
3599 (RP-586) 

EFFICACY OF BIOCIDES IN CONTROLLING 
MICROBIAL POPULATIONS, INCLUDING . . 

LEGIONELLA, IN COOLING SYSTEMS 
D.H. Pope. Ph.D. 

ABSTRACT 

Ten cooling towers were tested to detennine possible 
co"elations between Legionella numbers and physical, 
chemical, biological, and operational parameters. Sig­
nificant co"elations were found between total bacteria and 
Legionella levels as measured by direct fluorescent an­
tibody techniques. Five biocides were tested for efficacy In 
controlling Legionella and other microbial populations in 
four towers. The results showed that most biocides were 
ineffective at mamifacturers' suggested dosages. Only 
frequent, high doses of organic biocides or low-level 
continuous treatment with an oxidizing biocide showed 
promisf for long-tenn control of microorganisms in the 
towers tested. 

INTRODUCTION 

Cooling systems, including open recirculating cooling 
towers and evaporative condensers, are known to harbor 
microorganisms both in the bulk water and on surfaces. 
These microorganisms cause a variety of problems, 
including loss of heat transfer efficiency and deterioration 
of system components. These systems have also been 
implicated in the growth and dissemination of pathogenic 
microorganisms, particularly those belonging to the genus 
Legionella (Howland and Pope 1983). Early work implied 
that aerosols from various heat rejection units (cooling 
towers, evaporative condensers) were responsible for many 
of the confirmed cases of legionellosis. In one instance it 
was felt that the role of the aerosol was demonstrated in an 
outbreak of legionellosis in a hospital in Tennessee (Don­
dero et al. 1980). The plume from an adjacent tower could 
have reached the air intakes of the patients' rooms. 
However, ·in another case that implicated a cooling tower 
in an outbreak in Rochester, New York, it was found that 
the water distribution system of the facility was contami­
nated with L. pneumophila (Nolte et al. 1984). Many 
hospital outbreaks of legionellosis have been traced back to 
the water distribution system (see Muraca et al. [1988] for 
details), and the role of cooling towers in outbreaks has 
become much less clear. Other cases have further impli­
cated wate~ distribution syste(DS (States et al. 1987; Stout 
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et al. 1985) and their role in contaminating shower heads 
(Bollin et al. 1985), bot water tanks (Fields et al. 1989), 
and potable water supplies (Tison and Seidler 1983). 

Several investigators have studied the efficacy of 
biocides in controlling microorganisms, including Legionel­
la, in cooling tower environments. Soracco et al. (1983) 
demonstrated that many commercially available biocides 
kill Legionella and many of them kill the algae capable of 
supporting Legionella growth (Tison et al. 1980) when 
tested in a laboratory environment. Braun (1982) and 
Soracco and Pope (1983) demonstrated, however, that 
some of these same biocides are not as effective in "real 
world" cooling systems". 

Fliermans and Harvey (1984) suggested that bromine" 
containing biocides might not be as effective as chlorine in 
controlling Legionella in open cooling systems. Later work 
by McCoy and Wireman (1989) found that bcomochlorodi­
methylhydantoin (BCDMH as 1.0 ppm chlorine) was 
99. 9 % effective against L. pneumophila in industrial 
cooling water. Muraca et al. (1988) state that biocides have 
been found to be ineffective in "eradicating" Legionella 
from cooling towers and are "only marginally effective in 
reducing organism numbers." The literature is divided 
regarding the case for chlorine, especially in potable water 
systems. In certain instances, continuous chlorination (1.0 
to 1.5 mg/L) and shock chlorination ( ~ 50 mg/L) were 
found to be ineffective (Muraca 1988). Studies by Baird et 
al. (1984) and Massanari et al. (1984) found that hyper­
chlorination (i.e., greater than 2.0 mg/L) successfully 
controlled Legionella. Although chlorine has been found to 
be effective in some cases, the above literature suggests 
that chlorine may be contraindicated in some industrial 
environments. 

