the levels of lead or
copper in flrst-draw tap samples from
targeted oonsumers' homes; or (2) predict
the actual reductions in OOITOSion activity
within the distribution or home plumbing
systems achievable through oorrosion
control treatment. Instead, the purpose
of corrosion control testing is to demon-
8tl'8te the relative ~<rmaIx:e <i" alterna-
tive treatment approaches and identify
optimal treatment.

In order to determine the relative
performance of alternative treatment
approaches, a control condition must be
clearly defmed throughout the testing
program. Some PWSs may fmd this
problematic due to changing source and
treated water conditions. S~stems antici-
pating new so~es of supply or new
treatment proceSs fcr existing ~ will
have to address the issue of which treated
water condition to use for its ~PErimenta1
control. For example, a groundwater
system required to paofonn demonstl"ation
testing currently provides water treatedon! .th -1-1 ;." ... :,".j-'.~;.' . .1:

Y;-t~f", ~fr'~~::II!"!':'r".,;:l~ ::.-'U",~.
As a result of the Swrn, the well. water
will be considered as under the influence
of a surface water and coagulation and
filtration treatment will be required. The
anticipated timeframe for completing
construction of the new filtration pla.~t is
mid-I995. Meanwhile, the demonstration
testir1g JI:"\Jgr'8m must be ~c1ud«i by July
1994, prior to the new treated water being
available. In this instan(:e, the PWS sh<X1ld
consider the water quality modifications
anticipated as a result ofc oagulation and
filtration (i.e., pH and alkalinity ~uctions
as a result of alum addition) to detennine
whether the existing s.upply would be

adequately representative of future
conditions. For systems introducing new
sources of supply to the distribution
system, the control condition should be
the existing supply and the ~ended
treatment should include provisions for
compatible treatment of the new supply
~ The w8ta" de1i~ under n<rmal
operating conditions should serve as the
control supply source for those PWSs that
experience fluctuations in water quality
either seasonally or due to the alternate
use of wells.

Each PWS will be responsible for the
design and ex~tion of a testing program
which m~ts its specific overall goals and
objectives.

4.8 Testing Protocols
Testing protocols should be clearly

delineated prior to initiating the demon-
stration testing program. Some time will
need to be allocated for trouble-shooting
the methods and procedures to be used.
Quite often, a trial-and-error process is
~~~ to" ft1 ,1Jyp li d "" J.;i~..II ,., '" ~1- ...J
I.~~~ ~.7' ~""j~ u:..""o;~~~,-,:~ aT'.u

establish a:mnsiSte'rit monitoring, operat-
ing, and maintenance plan for the testing
program. Figure 4-1 is included to assist
in logically developing and successfully
completing a corrosion control study. As
C?n be seer;, !ram th~ diagr8.m, several
different pathways are available enroute
to selecting optimum corrosion control
treatment. Some studi5 may be designed
to select more than one component, i.e.,
it would not be unusual for both coupons
and pipe inserts to be evaluated within
a single pipe loop, for example. Section
numbers have been added to the diagram
to assist the user in selecting which
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-
specific sections of the Guidance Manual
should be utilized. It is not necessary, for
instance, to read through Section 4.4.2 if
electrochemical techniques are not used.

4.3.1 Flow-Through Testing
Protocols.

The use of flow-through testing
methods to evaluate corrosion control
performance is preferred since it more
accurately simulates the home plumbing
which is the major source of lead and
~per. The following suggestions on flow-
through testing protocols and methods
should be considered by PWSs in the
design and execution of their
demonstration study.

4.3.1.1 General. Flow-through testing
refers to continuous or cycled flowing
conditions through a testing apparatus
where the solution is not recirculated.
Typically, flow-through testing is used to
describe pipe rig operations where pipe
loops or coupon/insert apparatus are
attached to a central manifold which
liistrii:'lut~ t.he test '*8ter to one or mo;-~
corrosion testing units, as shown in
Figure 4-2. Detailed descriptions of
standardized pipe rig construction and
implementation may be f~und in either
the A WW ARF Lead Control Strategies
1.Ya,-l,ual (1::190a) or t!~e .t\rmy Corps of
Engineers Pipe Loop (CERL, 1989),
including complete material and
fabrication specifications.

The following loo::IlllInendations regard-
ing the design and implementation of a
flow-through testing program should be
considered when conducting such studies:
. Duration of testing should be between

9 and 15 months to ensure that steady-

state conditions have been achieved
and to capture seasonal effects; the
longer the testing period, the more
confidence a PWS may have in
distinguishing treatment performance.

. A standardized sampling program
should be established before initiating
the testing period to enhance the
analysis.of results (See Section 3.3.3).

. Alternative locations for siting the
tS.ing awaratus shrold be tm1sideoed:
(a) labtratmy <r wata- tl'eatmmt plant;
(b) remote within the distribution
system; or (c) distribution system in
situ apparatus. PWSs should avoid
those sites where excess vibration or
humidity may be enC(R1ntered as these
<Dlditions can interf~ with the perrcr-
mance of the testing apparatus.

. Evaluation d" the test ~t@ial surf~
may be done at the conclusion of each
test run for each material in order to
assess the corrosion behavior of the
treatment alternative. However, this
would require the destruction of the
test materials, which m~y be
undesirable it" future or on-goillg
operation of the testing equipment is
anticipated.

. When flrSt-draw samples are being
oollecteci, the sampl~ shrold be drawn
slowly to minimize velocities and
turbulence within the test apparatus.
If air is entrained during sampling,
then the sampling velocity is most
likely to high.

. Water quality parameters, inhibitor
residuals (if appropriate), and metals
Gead and copper) should be sampled
at each pipe loop (first-draw sampl~)
and the wata- supply's mu-ance to ead1
pipe rig.

~
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. Variations in w-ni:8ion rates that ~
during the testing period are not
measured.

. Dynamic testing systems may require
more attention than a static testing
apparatus.
An important feature of this method

of testing is the in-line corrosion control
~~!lt ci the water. This ~ires some
degree of pretreatment components, such
88 chemical feed pumps, flow equalization
basins, flowmeters; and water quality
sampling stations. In some cases, the
operation and control of the corrosion
control treatment component of the test
rig may be m<re oomplicated than operat-
ing and monitoring the pipe rig itself.
Careful attention to the feasibility of
creating a "continuous" supply of treated
water should be addressed prior to anyfinal testing decisions. .

PWSs may be able to utilize the flow-
through testing system on a long-term
basis to assist in understanding the
corrosion response of the distribution
system. Relationships between the .flow-
through testing system and the metal
levels found in first-draw tap sampl~ may
be developed in tams d" trends in ~1J8-
es to treatment conditions. Calibration of
the flow-through testing system to ftrst-
draw tap samples necessitates concurrent
flow-through testing and ikst-draw
sampling activity beyond the initial
monitoring period. The A WW ARF Pipe
Loop Study (Kawczynski, 1992) [Note:
Expected publicatk>n date is Mrly 1993. Available
from AWWARF. Denver. 00] presents a testing
program designed to evaluate the predic-
tive capability of pipe loop systems in
simulating first-draw lead and copper
levels in targeted homes. Continued

-
. To the extent practical, the test condi-

tions shoold simulate the dlemical f~
application points and finished water
quality conditions expocte:l during full-
scale operations.
Flow-through testing methods provide

the following advantages and disadvan-
tages for determining corrosion control
treatment. Several of these have been
discussed by Schock (1990b):

Ad van tales:
. The corrosion can be measured on the

pipe instead of relying solely on
coupons inserted within the pipe.

.l.aJp8mnbeplaBiatvarl(K18kx:ations
within the distribution system to assist
in deta"mining diffeing ~~6on rates
as wata- quality changes in the system.

. Multiple loops can be sa up in a single
location to determine the corrosion
effects of dissimilar waters.

. The metllod allows crM.T<Bion rates and
treatment techniques to be evaluated
under controlled conditions. Chemical
feed rates can be refined to facilitate
d&~lning optiI:lal cotTOSion control
treatment.

. Using pipe loops is fairly economical.

. .Pipe loop systems can include provi-
sions for intermittent flow whidl should
simulate "real-world" cOnditions more

. .., ,"
approprIatelY (.llan statIc testmg

techniques.

DIsadvantages:
Pipe loops need to be operated for
several months before an accurate
axnparlSJn bet~ diff8ing ~tmQnt
techniques can be obtained.
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require 29.gallons of stock solution (20 mg
N~OOJ mL). Daily st«k s>lution require-
ments much beyond 30-gallons becomes
difficult to handle, especially when ex-
tremely concentrated solutions are used.

Additional attention must be given to
the limitations of a slurry feed, such as
lime. Analytical grade hydrated lime with
a purity exceeding 98 percent is recom-
mended for the preparation of stock
solutions (the use « quick lime for testing
rigs is not practical due to the large
amount of impurities and the inability to
Jrqe"ly slake the lime). To avoid plugging
pump heads and tubing, solutions more
concentrated than 10 mg/mL should not
be used. These solutions also require
continuous, rigorous mixing during their
application in order to ensure a CXK1sistent
suspension of the slurry solids.

Feeding a corrosion inhibitor with its
typically much lower dosages and feed
rates is less limiting on the design and
operation of the pipe rig system. More
flexibility may exist for systems testing
~on iDhjbit(rs. in tams c:i th.e numbs-

..
l: l~ps, ~pons, and in.-t8 a single pipe
rig can accommodate. When evaluating
silicate inhibitors as a treatment alterna-
tive, consideration should be given to
providing ample time and dilution for the
silicates to depolymerize prior to introduc-
tion in a pipe loop system. Silicates in
concentrated solutions primarily exist as
polymers and break down with time to a
monomeric form, which is analogous to
the reversion of polyphosphates to ortho-
phosphates. Therefore, if a silicate is
injected directly into a pipe loop system,
the form of silica present in the pipe loop
would be different from the form of silica
present in the full-scale distribution

-
utilization of the flow-through testing
systems could provide PWSs with an
additional mechanism to detennine the
potential effects of treatment changes on
the full-scale level.

4.3.1.2 T~ng program elements.
The design ard ~on <i a flow..tJ1m.lgb
~ing program ~ires special consida--
ation of several study components which
are briefly discussed below to assist in
directing PWSs and others performing
such studia Corducting SI.!Ct&8flJ1 tSing
~ams is depeI}dent on systems mamng
the commitment to sufficiently staff the
testing Bl'ort, including apparatus design,
fabrication, and opm-ation for the duration
of the testing program. This resource
commitment will be significant. For
eKample, a om-y~ testing program O:K1ld
require allocation of a full-time operator
responsible for fabrication, maintenance,
operation, and sampling; as well as
analytical support for metals and water
quality parameter analyses.

4.3.1.2.1 Pipe rig operation and
fabrlcatloD Tht:' -equit"ed flow rate
through a pipe rig deperlds on the number
of connections it is supplying. Typically,
between 0.5 and 2 gallons per minute
(gpm) of flow through a single pipe loop
is adequate. If a pipe rig "consists of two
or three loops, then at le?st 1,5 to 6 gpm
of flow is required. Operating a rig at
much higher flow rates could compromise
its feasibility depending on the complexity
of the pretreatment component. For
example, a system feeding 20 mg/L soda
ash (N~COs> for alkalinity and pH
adjustment and operating a 6 gpm tating
rig for 16 hours of continuous flow with
8 hours of standing time each day would

4-9



In constructing the pipe rig, plastic
materials are recommended for all parts
that would be in contact with the water
except the pipe loops. The use of brass
materials should be avoided due to their
ability to leach lead and copper into the
test water, thereby cross-contaminating
the samples and invalidating the test
results.

During' the startup of the testing
program, all pipe loops and the pipe
manifold should be flushed to remove any
material debris attached to the interior
walls of the piping. Flushing should be
performed using the control water. The
pipe loops should be flushed after fabrica-
tion but prior to attachment to the mani-
fold. The oomplete pipe rig (manifold plus
loops) may then be flushed Whll e trou b I e-
shooting the apparatus for leaks and the
performance of equipment such as flow-
meters, timers, valves, and pumps.

Some PWSs may want to incorporate
pre-conditioning of the pipe loops into the
testing program. Pre-oonditioning consists
<:i using control water fcr all pipe rigs until
all pj~ tjops achiG-',"f) st,e;;:,'1,V'~fCtri{-'\;;'C{1r1'O-
sion activitj:The alternative test waters
would then be introduced into the pipe
loops for their respective pipe rig system.
The relative performance of the control
and alternative test conditions would be
assessed in the same maIU1er as those
testing programs which did not pre-
condition the test l~ with oont1-o1 water.
It is not known whether this step would
provide PWSs with any greater accuracy
in the evaluation of corrosion control
performance, or whether it would reduce
or increase the required testing duration.

-
system. A design of a pipe loop system
should include some sort of holding tank
to provide adequate detention time and
dilution.

The pipe loops attached to the rig
should be of sufficient length to permit a
sample to be collected without getting
water from the central pipe. Pipe loops
should be sized to provide at least 15-20
percent additional sample volume to
ensure that interferences from other
materials in the pipe rig are avoided.
Table 4-2 presents the volume of water
contained in various lengths of piping by
interior diameter dimension. The shaded
lines correspond to the minimum length
ci' pipe m ~e oorre8lXJnding dj~~ (the
last column shaded) to provide at least
15 pe~nt additional volume in the pipe
loop for a one-liter sample. Standard
plumbing m~t~ shwld be used for the
pipe loop tubing, and all materials used
for each rig should be obtained from the
same lot of piping. For example, if copper
piping loops are to be used in three
different pipe rigs, evaluating three
ditrez:!nt ~~4'l~~~"~en 3~J 'fti ;.~ ~pe-
used in each rig should be purchased at
the same time from the same lot of the
manufacturer. Variability in the testing
rMUlts due to differences in materials can
be minimized in this fashion.

For copper loops with lead soldered
joints, fabrication of all of the loops should
be done by the same person and at one
time (do not fabricate one set of loops and
then wait several weeks or months before
fabricating the next set). Additionally, the
solder should come from the same spool.
After soldering, the piping should be
flushed prior to starting the testing
program to remove any loose debris.
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Pipe Volume Table (Volumes listed In Uters)

Pipe
Length
(Feet)

PI~ DIameter ~ch8.)
c -"::c ':",;,

~

::,;;c.

14
~::;:~~~ :;:

1-1/43/8
0.06. 0.09 0.15
0.12 0:17 0.31
0.18 0.26 0.46
0.24 0.35 0.62

O:3Q!::
0.36 0.52 0.93
0.42 0.61 1.08

0.60 0.87 1.54
0.66 0.96 1.70
0.72 1.04 1.85
0.78 1.13 2.01
0.~1.~ 2.16
0.90 1.30 2.32
0.97 1.39 2.47
1.03 1.48 2.63

- 1 .09 1 .56 2.78

1 .15 1.65 2.93
,c... "Co"

1..2.1 1.74 3.09

1.51 2.17 3.86
1.81 2.61 4.63
2.11 3.04 5.40
2.41 3.47 6.18
2.71 3.91 6.95
3.02 4.34 7.72
3.32 4.78 8.49
3.62 5.21 9.27

0.24
0.48
0.72

0.97
1 ~

1"'

1.45

1,69
1.93

2.17
2.41
2.65
2.90
3.14
3.38
3.62

3.86
4~10

4.34

4.58
4.83
6.03
~ I'\A
J ..&:.*T

8.44

9.65
10.86
12.06
13.27

14.48

0.02 0.04
0.04 0.08
0.07 0.12
0.09 0.15

:;::":'O;1c1': ;';:"::::::'0.19
0.13 0.23
0.15 0.27

0.20 0.35
0.22 0.39
0.24 0.42
0.26 0.46
0.28 0.50
0"30 ':

054. c::',;c .