Pope et al. (1984) demonstrated that ozone, if properly 
applied, could effect control of microbial populations, 
including Legionella, in a variety of cooling systems. The 
degree to which general microbial communities in the 
cooling system cal\, or should be, controlled is an open 
question. Most investigators would contend that main­
taining a cooling system in a sterile condition is impractical 
and uneconomical. Instead, the target is to keep the 
microorganisms under control and to limit their effects on 
operation of the system. The situation with respect to 
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Legionella control is little different; Some investigators 
(Fliermans and Nygren 1987) ha'le used fluorescent . 
antibody methods to measure Legionella populations in 
such devices and have proposed a practical ''working 
level" of 10,000 Legionella pneumophila per mi1liliter, 
abov~ which se~ous consideration should be given to 
~leanmg and chemically disinfec!i_ng the facility~' Other 
mvestigators (Morris and Shelton 1990) have used culture 
methods and have suggested that l~vels of viable 
(c~l~.rable). 11,8.!onella in th~. ~t~ ~·9( 10 to 100 per 
milhlJter nught..be cause for efi:9anced· treatment. 

The objectives of the ~o~p-~ase .~tudy reporte:d heie 
were to · ' '' ' ·· · · 

1. dete~~ }Yhether
1
the ievels of ~gionella in coolin~ 

systems cqµld be statistically corl'Clated with other 

cool~g sy~t~~-· p~raniet~' and ··"ic! ., : :~, • 
2. t~t . the 1 h.~l.1tY.., ~(.:.,several ~o'W1;1~rc1ally .available 

:, b10$:1~es ,.t9 -:c~ntro! .wicroorgam~~· .including Legion-
.ella, m C90lmg s,t.~tems. ' 

'( '· J. 

MATERIALS A~D , METHODS 
~;L .. ~ .':" 1 ·" 

Copling Systems· Studied ·. . · 
. ,. . . , . . , l.'.f :~) . 

· '.The obj~tiv~ ,o·f phase ~ ~~·to dete~:e '!,r sigfiitJclmt · 
corr~latio~ be~~n Ug'iolie~ia' level~. and other b'"lologrcal '' 
an_d opepitional parameters exist~. Jn this phase, 19 sites ': 
were sai:nplep. I These a{e listed ill." Table 1~ ·a100~ with 
sys·~~.m ~ba~R~e~sti~.~ A~ can be ~een, the s,ites inci6ded 
OP.~n .~O?l~~I towe~1 ,and CVa~rative C~pdenSerS, SOID~'.of 
w~ch operated as pai~. (two, loeotical 'units operifiifiio tlie"· 
sami facility). Al! ~Perated_' 'on the ~ same ' make:up_ watef : 
(city _of Troy, New· York) and all had .,b'e-elr on · simifar ·• 
c~eiillcilt lr~tlll~nts (using. the same b'iooideS· aoa: corrosion 11 

i.n.Illbito~} ~or' in6re tb'an 10 year§. A wide range b f system -; 
parameter5 '(e.g .• volume, 'temt)etatures) were represen ed.1'. 

~ake-up voJ(lmes were recoraed from meterlr-on theil 
individual units.' E;\:rent retorderS· were uistalled , on a:ll ~ 
towers ttsed in pb}Mlf 'il in ·wllfcb · i:iiocia~ · were ;.testea .. · 
Th~ '1he tq -~~ wilh :_blowd9wil' rate$ 'to·cietennine , 
blowdown volumes over tii:n1'~ Unfortunatefy, tlieSe rareiy·· 
ga.v~ acc~ratJ '.~eadings due to faultj operatioW~f th~· fower$ =­
( e:g '. , ~dirt and.leaves dili ·d&g'hlowao\vil v.alves):·· '· .· 

it' sli6Kid '.be emphas"iii!d tliat ·all other routine chemical . 
t~eat~.e~tS : ,(corrosion/~te Uiliil>'i\IO'rs) contthued 'itl· th~' 
t6wet'if duriilg all pha:S'es of the studyl.:'Biocid~ that were in 
use by~the host facitity during the study wei'e•.feplaced on!Y,:-• 
for the du.rlltion 0 tffu t bsting.- 'thirre we're· a'Pptoximately: 
three c}'bles of conceiitr1ltion (i.e.' ·the number of'..ttmes the· 
solids-J in a particula; ·volume of wafer' are con:centrated 
[Dr~\V· .. 1'979]) in syste~nnested.r ; · ... , ·1 ' . 1 