0.33 0.58
0.35 0.62
0.:37 0.66
0.39 0.69
0.41 0.73

I 0.54 - 0.97

0.76 1.35
0.87 1.54
0.98 1.74
1.09 1.93
1.19 2.12
1 .30 2.32

1
2
3
4
5
6
7

,8
9

10
11
12
13
14
15
16
~7
18
19
20
25
30
35
40
45
50
55
60

~;

!",,:::

1. Volumes can be added together for pipe lengths not listed.
2. Uters can be converted to gallons by dividing by 3.785.

Notes:
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steps, and location of sample. The
frequency of monitoring for specific
parameters and the method of sample
collection should be defined prior to the
initiation c:i the testing progr-am. Lead and
oopper sampl~ from the pipe l~ should
be flrSt-draw sample representing a
standing time bet~ six SId eight hours.
For example, flrst-draw samples may be
oollected every two weeks OVe:" a 12-month
p.eriod for metals and water quality
parameta"s representative d tap samples.
Daily water quality parameter sampling
and recording of the appropriate chemical
feed and flow rate measurements may be
performed when operating the pipe rig,
even though tap sampl- are n~ ooll~
in order to document the water quality
conditions to which the test loops are
exposed during the study.

4.3.2 Static Testing Protocols.
Static tests may offer an alternative

to flow-thrtXlgh pipe loops to ascertain the
performance of various treatments with
diffe~t piping ~t@ia1s (Frey and ~l,
l~.I.)..Sta('lC ~ting generally reters to
"no flow-through" conditions, or batch
tSing (fcr example, jar testing to evaluate
coagulant dosages represents a batch
testing protocol). The most common fonn
ci static testing is immersion tSing where
a pipe material, typically a flat coupon,
is immersed into a test solution for a
~fied pericxl cI time. Corrosion can then
be described by weight-loss, metal
leaching, or electrochemical measurement
techniques. Other static testing methods
include: (1) using a pipe segment of the
desired material, filling it with test water
and measuring the metal pick-up at the
oonclusion of a specified holding time; and

-
In order to collect first-draw sample,

the pipe rigs must be operatei in a cyclical
fashion with water running off and on,
permitting a standing time of six-eight
hoors fcr the sampling progc--am. The on/c:If
c.:YclM used by a PWS shrold be COI"~.e!1t
throughout the testing program's duration
and for each pipe rig under evaluation.
Timers may be installed to control the
operating cycle of the testing program, or
manual operations may be used.

The water mitering the pipe rigs shoold
be treated per the operation of the PWS
facility. The presence of a disinfectant
residual, however, entering the pipe rig
may not ensure the absence of biological
growth within the testjng system. Partici-
pants in the A WW ARF Pipe Loop Study
(Kawczynski, 1992) noted significant
growth of heterotrophic plate oount (HPC)
bacteria at the sample taps in the pipe
rigs. To reduce the biological growth, the
taps were removed, soaked in a concen-
trated chlorine solution, and then rinsed
prior to being re-attached. Even though
the pipe l~ and/cr manifold may baxme
seedec~ with b cti:ri , "hey t!1ould not be
superchlorinated or receive excessive
dosages <i disinfectant as this could aff~
the steady-state corrosion behavior of the
pipe loops.

4.3.1.2.2 Test monitoring
programs. The sampling program for
testing rigs should include: (1) the metals
being investigated; (2) water quality
parameters dmning the tzeBtment p~
(3) chemical feed rates and stock solution
strengths; (4) water flow rate tJ~.Jgh eaclt
testing apparatus; and (5) sample identifi-
cation criteria such as test run, date,
analyst, time ci sampling, sample handling
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limitations will affect the system water
chemistry. Subsequent film formation
and metal leaching may not aa:urately
reflect the relative effectiveness of
various treatment techniques.

. The variation of test results may
confound a PWS's ability to differen-
tiate tl'eatInent rs:f<rm&nce among the
alternatives tested. Replicate testing

. and measurements are important
components to the test design in order
to provide adequate precision and

accuracy.
. Comparability of the test results with

full-scale performance is uncertain
based on existing information. PWSs
may want to place coupons or pipe
inserts within the service area and at
the POE during the testing program.
'nli8 would provide a basis of
comparison betw.n the static tests
(control conditions only) and the full-
scale system.

In spite of these disadvantages, some
utilities may find staticftt,esting useful to
screen lJ'arioos potenti~1'+';.natmepts prior
to flow-through testing or full-scaie
implementation. Static tests may be used
to evaluate a greater number of treatment
dternatives for a PWS. Time permitting,
this procedure could allow a PWS to
narrow the treatment approaches to a
more limited number for additional flow-
through testing, if required. Since flow-
through testing programs tend to be more
complex and costly, satisfying the
demonstration testing needs of a PWS or
else eliri1inating inappropriate treatment
alternatives prior to performing flow-
through testing would be advantageous.
To the extent that static testing may

-
(2) recirculation testing where a reservoir
of test water is circulated through pipe
segments or pipe inserts over a period of
time (Note that while water is flowing
through the piping segments, it is the
same "batch n of water which is being

recirculated during the holding time; in
this sense, it represents a static test.).
'Ih~ methods have not ~n widely used,
and appropriate test design would be a
function ~ the ovwa11 goals and objectives
of the testing program.

Static tEBt;ing p~Jrm do n(X; dir8:tly
simulate distribution systems. Further-
more, substantial time-sa~ over flow-
through testing methods are not realized
with this approach. Single short-term
aposure ~ the metal specimens does not
adequately give results about long-term
corrosion. Data must be collected for at
least nine months before equilibrium
conditions are approached and metal
leaching has stabilized. Several other
critical limitations of static testing are:
. Static testing conditions do not

represent the 'r:~Al;d!tiot\~ to which
piping sy8te1.:la Ii.te subject tiuring
normal operations. Containers are
typically not pressurized and experi-
mental procedures allow the inter-
mittent exposure of containers and
coupons{lnserts to atmcspheric drying.
Household plumbing environments
experienoo on-and~ cyclM d' flow and
the distributim system piping netwcrk
experiences continuous flow-through
conditions.

. Exposing coupons and containers to

atmcsphaic oonditions, disturbing films
on coupons/specimens and containers
during replenishing of the containers,
evaporation, and other bench-scale
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provide such capabilities, it should be
included in the demonstration testing.

As discussed in the previous section
on flow-through testing protocols, the
testing of silicates as a t~tm~nt alterna-
tive poses special difficulties. The initial
silicate mixture will likely contain poly-
meric forms which will change over time.
'Ibis reversion may be partially mitigated
by pre-mixing the silicate in a separate
containS" and letting the diluted mixture
age for a day or two prior to using.

more commonly, for a period of 90 to 180
days. The coupons are then removed,
cleaned, and reweighed using specific
procedures. In many cases, the coupons
can be shipped back to the manufacturer
for final preparation and weighing.

Coupon geometry and materials have
been standardized by ASTM. Flat oouJX>ns
typiCally Be made from sheet metal;
b~, cast noon and cast bronze CXKIPOns
can be prepared from castings. Coupon
sizes should be 13 by 102 by 0.8 milli-
meters (0.5 by 4.0 by 0.032 inches) for all
sheet metals, and 13 by 102 by 4 mm for
cast metals. Other sizes may be used
provided the total surf~ area is approxi-
mately 258 cm2 (or 4 in2). A 7 -mm hole is
punched through the ooupon such that its
center is approximately 8-mm from one
end of the coupon. The coupons are then
smO<t.hed and stamped with an identifica-
tion number between the edge and the
mlXmUng hde in orda- to track the results.

Table 4-3 lists the ASTM material
specifications for coupons by the metal
alloy and its reference number (ASTM
1990, G-l). ASTM has standard protocols
for coupon preparation for weight-loss
experiments with water (ASTM 1990, D-
2688). These protocols can be obtained
directly from ASTM or at most technical
libraries. ASTM references are used
throughout the industry regarding the
application and handling of mild steel,
copper, and galvanized coupons. Tables
4-4 and 4-5 summarize the cleaning
pnmures fcr the OOUJX>ns after they have
been exposed to the test environment for
the required period of time.

4.4 Alternative
Measurement Techniques

The amount of corrosion may be
determined by measuring a number of
physical parameters, imuding weight..loss,
meta11~ng, com)8ion rates, or UlSpec-
tion of surface films and oorrosion byprod-
ucts. A summary of each of th~ meth<Xls
is presented below.

4.4.1 Weight-Loss
Measurement Techniques.

Gravimetric analysis, or weight-loss,
is the traditional method of measuring
corrosion in the drinking water industry.
Many PWSs have placed rectangular
coupons or pipe inserts into distribution
system mains and service lines to assess
COlTOSion within Uleir system. Figures 4-3
and 4-4 illustrate a typical coupon and
pipe insert installation, respectively.

4.4.1.1 Coupons. ~tanguIar coupons
can be obtained directly from the
manufacturer prepared for installation.
Once installed, they are typically exposed
for a period of no less than 30-days, and
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Figure 4-3. Typical Coupon Testing Installation
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Table 4-3. Densities for a Variety of Metals and Alloys

UNa Numb8t
StaJnI8M =

7.94

7.94

7.94

7.94

7.94

7.98

7.98

7.98

7.98

7.98

7.98

7.94

7.98

7.98

8.03

7.70

7.72

7.65

7.82

520100

520200

530200

530400

530403

530900

531000

531100

531600

531603

531700

532100

532900

t.k)833O

534700

541000

543000

544600

550200

Type 201

Type 202

Type 302

Type 304

I ype 3o4L
Type 309

Type 310

Type 311

Type 316

Type 316L

Type 317

Type 321

Type 329

Type ~

Type 347

Type 410

Type 430

Type 446

Type 502

C23000
C26000

&75
8.52
8.52

Red brass ~~
~

Carb'idgebrass260

~ , 44400 , 44500 ~ralty 443. 444. 445
Alu"*,um Aloy.

C68700
C22000

8.33

8.20

Aluminum brass 687
Commericial broom 220

C6O8OO 8.16Aluminum bro~~~
*
*-*

7.78

8.45

8.77

Aluminum bronze, 8% 612
- ~position M

CcxnDOSitionG
la8d c",

Antimonial
Chemical

10.80
11.33

L53305-53405
LSXXXX

Note X1.1 All UNS numbers that include the letter X- indicate a series of numbers
under one category.

Note X1.2 An asterisk indicates U1at a UNS number not available.
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Table 4-4. Chemical CleaJlJng Procedures for

Removal of Corrosion Products

o.iI-
~
C.2.1

~

~~

~

c..8ion of IOk,8jon
wIh ~ nI'ov-t
wil m~. b888
m8t8I r8m0i..

Copper end
CClpP8t'AJIoys

500 mL ~O)c;oL~J,o;; ~
(HCt. Ip W 1.1~
R-veft to m8e 1 000 ~

C.2.2 . 20 to 25- C4.8 g IOdiwn ~ (NaCN)
R-vert wa. to In8c8 1 000 ri.

1to3nWn R~~
IUIide ~ion

ptoG,a.fwt"'8Y'nd
ber.noo.oedby

hy«~8cId
~(C.2.1).

C.2.3 Remove buicy
~prod\ds
before tiMtil...~ to
mnmiz. copper
~-=;:-:i='!ion on
~

20» 258 C11O3nn1 00 mL suIwic .ad (H,so.
IP ~ 1.84)
R~ w..,to rnM81000mL

C.2.4 ~ r8depO8ied
~ "'ng from
1Ulwic8cid
tr..",.,..

5to10. 2O»~'C120 mL 1UIfwic.ad <H.so.
. W 1.84)
R-oert W8.- to m8k8 1000 mL

C.2.5 40 to SO- C 0 solution wIh
nitrogen. BNSh~ of
te8 s~ to
removeCOlTosion
pJodudSfoIlowedby
r.nmersion tot 3 to
4 s is r~mended.

3Oto60~n54 mL ~~ Kid <HzSO.
If) ~ 1.84)
R~ w... to m88 1000 mL

s.,uion should be

YigofousIy stWted or
speci~ should be

bruah8d.L~
tknes may be

reqWt8d~C8tM
~.8n~"

Irone'1d ~ 20 to~. C1 . ~~r'#~o mL tt'~1oric -=G ~.
IpW1.19)
20 9 wWnQ,y trioxide (SbzOJ
50 g stamoua d1Iorid8 (S~

~to~ C8Ation It1ouId be
~~d~d I" ~he U$e
of MY zinc ~ 8i~

~pion
~ 8(pO8UI'8 ~ .,
Qn~r.

50 g sodum ~ (NaOH)
200 9 qrenulated zinc or zinc ctli!)S
RMgetC to m8k8 1 000 ~

~»40 m

C.3.3 ~to~-C CaJtion ~Id be
._cised In ttw &88
of MY z~ ~ --=-
1POnt8n8OUS~
~ exposW8 to .,
~~.

200 g sod~ hyG--~ (Naa-t)
20 g gr~ zft or zinc djP8
R8898~ w.. to mM8 1000 ni.

3Om40m
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Table 4-4. Chemical CleA~jJt-S Procedures for
Removal of Corrosion Products (continued)

0.,.-
~--
C.3.4

R-..b~ ~~ ~ T

Dep8i-,;: ~ the
~oftM
«IfJ~ JWodud.
~ofb888~
mav~.

75~~.CI ran 8I.t Steel
(~ued)

20 mn200 g (i8nmona,m db'8I8

tNHJ/tC/iP,)
ReegeN w... to m-. 1000 ~

C.3.5 20 » 25- C Lonv- ~ may be
r8qWred ., ~
~.

-10 m~500 mL hydrod1kxic acid (HC!. sp
W 1.19)
3.5 g t.x8m«hyi8M ~
~-= w_. to m-. 1000 mL

C.3.8 370-C For d8t8is refer
to T8Ch~ Inbm.
lion B~ SP29-
370. "OuPM SodkJm
Hydride o.c8ng
p~ Op.-':--oV
I~.

~ C8U8ic 808, (N8OH) ...,
1.5-2.0 ~ 8od~ hyGide (N8H)

to20,,*,

c.4.1 l88d~
Le.t Alloys

---

10 .. ~ 8cid (CH~
:"~-: ... to mM8 1~ do

Sm-. -ao.ng

c.4.2 10m ~~70'C5O0~~
(CH,cOONHJ
RMge" W8er to m88 1000 nL

C.4.3 ~ to 70- C5 mw,50 9 ammoni~ ~e
(CH,cOONHJ
~,. w8er to m8ke 1000 mI..