•I " '1. .~;J ! • ' :J.: '•)<i; · 

Micrpbiological Analyses · ! • 
. •• ·2 ": • l , r;= :;~ ~- ;- ;·-:-: 

Water ··saifipltls' ~re obtain~ from: the towers, and. 
temperature, pH, and total dissolved solids (i.e., by 

. TABLE 1 . 
Cooling Systems Sarti~IJ$t 1 In First OUart~r Jt ~ . . . 

Sit• NumMr 
and Tower·· 

l . \" 
DHlgn.itlon 

., \ ·1 • ' i ~p 1 ... ... 
'r~ariuf•ct11j-r - .. 
· ' •nd Modal 1

• Ty~ t'ocatlon 

Volu;..,e J ,-: 
(gal) . 

1 • CllE 

2· CllW 

3 ·Cogs 

4· cc 
5 • Uni~n, . 

6· Wvtr.r , 

BAC CFT 2427 FCR Open Outside shelter, 
' ' ' roof > 

7000 
• '< . '• 

BAC CFT 2427 FCR Op~1 
' . Outs1de sh~lter, . ifooo 

.'L • • ·• • c1 roof 'i, '. ·:,. '· ·, ,; " • 

0

1'AAl1.ey 71 ~~ . , Open Outside, roof · '• 

Open.. Outside, ground • _ , 

7 • Llb1 •ld ' BACVS1-t.100-.1 Closed Inside, top floor 

Closed' i 'lneiltt. top floor ' J tOQ.,, 

s. Ji:cfn ·. eAc\1s1-200.a iuoo 

• l 

11.,.,, ·: 1 .. ·.;./ ;•· ; 1, • 
Closed · ln~ide, grouiid 

..:, · ~loor . I •" : 1• ••• 

10 • JEC2 BAC VS1-200.3 Closed Inside, ground • ~11'0Q 
' :11·:: "; ;;: ;s::., floor 1: , , r 

0

T0Wits were not used :after thl! irii!l,t.•J1:f11Pling; additional inform11_ti.on: , 
WH ncit ob~'ined. . "1. '!,.: ••. r ; _ · -'' ·. ' 

:1 '~ ;~; :: . r ~ 

conductivity) were . detetmined on<.Si~e using. 1pqr;table ·. ;; 
probes: Aliquots ;of each -sample were µr-OC~ 9n_:.jSite 
using 8eriaI deeimal ·dilution to .. an eridpe."Q)t to. 9~.ennine. 
the numbers of viable bacteria. Acid-producing (APB; 
facu1tat~ve anaerobes and . anaerobes that produc~ Qrganic 
acids) andrsulfate-reduciiig0bact¢ria (SRB) were en.umerated 
in this fashiOh USing cornmetc:iaUy a~ailable, prepareq fluid 
media (preprietary media formulations;- see Table. 3£'. The 
remainder of the· samJjle was returned to the,'Jaboratory 
withiil ·30 min'ut~ of collection. Dilutions: o(-tbe: samples 
were perfortned in atitoclaved and filter~erilizediteionized 
water';·imd these-Were,plated onto standard plate c.9unt agar 
to b~'tain the ·tbta:l viable . co,unt. Plating was also. :done to , 
obtain· total viable Psiiudomonas spp~ . counts. ·,, · 

· '~gionelia aaal~sis was done on both unconcentrated 
and concentrated samples. Concentration was achiev.ed by · 
filtefui~ ' idiqudts (up ·to 100 mL) ofo the samples ' onto 
pcilycaroooate ' 'flleinbraii~ filters with· a ·.pore ··si7.e .of . 0.2 
µm;· Aliquot§ of tMeS6 .:concentrates: were treated 'Withi aQjd 
and/or heaf>ctccording tel the procedures outlined by Dennis : 
(1988). "These samples were plated onto .selecti\'.e and : 
nonselective Legionella -agar pl!J,tes. (i.e.; buffered.charcoal : 
yeast extract (BCYE) with and without antibiotics [APHAr 
1989)). Media from several sources were used and com-
pared~ ·;·,~·\~;:. . ·::::_ 