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Table 4-5. Electrolytic Cleaning Procedures for
Removal of Corrosion Products

D8i8---.~
E. 1.1

M-.W ~~ ~ T8mp8f'8U8 -_-&
Iron,

C8t1~.
...

7S 8 IOCium hydn8tkte (NaOH)
25 8 ~m su1t88 (NaaSO J
75 8 ~m C8Ibon88 <N8tCOJ
R~~ ~erto m 1000 n.

20 to 40 nn 20m 25.C ~ u -.:;, ... ~
wIh 100 to 200 Alm!
a.nert densIy. Use
C8rbcx1. ~~ M
ani-. Iteel 8tode.

E.1.2 3 m81 7S'C C.hocic ;0
wIh 2000 AIm'
QIrJ8ft d8Niy. Use
carbon. ~un ~
~ Mode.

28 mL .Utu~ -=id ~..
sp ~ 1.84)
0.5 g i1tti~ (diof1hdolyt .-ou,..
~ qwnoine -hyliodide or
~q~.)
R-oeft w.. to m8Ic8 1000 mL

E.2.1 L88dMd
L88d Alloys

3m.. 7S'C C8tM)cic tr88lment
witt 2000 Alm'
~rr'" densay. Use
C8Ibon, pf8"wn «
Ie8d 8node.

28 mL ~ Kid (H,so..
sp W 1.84)
0.5 g fthGi~ (diorth«oIyI tIjour..
~q\inoine.hyiodkte~
b8t8n8pt*'i ~)
RMgMt - to rn-. 1 000 mL

E.3.1 Copper8nd
CopperAlloya

7.58 ~_'!n ~ (KCI)
~.a8g;.-: to m.. 1000 nL

1to3"*, 20 m 258 C c.hocIc 0
witt 1 00 Alma am8rt
deNiy. Use ~
" pI8ti,.,m anode.
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. It is difficult to remove corrosion
products during analysis without
disturbing some cL tlle at;tacl1ed metal.

4.4.1.2 PIpe inserts. The first use of
piping inserts in lieu of rectangular
ooupons was devel~ by T.E. Larson at
tlle labcratorim cL tlle Illinms State Water
Survey (1975), corresponding to ASTM
standard 2688-82 method C. Pipe inserts
mnsist of a ahm"t pi~ of 1-indl diameter
tubing of the desired material, inserted. into a PVC sleeve and plumbed into a

mnvenient delivery line or laboratory
testing equipment.

A umified app~ using pipe inSB:ts
was presented by Reiber et al. (1988)
whidl permitted multiple inserts within
a single assembly and allowed replicate
results to be gathered. Additionally, the
methods used by Reiber et al. (1988) use
only mechanical means of insert prepara-
tion and cleaning after exposure which
eliminates chemical treatment and acid
rinses.

-
In general, ASTM recommendations

are that coupons should be similar in
composition to the piping within the
system being evaluated. Materials com-
monly found within water distribution
systems include cast iron, ductile iron,
galvanized iron, copper, lead, lead/tin
solder, mild steel, brass, bronze, asbestos-
cement, and plastic. Some of these
materials, such as brass and bronze, may
be present in h0\18Ei1old plumbing fimlrm
and may contain metal impurities such
as lead and zinc.

Seva-al advant8g1B and disadvantages
of coupon testing are 81JmmArized below
(Schock, 199Gb):

AdvantaeM:
. Provides information on the amount

of material undergoing corrosion for
a specific set of conditions.

. Coupons can be placed within actual

distribution systems.
. The method is relatively inexpensive.

Disadvantages:. CoupQns ~.gen,er, G 11" in t.h~~at~m
fOr'OO to -120 ~ d~rs~ore'" d~::~e

obtained.
. Variations in ~-wion rata within the

testing period are not identified.
. Standard coupons may not be

representative of the actual material
within the system undergoing
corrosion.

. The coupon is located within the pipe

section. Thus, it may not accurately
indicate the corrosion ~rring at the
pipe wall because the weight-loss may
be due to abrasion not corrosion.

4.4.1.3 Calculation of corrosion. ,
ra~ 1'l1e"dia-arehte bet;;~~ tl1~ iriitiitl
and final weights of the coupon or pipe
~ ~-s the ~~I't&on af.ivity within
the system. This measurement is in mils
per year of material-loss or gain.

For most applications, the following
equation is sufficiently accurate to esti-
mate the corrosion rate based on coupon
testing results:

P = [H(Wl - W1)/WlD] x 1.825 x 106

where, P = corrosion rate, mils per year;
H = original thickness of the coupon,
indles; W 1 = <riginal weight cI the ~pon,
milligrams; Wz = final weight of the
~JX)n, milligrams; ard D = exJXBn'e time,
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current densities can be related to the rate
of corrosion reactions. Linear polarization
t«hniqu~ have pnxiu~ good oorrelation
with weight-loss measurement techniques
(Reiber and Belijamin, 1990).

Figure 4-5 illustrates the polarization
cell utilized by Reiber and Belijamin
(1990). The test electrodes are actual pipe
inBts, and.can be of !DRterials of inta-est
to the PWS. The cell and its instrumenta-
tion can be easily reproduced by PWSs.
The investigatcrs felt that their rell design
simulated pipe flow conditions which
allowed turbulence and scour effects on
the corrosion control to be investigated.

-
days. In those cases where more precise
control is exerted over all variables
defining the test conditions, the oorrosion
rate for a rectangular coupon may be
calculated as follows:
p -1It1/H + 1/X + 1/YD x (Wa. W,)/WaD) x 1.WJ.5 z lot

where P = corrosion rate, mils per year;
H = original thickness of the coupon,
inches; X = original length of the coupon,
inches; Y = original width of the coupon,
inch~; W 1 = original weight of the ~IX»D,
milligrams; W 2 = final weight of the
coupon, milligrams; and D = exposure
time, days. . .

Rates of corrosion using pipe inserts
may be calculated as eitha- milljgrams per
square decimeter per day (mdd) or as mils
per year of loss/gain. The method for
calculating corrosion rates in mdd is as
follows:

For Steel and Galvanized Specimens:
mdd = 1180 Wtr,

For Copper specimens:
mdd = 1230,~,1,T..

Co " ,
where W = actual weight 1<& of the insert,
milligrams; and T = installation time,
days. To convert mdd to mpy, use the
following equation:

mpy = (1.437 mdd/d)

where d = density of the couJX>n material,
grams/cubic centimeter.

4.4.3 Surface Inspection.
Visual inspection of piping or coupon

surfaces should be performed when
possible in all testing programs. The type
of corrosion action should be noted, i.e.,
pitting, uniform corrosion, scale
characteristics (continuous, patchy, non-
existent), and coloration. Additionally, the
scale, if present, may be scraped from the
-~~"tu th . . . ~...1ch . ,.
DUCl~ U1 e pIpe mater; " :':lU emlca.;,ly

analyzed to determine the key components
contained in the scale. This process does
not identify the specific chemical
cxm~OOs OOITlposing the scale, but it does
indicate the elements which are part of
the chemical matn"<:.

Beyond vimal inspection and chemical
analyses d" scale material, X-ray diffi'action
techniques may be employed to further
idmtify tJ1e scale composition and aystalli-
zation characteristics. However, these
DH!th00s are t1K.-tr&lle1y ~pensive, and only
a few laboratories are capable of perform-
ing such tests.

4.4.2 Corrosion Rates.
El~emica1 mell<xJs ci dS-.ennining

corrosion rates may also be applied to
drinking water systems. The difference
in electrostatic potential between a test
and reference electrode under applied

4-22



To ~~I

From: Reiber. R.s. aDd M.leajaa-. 1990.

Figure 4-5. Cross-Section of Polarization Flow Cell
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Data needs are an important consider-
ation in the design of tlle testing program.
Analytical procedures should be clearly
defined as part of the testing program
development to: (1) describe the behavior
of the testing data; and (2) generate
performance rankings for the alternative
treatments. The most useful approach to
statistically evaluating corrosion control
data involves the application of non-
parametric statistics.

Underlying all statistical measures are
certai~ Ct.mdamental ~.Jm.ptions regard-
ing the "true" behavior of the data. Those
statistical tests which are most commonly
applied (such as the Student-t Test, chi-
square distribution, difference of means,
analysis of variance) are based on p>pula-
tions of data tllat are normally distributed.
A normally-distributed population will
f(rn1 a bell-shaped curve whidl is symmet-
rical about the mean, or average, of the
data. Although standard statistical ~ts
developed for--a nonntil ;,i!~.~b.i.i;;n ilre
often used for sets of water quality data,
most water quality data do not follow a
nonnally-distributed curve. The reader is
referred to Appendix C and statistical
reference books for further discussions of
"L. t .
LnlS OplC.

Corrosion control testing data tend to
be non-n<rmal, am thmoEi<re, conventional
statistical measures may not accurately
describe the behavior of the data, or
reliably generate results which could be
used to rank alternative treatments
without modification. The example pre-
sented in Section 4.9.1 demonstrates the
use of traditional statistical tests using

the skewness coefficient and Student's t
test to compare the performance of alter-
native treatments.

Alternatively, non-parametric analyses
accommodate non-normal conditions, and
can be applied to develop relative perfor-
m8n(2 meaSll"m rc:.- n~ treatments.
The non-parametric tests of importance
are: (1) the Wilcoxon test or U-test which
can compare the results of two conditions
to determine whether they behave simi-
larly (i.e., no difference in corrosion per-
formance can be ascertained) or whether
they behave diffm'ently (i.e., one treatment
method produces better corrosion protec-
tion); and (2) the Kruskal-Wallis test, or
H -test, which is the m<re general ~ and
can evaluate more than two test condi-
tions. Additional information on the
application of non-parametric statistics
in evaluating demonstration testing data
is provided in Appendix C.

The infocmation to be oollected for each
testing run include descriptions of: (1) the
test conditions (run number, treatment
~ages ofappli~ d1emi~ ,water quality
nAr ame"~-t:: an, d ri..+.,~. (2\ ",,: 1! ,., ~ .gvQ" tr- ~-y -- -~'" J.",.-=~""t'.4:'"d - ~~~

(control versus test apparatus, location
of sampling point, time, and type of
material); and (3) the analytical results
(water quality parameters such as pH,
temJe"ature, A1kA1inity, hardl1ess, inhibif.(r
l'esidual, disinfectant residual, lead,
copper, iron, etc. and/or coupon weight
conditions).

The use of spreadsheets or database
management skills with personal comput-
ers will be satisfactory for the analysis of
data &om most CCII.~iJ5ion studies. Comput-
er software, including statistical analysis
prograIns, is generally locally available.
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fully explored. Disinfection performance
may be determined by applying the CT
values and calculation procedures pre-
sented in the SWTR Guidance Manual
(USEPA, 1989) and briefly discussed in
Section 3.3.3 of this manual. The regula-
tion of disinfection bryproducts will affect
all PWSs regardless of the population
served. Evaluating the effect of corrosion
control treatment alternatives on the
formation of total trihalomethanes
(TrHMs) and other DBPs can be accom-
plished during the testing program by
generating eitha- rate m fonnation curves
for the key DBPs or simulated distribution
system levels of DBPs. PWSs may refer-
ence the A WW A Standard Methods, 17th
Edition (AWWA, 1989) for an analytical
method to determine the simulated
distribution system tc*-a1 trihalomethane
concentration (SDS'ITHM).

4.7 Quality Assurance/
Quality COntrol Programs

The interpretation of data is founded
upon the assurances that proper quality
assurance and quality control (QA/QC)
procedures were followed during the
testing program. A well-designed QNQC
program permits the investigator to more
accurately describe the variability intro-
duced ~to the data by the response of
testing materials to the co~ion control
tl'eatment IX'~ being evaluatro alone.
Elements to be included in a QNQC
program include:. Sufficient sampling frequency for water

quality parameters during the period
of time when water is flowing to
adequately desaibe the test conditions
to which the materials where subject

4.6 Testing of Secondary
Impacts

Testing of secondary impacts is vit;al
to the overall study design for optimal
treatment. A primary area of concern for
secondary impacts is how the alternative
corrosion control treatment may be
successfully installed and operated so as
to meet future State-mandated operating
oonditions that define ampllance with the
Lead aIMi C~ Rule. When pH, aJkstlini-
ty or calcium adjustment are components
of a treatment alternative, the stability
of these parameters between the point of
adjustment, the POE, and throughout the
distribution system should be SSErtained.
Additionally, the likelihood of inhibitors
and key water quality parameters to
remain within acceptable limits in the
distribution system should be investigated.

Compliance with existing and future
drinking water standards must be
achieved after the installation of arrosion
control treatment. Testing to evaluate
these conditions should be included in the
design of the convsion control study. Of
particular concern may be changes in: (l)
the impact on compliance with the
disinfection performance requirements c:i'
the SWfR and the up-coming Ground
Water Disinfection Rule (GWDR); (2) the
levels and types of dislTlfection byproducts
<DBPs) that may ~ (3) the occurrence
of positive total coliform events or
inducement of confluent growth in total
analyses due to in~ in heterotrophic
plate count bacteria; or (4) disinfectant
residual concentrations.

The impact of alternative treatment
on compliance capability of current and
future regulatory requirements should be
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between first-draw samples. For example,
if standing samples are oolle(:ted each week,
del at ~ daily mmpling fCK water q\mllty
pararneten should be performed for the
treated water supplied to the pipe rig.

. Split samples for metal analyxs, ~~y
when metal test kits are being used. EP A
~~ that at least five percent of the
samples coll~t:ed be split samples.

. SaJnpie blanks am ~ sInIki be IXqIUM

by so~ otheJ' than the chemical ~yst
to verify routine measurements. A sample
blank and spike shouJd be performed during
each testing period for metals.

. Proper calibration of all analytical
instruments should be perfonned at the
beginning of each testing ~. C:IeInical
feed and flow rate meters should be fully
calibrated prior to the initiation of testing
and perlooically che(:ked during the testing

program.
. Sample handling procedures should follow

those required in the Rule for metals and
water quality I8r3~. S~ care sfnJId
be givm to the cleaning prtx:edures utilized
for metals sample containe."S to minimj7~
cro~s-ronwnination betw~ samples. ; ,

Each testing program will need to address
its specific QA/QC requirements, and should
delineate these elements at the beginning in
order to prevent the ooll~tion of data which
c~"not be q~,~q1J?,t~ly verified.

The factors affecting the selection of a
treatment technique include:
. Perfo~nce of alternative treatments

evaluated during demonstration testing
for mitigating corrosion based on the
pimtizatioo of (a) ~ taI'gefaI n~;
(b) the measurement technique used to
describe corrosion activity (metal
solubility, weight-loss, corrosion rate,
etc); and (c) confidence in the testing
program results (QA/QC and statistical
analysis validity).

. Feasibility of implementing the
alternative corrosion control treatment.

. Reliability features of the alternative
treatment approaches based on treated
water quality and full-scale operational
characteristics.