· · ~iqu~ts of ·~l;i sarqp(~ w~r.e,jncubated wi.th. J!fl dye 
(2; [ 4-1pdoP.ienyl]~3-[ 4-ni{rQpheoy l]-5-phenyl feirazolium 
chlotlrle) aqd respiratory s~bstrates for one .hour W 'ro9ni .. 
temperature jn an attempt t';; .geterili1.ne the~ n~mbers "or 
viable cells ~ ~e tot.ii microbi~ an~ P.r~umptiyc~;ugion: 
el~/J. . pj>pulahQ.rul D!'~ils of these procedures." have been 
described ··by Fite~ "et al. (J~81). To~) !mer .ico.g1ic, 
coun~ were dqpe by SPPtt!,tig conce.ntrated{· unconcen'f~~if#,. 
and diluted aliquots of the samples incubated with INT onto 



method (DPD). A list of the biocides used and the treat­
ment levels,· u ppm product, is given in Table 4. 

RESULTS 

Phase I Correlation of Lf]gionella Populations ,, ' · 
with Cooling Tower Parameters .. ' · 

toxoplasmosi~i ~des and th~n ;~ir . d?'ing, beat fixing, and 
staining them wrth fluorescen1sothiocyanate (FITC). The. 
microbial cells were enumerated ! us~~ an epipuor~cence • 
m.Jcroscope at lOOOX mamification. the.number o("Im­
p0sitive cells was determined i>y «>unt~g .the perce~ta~e of 
cells having internal rorPiazan deposits charactenstic of 
cells l:ti\.S'µi°g active l~ir~to~ activity (su.fficient t~"f"ed.uce 
the INT to formazan in ~he cell~ at the time of 5ai1mphng. 

Separate · ~ lqlfg~ "of eacli ~JPPl~ ·we~~ Pfepar~ ·8;8· a~_ve-; • c. ;, The phase I eff~~ '~\te~p~ed to correlate t~e chemical, 
and stainep ~using F1!C-lalre,led ; pol)"'.~l.enq.nt~~1:8 (i.e. '. ·':" : · ... ~! physical, and biological'j>aratrieters for the \'.a~ous tm-~•ers 
directiluorescent antibody meth6d or ·DFA}-to Legwllella. - to the levels of Legionella in these towers. Table 2 gives 
Positive~d negative controls were inchi'ded Wit& eacb.:-.set the raw [data for all ch~oiical ~d operational parameters 
of samples. These slides were viewed (using th!''.~~fl.!1~!~- measured throughout the first eight months of the study. 
~nee tili~ro~ope) _to ~pu~e.rate th~ · ?~~~r_s- :of J?..~ ~ Table 3 presents the biological data. It should be noted that 
posi~~v~ .~lls ~ith morph?log1cal charactenst~s c?ns1s~ ~ . :'. 10 towers were sa~,eled. This j\~ix more than were robe 
with designation as .Legwnella. The numbers o,f DFA:, . " studied in phase ff(biocide testing) ... The other towers were 
RQSiti.ve .. ~lls having ·i! _,positive INT r~cti~~ -~ere also included in ord~ to _broaden 1tbe ~~ ~Ase_'_and assist in 

determiri~. .::, ; · . . \ ::. . ; ' · attempts to find · code ~tions betw~ti; ope~ttgnal pa_i:am-
.~t should be note~L1h~t md.1g.eno~ . .P0P~!~llons .0~ , eters and Legion'ella levels, even thC5~~ ih~jls_'knowh ' lhat 

Legwnella were used smce-moculatmg the coolmg towers. : the additional towers would be shut down-10 the fall and 
with · Leg.ionella was forb!dd.~--.PY., ·;~ co~trac~,;_ ?te .', =~ consequently that only a few sampl~ ,wou19 be obtain~ ; 
disadvantage of this approach was realized pnor to 101tta- from these towers. . , . . C\ 

tion oflhe wbrk: If phase;! work :sho~ed o~y low level~ , . The ranges for most paramet_ers were,,~~it,e_ br.?ad ,~d 
of Legiohelhi1m the;systems unden:ons1derat1on.,documen.r <. therefore gave a data base that" should yield' reasonable 
tation of b'l<kide lciU pf Legionella '(specifically). woul4 be, .,. correl,tians if such exist between Legionella levels and 

• ~ , i . , • • ' " • ' • 
unlikely. -· ·1 

• ~·· • • - · -: · , . , . othei:.cheniic~l .or biological paramete_rs. 'fl?e. exception w'.l5. 
s.urface" ~mples,: ~or the; enumeration of . sw·.f~- Pih:· ,;,.~ch ~ged o~y . fro~ '8.01 tO 8.9". M~1 0th.er_ .. 

associated · :;nucroorgllrlisms (SAM), were obtampd by parame~ers -bad, reasonably . wide ~ges but only a quite . 

swa~bing 4 cm
2 

.of the·Wi_terior ""."'etted :sij_r_fa~~. ·of ~~' low . a,bs0~~te :Y'alues. Thi~ .. w3f t~_e . for '~it~~te, ;rutrite: .: 
cooling tower, This was processed mto a ~J,1,irry ·lD s~en~~ ammonia, and. iron. ~gae. (n up to 45) orux,. ha'd o'c\e 

diluting solution and treated as for water sam~I~. :~: : ,_ po~jtT~e .. ~~p,~e .. ~~;:pr~tozoaii"~ were. '.ilo~ ~ec~v_'e~ed <~ :.'~ ~ 
Algal co1tn~nen~ were enu~erated by 4irec~ ~cro- 3~). _Sine~. tge~e WJlS a. r~onab e san;iple size m ea.ch ~~ '\ 

scopic observatton~usmg • both bnghtfield. and epifl;u9res: ·· (n,. ~ 47),_l~w. ~orre~ations with t~~ parameters md~cafe 
cence (to observe . Ted fluorescence pf cblorophyl~~qnr · ,_. that their i.Qfluence on the Legjo11efla populations :a-:as 
taining organisms). Very .few.algae w,ere observed lD; t,b.e minimal. Statistical analy§tlS were. performed u~!ng tw9 
samples. Those found ·; were identified · as : blue-green -; statistical pack~ges. Pearso11., pai~ise correla.tlo[; coef-
bacteria (cyanobacteria) using ,morph~_ogical and .. ;cp}or ficii;lnl,s; and stepwi~ ~g:~~~ion .. ~alysis using Legio~e,lla-
characteristics. .. !' : :.t . • . ... DFA ,{l..egionel(a by Q.FA o;t~thod) pumbers as the dei:~n-

Enumeratien o~ protozo~s was il~te~pted y~mg ~ve~l dent vari~l?le aµ rev~!~ zyod correl~t.i.~~s _betw~n . r.~tal 
methods .. Direct nucroscoptc obseryatioQ, . . ~nnchlllent ~ bl\~teri~l1 Jevels,. . .(J?ITC) .- !lll.d LeR_ionella:-D~A .leveJa (t: = 
tubes Containing samples p)us nu~ne11.t aga~ ~locks., anc!i 0/J70). This W~·Jrue . (<?r bo~~ .. water and $~samples. 
enrichment·: on plates .iooculated with• bactena ~ ;.~e ~cxxl The level .of: r..on .in the water, correlated po~itivt'l}Y with 
source were all tried with little su~s. Protozoans .m 8 · total bact~riaL l~v~ls in I.be ~ater · (r = 0.610). Excellent 
cont~~l sample from a lqcal P_Ond 1t'er,~ easily observed by correla.tion§. ;.v~re fo~~d ~C7n.~~~ chemic~·! ~~'~m.ere'rs 
all'ttiiee methods.· · . · :' • that an~ el\~l¢ to ~9}iflt~.e ~el!. • ,e.g., calc1u}B, ?1g·

11 
·: ·. ' ·:. 1

1 
• , : nesium, hardness, :~d alkalinity ;:-(r. = 0. 8~9-.. }h{qpgh 

Chemical Analyses '· 0~995). A . • pqsitiye ~ov:~lation ~~ ~ri, between .nitrite 

AJi'!i:Jots of each ~P!'e :V:dre pri:>Viaed to' a water 
cbemis'fry ' laboratory .. All 'samples were ' preserved' · and 
ahaJyzea fc:Jr the ch~fu.ical parameters given in -~able 2, ·' 
ac~ording. thmethodS' outlined in APHA (1989). . 