. Costs associated with installation and
operation, where alternative treatments
have comparal:>le performance. ..:

A decision matrix including each 'of the
above factors may be developed aIx1 awlied
as the basis for selecting the ' optimal '

corrosion control treatment. Weighting
factm whid1 &Wgn Idative primties sInIki
be related to .>lre-specific crirel1a. L-. lilV~i:
cases, however. d1e performance of the
alternative treatments in reducing lead and/or
copper should receive the greatest priority~

4.8.1 Example 01 Treatment
Selection.

A large PWS perfonned a desk-top
evaluation of their system and identified two
alternative treatments for further study by

4-26



identifying optimal treatment in this case is
treatment perfonnancc, shown by setting its
weighting fac8Ix' at O. 75. ~ IeJiabiJity aIKi as
weighting facton were set at 0.15 and 0.10,
respectively. The reliability of the treatment
options is considered more imJX)rt3nt than the
costs since compliance will evaltually be
determined by the ability of the PWS to
~~t1y prod\M:e finished wa!a' which ~
its treatment.ooj~tives. The costs of treatment
sIDIld be assigrm a low waghting ~ (1ae
0.1) to ref1a:t die f.:t dIa1 costs are ra ~y
reJevant to seIe.:tiIlg d:ae ~mal ~Ei'it, ~
in helping to decide betw~ alternative
tIatIIaIts Md1 CXXI~abJe: ~;\X.I_~ Ba.a
on the results of the final treatment selection
decision matrix, Treatment A would be
~mmended as ~timal corrosion control
treatment.

-
corrosion testing. Flow-through testing was
~ormed using ~ rigs with: ( 1) iroo tubing
and copper tubing with lead solder, and (2)
copper, lead, and iron coupon flow-through
cells. Figures 4-6A and 4-6B present results
of corrosion testing in terms of reductions in
metal concentrations for standing samples and
average weight-loss for treatment alternatives
A and B as com~ to the existing ~t.

The first-step in developing the final
treatment selection decision matrix is defining
the performance ranking of each treatment
evaluated. The ~ for the best tIQtment
option used in this analysis is 7, for second 4,
and for the wont ~oo O. Given the priorities
of the PWS, the weighting fKtors ~ for ea:h
metal were 0.45, 0.40 and 0.15 for lead,
copper, and iron, reslJe(:uvely. Due to the
inCreased im}X)rtance in controlling lead and
copper solubility, the weighting facton for
measurement technique were 0.7 and 0.3 for
metal concentration and weight-loss results,
respectively, for lead and copper. For iron,
tXJWeY~, ~ nasl.1IeI1a)t wapting ~ was
0.3 and 0.7 for metal C(X1Centratioo aM weight-
loss results, ~~~y, due to ~ axlCemS
about maintenance ..;..;~~,.;! '~-f_j~..~~.

Table 4-6 presents the com)sion Control
performance matrix with the appropriate
weighting £acton. The ~~t ~ iOOi~~
that treatment A provided the best corrosion
control protection, while treatment B provided
the second best and the existing treatment
provided the wont performance. These results
are used in the final treabnent ~~_'-.I matrix.

Table 4-7 presents the final tIQtment
selection matrix for the PWS. A desk-top
evaluatioo of tIeatITalts A aIxi B prU to tesIing
revealed that these treatment options were
equally feasible. As a result, feasibility of
treatments A and B is not a ~ of the ~-Sion
matrix. By far, the most important factor for

4.9 Examples of Corrosion
Studies
4.9.1 Row-Through Testing.

Utility A exceeded the actioo level for lead
~Jits first 6-month perioo of diagnostic
~toring and initiated A wrrosion conttol
study. The Utility treats water from a surface
supply to provide a treated water with the
following general characteristics:

pH - 7.8 To~ ~ne88 - 85 man. - C8C~
so. - 40 mg/L C. ~ne88 - 52 men.. - CaC~
CI - 5 mgA. Tot. .k.iritV - 80 maA... caCo,
N. - 10 1ngJ'I.. ro~ 8Qiid. - 2.75 mgli..

As illumial 00 FJgUIe 3-7, ~ a\'ana
for ~t exist. After axMiucting a desk ~
study aOO visiting widt ~ <Xher utilities using
.timil2T water sources, Utility A decided to
utilize pipe loops to further define optimal
corrosion control tIQtment.
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Table 4-6. Corrosion Control Treatment Performance
Ranking Ma tri::I:

Performance Criteria

Weight-LouUetal SolubilityTreatment Alternative
Iron

0.15

4

7

0

Copper Copper LeadLead Iron
Weighting FactOl'8

~

0.45

7

0

4

Treatment A
Treatment B

Existing

4
7
0

7
4
0

5.5

5.5

0

7
4
0

Interim Performance Score.
TrENitn1EN1t P\ 1.6 3.2 0.8 2.8 3.2 0.6
TrENitn1errt B 2.8 1.8 0.8 1.6 0.0 1.1
Existing 0.0 0.0.. 0.0 0.0 1.8 0.0

Measurement Score.
Treatment A
Treatment B

Existing

0.9

0.0

0.5

0.4

0.7

0.0

1.1

2.0

0.0

2.2

1.3

0.0

0.2

0.2

0.0

0.8
0.5
0.0

Total Score
Treatment A
Treatment B

Existing

!~.::::~~
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Table 4-7. Final Corrosion Control Treatment
Selection Matrix

Treatment
Alternative

Corrosion Control
Performance

Estimated
Costs

Treatment
Reliability Total

Weighting Fadm 0.75 0.1 1n15

Treatment A 7 0 6.37

Treatment B 4 3.44 0

Existing 0 1.34 7

yield higher metals concentrations than
actual household plumbing systems. Yet,
it is extremely difficult to construct pipe
loops with mataials removed from house-
hold plumbing systems without disturbing
films and scales present on piping interi-
ors. Results from testing programs,
therefore, are used to select treatment
techniques; and final action leve~ after
ir~llation <i full scale b-eatment can ol11y
be estirn8tOO. In the testing program being
discussed here, finished water from the
treatment facility flowed continuously
through all three loops for four weeks in
order to partially acclimate the pipe rig
befa-e the ir~tiation of ilie wookly .sampling
program.

Parametric statistics were selected to
compare the two treatments with the
oontrol. The data were found to be skewed
and were transformed into the log normal
mode for analysis. This type of transfor-
mation is frequently IrnKie when analyzing
water quality data and the procedure is

Three identical pipe loops were con-
structed of copper pipe with lead/tin
soldered connections. Loop 1 represented
a control loop without treatment, Loop 2
used finished water treated with lime
addition, and Loop 3 used finished plant
water with the addition of a phosphate
inhibitor. The ~t pH for Loop 2 was
8.3 and the alkalinity and fmal hardness
\~9re al!;,v..ad to fluctuate to satisfy tli.e
final pH goal. Loop 3 water was treated
by the addition of a proprietary phosphate
inhibitor at a dose calculated to yield
1 mg/L as PO.. .

The three loops were run for a period
-.:;f :35 weeks until ,bey appeared to stabi-
lize and testing was terminated. Water
flowed through the loops for 16 hours
followed by an 8 hour standing period.
Standing wata- sampl~ were oollected for
lead analysis once per week for the
35-week period. Data from the tests are
given in Table 4-8.

Unless conditioned for an extended
period,. new piping materials are likely to
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Table 4..8. Lead Concentrations from Pipe Loop Testing

WMk
1
2
3
4
5
8
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
28
27
28

29
30
31
32
33
34
35

Loop 3
Pb. maIL

0.078
0.102 .