: Methoas~·for'1ii:easuring biocide resid\lals-were . avail~ 
atile only·'for brom0chlorodimethylhyctantoin ;(BCDMH)! 
Tb.is wifS m~red as' fr~1 chlorine residual, immediately 
aft~r''~·mpling, ; ~sing ibe N,N-diethyl-p-phen;rlenedia~e 

· ' .',•, .' :·. ' r ,.: i; . •: '. • ."' ,- ;; ' ~ ! } ~- , · ,. . •; 

levels. and ~gio.rie!la-Df;/'l JevelS, (r ~ , G.510; wit]i, FITC, 
n ·1::;:: c0.720), However, ,as disc~ !lbove, the va~.µ-~ for 
nitrite We{e ~IJ'ijuit~ low llJld thu.s.~e interrelations~ip).!IUSt 
be considered with caution: Interestingly, there ~med to, 
be little effect of temperature on the Legionella-D FA levels 
(r = -0.1980). . , ;:,. .. ); 

When a comparison of surface and water (or plank­
tOnic) samples was made, the cprrel~joq11. among· the 

J •• .. ' . ' 



.- . 

Oete ;Month ' .. 
''\" 11 -t 

10/16/89; . 
11'/21/&9 
12/18/82 ._ 
1/29/90 
3/12/90 
4/6/90 
51.11/90 
10/Hl/89 

I 
I 

12118~89; - • 
1129/90 . 
3/12/90 
4)~/90 ' 

5/11199 . 
10/16/89' 

10/16/89 ) 
9/22Y89 
10/16/89 
1006/89 .-. 
9Y2ZJ89.. _ 
10/161-89 . . 

10/f6/89 
11/21/89 
12/18/89 

1P/.16/89 
1't/2tl89 
12/18/89 
9/2Z/89 

\1/21/89 
1•Zf18/89 
t/29/90 
3/1i/90 
4/6/90 
5/11/90 . 
9/22/89 
10/16/89 
11/21/89 
12/18/89 
1/29/90 
~/12/90 
4/6/90 

i 
Site 

2 
3 
4 
5 
6 \• 
1 
8 ·-
2 ~ j 

3 ' 
4 r 

5 " 
6 -1 

7 

2 :I 

2 
2 
1 • 

2 
2 I 

2 

2 
3 .1 
4 . ! 

2 

2 

' 
6 
7 I 

8 

3 
4 
5 i 
6 ; 
7 

TABLE 2 
Chemical and Operational Parameters\ for· Cooling ri>wers during Phase I Tests 

' ; Label -t- T~ 

c 
CllE · 20 
CllE 23 1 

1 •I i Cl l!E _,, 18 
CllE 22 
CllE 20 - ; 

1 ... CrtE 40 
1 (i Cll E I 32 
2 ' ! Cll.M : . 20 
2 23 ._. i 
2 Cll\J •1 

2 Cllll 22 
2 • Cini · 20 
2 '" CllW 40 
2 cnu 32 : 
3 Cogs ,: 23 
3 Cogs Sedil!le(\t ' 
3 C:ogs Scat e ! ; , 

4 ! · CC > 

4 . . cc ' 26 
5 •, Union I n:- . 
6 . Uvt 27 
6 , Uvl 14 
7 Lid.1 26.5 , . 
7 Libj 27 

28 
7 ...._ .. Lib1· 19 

26.5 
23 

8 lib2 16 
17 

9 JEO'I 21 
9 . ; Jft1 27 
9 JEt1 . 9 
9 JEQ1 . 
9 ,; JECf 23 •. 

9 J~01 . 29 
9 JEC1 25 : 
9 JEc;1 28 

10 JEC2 28 · .. i 
10 JEC2 'l.7 ! 
10 JEC2 
10 JEC2 22 
10 : n, ... JEC2 14 
10 JEC2 18 
10 JEC2 2.2 

PH ' , 

8.8 
8.6 (; 

TOS' 

111!1/L 

-Or tho 
Phosphate 

ug/[ 
280 - 360 
220 . , , 155' 

Total 
Phosphate Iii tr,~te 

ug/l - · 11111Jt· 
• t20 - - '.:{l.65 

llitrite 
· m/l 

O.D1 
0.02 

8.9 ., 270 . .:,;: - 28 - .. . J900 1.36 0.02 
8.4 ' ·-- . -250 265 '1'20 1 .2 0 
8.2 - 290 215 2100 2.39 ·- · 0.01 

8 300 380 
8.1 ' . . 280 .. ·: - · -
8.8 . ' 280 360 mo --~ ; t.1 
8.6 .:' 220 155 • - ·12so "'. , 0 ~ 02 -
8.9 270 28 . ;r.36 - -

Alllnoni a 
mg/l 

0.01 
0.01 

.. 0.01 
0.01 
0.2 

. 0.01 
- 0.01 

Cl 
mg/l 

46 
22.5 

39 

-· Ca -~ I 
m/l 

-74 ; 

53 
35 - . 

61 

.,,. ··- 46 "' 69 
22.5 - 38 

39 . 53 

8.4 u 250 : 265 ·•>: .-.3T2U ~- a ~- 0~1 35 ·-59.-7 
8.2 290 2100 ; :2~39 0.01 .• 0~2 - - 67 

•8 ·: • 300 . ;.·:_; 380 
8.1 280' '" 8.7 L, 210 105 120 0.65 ~-- 0~ 01 0.01 74 

~-. 

; I .. 
8.6 ' 290 1'80 ·,·~ · --:, ZUU ... ;c;tJ.32 · · 0.03 - 0~01 ... - 63.2 
8.8 ;:• ·- -·390 ;. 280 1890 2.2 -- 0.-0f - - ·0.01 75 126 
8~8 ~ 400 400 . . 465 2.36 .0.02 0.01. 77.5 111 
8.6 260 190 " 200 - - 1.24 • 0.01 0.01 87.8 
8.5 300 320 .; , ·745 o.38 - n.oa - 0-.~1 22.5 106 
816 I 110 < -• 1 105 , • 0~21 " • , :~;0 .• 06 0.03' - 34.3 
8 ~6 ~ . 100 '.'. t" - s 40 1

- • :·t:t.23 .0..01 - 0.1 - --··22~."5 - - 51 
8.8 270 21 600 0;2 1--'- 0~01 0.02 . ... 40 - 52 
8.4 280 1 , 20 ,._ I ct;2 · 0.01 ~ 0.01 - - ·---. 8 . 41 
83 180' - 89 ;· 200 +o~Zt> - : o.oa -- -1t;;{J;2 ------ - - - 49.8 
8. 2 240 420 . ift5{)0 - - -. 1. 13 .. . . .0;5 -- ---0-.01; - . 87;5 96.5 
8.6 220 • . '' I 130 '275CJ ~ 1t:;~ - 0.31 ,_ ':" 37 43.5 
8.4 r' 320 ' 19 • Z90tJ - · 0,9 I :o.-4 2.ua ~-.- -- 36 21 

0.01 1-- - ' ~ 96.7 
a. 1 400 • . 99 , . ; -.. 4500 -- ,- 2.02 0.01 1- - , 77.5 - · 107.5 
a.a ., 230 ·134 .. . ~ 2100 ... o~s - ... · o.08 -· O;;Z3 - 42;-5 .. - 64.5 
a~ 9 ,i Bo --o ~ '14550 , , o.~ - - · ;,0.'68 - . 0~:(51 . . :_ '16 - 25 
8.4' 430 ; 48 2430 2.2 0.05 f- 0~1>2 ,____ •. : 56 - .-96. 7 
8.3 11ll ' 20 300 .. 0.7 . .. 0 0.0.3 - . ., ..... 20 