0.115
0.109
0.126
0.102
0.098
0.075
0.082
0.070
0.068
0.065
0.081
0.073
0.065
0.068
0.072
0.038
0.055
0.062

. 0.050

0.068
0.076
0.072
0.075
0.080
0.062
0.054
0.058
0.045
0.052
0.068
0.030
0.051
0.042

~1
p~ maIL

0.062
0.078
0.125
0.110
0.175
0.205
0.190
0.162
0.078
0.112
0.095
0.132
0.126
0.103
0.115
0.138
0.092
0.100
0.118
0.107
O.~
0.082
0.097
0.112
0.085
0.078
0.060
0.092
0.075
0.087
0.063
0.072
0.068
0.080
0.091

.-2~"BIa'.~ru,""-
0.130
0.100
0.080
0.095
0.110
0.135
0.108
0.092
0.079
0.085
0.090
0.076
0.079
0.108
0.087
0.072
0.068
0.052
0.097
0.075

nA,~
"'.I.I-I-}

0.072

0.103
0.096
0.072
0.080
0.052
0.058
0.045
0.053
0.060
0.055
0.052
0.048
0.057
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exp~ mme fully -in Apperdix C f<r this
ex:ample. The Student's t statistic was u.:I
to compare paired data among the three
loops and the results from these analyses
are reprodqced in Table 4-9 from
Appendix C.

Using the entire data set fcr 35 weeks,
the data in Table 4-9 ~ to indicate that
either treatment would be beneficial for
reducing lead concentrations. However,
after reviewing the data, it was n«.ed tl1at
the data had rewa- fluctuations during-the
later ~ks. These results are reasonable
as the pipes' become more acclimated and
the system stabilizes as the testing
program proceeds. Using a data set from
week 25 on, the data were examined once
again. This analysis showed that each
t1"eatment was significantly diffm"ent when
(X)Inpared to the oontrol, but there was no
apparent statistical difference between
treatments. Thus, Utility A will examine
other factors such as initial oost, operating
costs, and operating philosophy before
deciding which treatment to implement
for full-scale trea~ent.

4.9.2 Static Testing.
The City of Starboard, a large PWS,

has a surface water supply with low pH,
alkalinity and hardness levels as shown
in Table 4-10. Based on the desk-top
evaluation, the optimal corrosion control
treatment recommended for further
evaluation was pH/~alLnjty adjustment.
The 'use of .inhibitors was eliminated on
the basis of the desk-top evaluation. The
water quality goals selected on the basis
of lead and copper passivation were: pH
7.6 - 7.8; total alkalinity = 40 - 45 mg/L
CaCO.,; and total hardness ~ 30 mg/L
CaCO".

Three treatment alternatives were
selected for demonstration testing using
static tests: (1) lime and carbon dioxide;
(2) soda ash and carbon dioxide; and (3)
lime aId EKXtium bicarbonate. The aVB'Bge
chemical feed rates and water quality
characteristics for testing are presented
in Table 4-11.

The demonstration tests used to
evaluate corrosion control performance
COD2~t-.ed of immersiorrt.ests with Oat
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Table 4-10. Average Raw, Treated, and Finished Water Quality

for the Static Demonstration Tests by the City of Starboard

Table 4-11. Average Chemical Feed Rates and Water Quality
Characteristics by Treatment Alternative for the Static

Demonstration Testing Program by the City of Starboard
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Figure 4-9 to illustrate tile data recording
and documentation requirements.

Figures 4-10A and 4-10B present the
metal leaching results for copper and lead
in terms of the reduction in total metal
between the test and control jars. A high
degree of variability is evident from the
~per results, while more consistent data
was found for lead. The lime and carbon
dioXide treatment provided the greatest
reduction in copper levels consistently
throughout the testing period. The differ-
~ in the psf~ between the <*be-
two treatments for copper control is
minimal, and, throughout the majority of
the testing pa-iod, both iIKiicatEMi inaea~
copper corrosion over the existing condi-
tiODS CLe., negative reductions as preeen~
in Figure 4-10A).

Each of the three alternative treat-
ments provided p(8itive reductions in lead
UAT"""USion as shown in Figure 4-10B. I.,arge
variability was observed in the perfor-
mance of soda ash plus carbon dioxide
while lime plus carbon dioxide and sodium
bicarbonate plus carbon dioxide provided
very cc:1sistent ~~i.4lts ,The- ~imo- p.nd
carbon dioxide treatment, however,
resulted in lower lead levels with respect
to tile control throughout the entire
evaluation period.

Based on these results, the lime and
carbon dioxide treatment waR selected RS
optimal treatment since it provided the
greatest and most consistent reduction in
corrosion for lead and copper.

-
metal coupons of iron, lead, and copper.
Figure 4- 7 illustratM the experimental set
up for the immersion tests. The testing
r.-- ~ was oorducted by S.1spending four
metal coupons in each of three test jars
and the one control jar for each metal
iIducBi in the ~iptim. The soIuums
were maintained for one-week testing
periods, then sampled, drained, and
replaced with fresh solutions. Water
quality parameters were measured daily
in each jar to ensure their relative oonsis-
tency throughout the testing period. The
pH was adjusted with carbon dioxide or
sodium hydroxide, as needed. .4Jkalinity
and hardness contents remained very
stable during the week holding lBiod, aIKi
did not require adjustment.

The testing schedule, as presented in
Figure 4-8, included: iron coupon testing
fcr 4.5 months; lead (D.1pons fcr 7 months;
aIv.i ~ CXJUp>ns fcr 13 months in <l:da-
to achieve stable conditions by the end of
the testing period. Metal leaching data
were collected by sampling the test and
control solutions prior to draining the jars
at the oo~on d' ~~~ ~#,-~
and test jars were all treated the same in
terms of the monitoring frequency. This
ensured the integrity d' the relative metal
leaching data between CQntrol and test
conditions.

Table 4-1~ presents the raw data
generated during the testing program in
terms d" wata- quality paramet« monitcr-
ing and metalle8cl1ing. A sample log sheet
for the testing program is presented in
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FIgure 4-9. Tftltnersion Testing Data Recording and

Documentation Sheets
Date:
TIme:

Analyst:
Test Week:
Te.t Day:

W818r QU8~ -~ ~ ,::,:::".::
::':."':

W8t8I' aJaIty Parameters
--- ---

pH T AIk ca
T reabnent

Rep2 Rep 1 Rep2~1 RiP 2 Rep1 Rep2 Rep1
Control

Trt AJt 1

Trt M2___j
Trt Nt 31

~

I"'" ~ ~~!:...*;":::;:..,{:",i~",:::,,k:iig
Immersion T &Sting

Me'" Content., mg/l
IronL88d CopperTreatment Rep 1 Rep 2 Rep2 Rep 1 Rep2Rep 1

coo~
Trt Alt 1
Trt Alt 2
Trt AIt 3

Q~T""ngR$811t8: !::,,;'::'~i
Iron

818*1-
Lead ~

Treatment Blank Spike Blank Spike Spi<~-
Control
Trt Alt 1
Trt AI! 2

I Trt AIt 3

I W.lght-L~c~~me nt8; mpy ""Coc"",;"",";;";">"::

t~~
Lead Iron

Treatment Rep2 Rep 1 Rep2Rep 1 Rep2
Conb'OI

Ert AI! 1
Trt AI! 2
Trt Alt 3
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Figure 4.9. Immersion Testing Data Recording and

Documentation Sheets (continued)
08te:

llme:

Analyst:

Te.t Week:

Te.t 08Y:

NOTES:

VISual Inspection of Coupons

Testing/~aI Procedures:

OA/QC Program

~. .
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