-- 8.5 . 300 -· - - _, 
- 8.4 150 .,. , ... 
· 8.4 r · - · 190 , ~ ; 2 27 . :;; ·0.15 .. :· 1)';04 26.5 

8 :-6 , 110 I 4 140 , ; 0.21 ,· .. Q.01 ' 37 
8.12 ,; 2M - 1 .. 8 ... .. ~ o.38 · - ~.0~02 26.5 

.: 1 ~.8 - ·11.0 . . ~ ZB 10 !. O.~ ·•' . 0.03 0.·07 - ·:.ttl _ .. 17 
8.7 .,, .- ,, 80 5 10 0.5 . . .. " D.02 .. . .. 0.02 13 21 
8.3 100 & 1 20 I 0.6 0.13 . . 0.02 22 
8.4 75 



TABLE 2 (continued) 
. \ .. Ch~mical and Operational Parameters for Cooling Towers during Phase I Tests 

' ; .. ,. Total - - Volatil-e "at er Blow-. 
, ··.:Date Month Site r&be-1 . '. Mg ! Fe Kl.lcal t,oity -· Hardness TSS ·•- R~!licb!' Solids Meter down - ~ . 

mg/L ' nig/L mg/l ;. - . mg/L m/L ··.ing/L :·mg/L .. gal · ·-'. --·hr .... 
10/16/89 .2 1 C.llE 11:-·5 0.61 -. _ _.,.. , 127 - ,202.2 8 370 - -·14 7749190 I -· ' 11/21/89 ~J 1 CllE · .. 6 ~0~61 . j 75 119.6 4 - --· 390 190 ·80388(JfJ i-

12/18/89 4 ;' 1 CllE ~9}6 0.68 ··. 112 ·171.9 13 800 ·360 8tt'4200 '· 
1/29/90 ,5 1 ·-CllE 10 0~'15 106 - ,190.3 4 220 140 I " 8412100 - 22.75 
3/12/90 6 .. , CUE 0.81 • 1:'·' f18 

... ,_ 
2 - 600 280 8673000 39.4 

4/6/90 ·:-7 1 Ct-IE - - .. ' 96 ' -- 310 70 i 8830900 52.6 ,. . .. 
5/11/90 ·8 »JI CllE ·. {. - ... - :- -. . ·T-1,.2 ·. . . 
10/16/89 : 2 · 2 Cll~ l.t~5 , 0.61 126 ,., 219.7 . 2tt 430 11 , 77491130 -.. .. 
n1211a9 _; ;3 2 CIUI 6 

. 
-o.61 -- 75 ,. . ; 119~6 4 ... .., ;,-· ·390 : , .. L-• 19!1 . 8038800 .- -.. .. 

12A8'/89 4 <i2 Cll~ 9.6 0.68 112 · 111;9 . 13 800 ' '·' 360 8174200 . - · 
1/29/90 5 •2 C:lBI 10 0.95 f06 190.3 - <'.:--.: .. ·· 4 220 - 140 •8412100 22.75 .. I 

3/12/90 6 ,·2 cu~ 0~81 ~ 118 - ~ .. 
2 - 600 280 . . •8673000 39.4 , . ' .. "· ~-- .. 

4/6/90' :7 2 CIUI ; r. 96 ·- - '! -· 3111 - 70 ! ·- 8830900 52.6 . ' 5/11/90 8 .. 2 Cll" 
. - ' ·-· - r ... " 77.2 ., 

" - ... 
to/16/89' :2 3 Cogs ,; f1 .5 0.05 . 141 232.T - 10 . - "r -- 460 - . ...... . ·.;:-:tl L . - -
10116189 :,2 13 Cogs Sediment 

.. - .. . --- ~ - ;;: · ,- -- - .. J J 

" 10/16/89 .. ,2 • '3 Cogs Sc:;itte - .. -·- ... . - -"'• - -
9[22/89 1 4 1. CC 17.2 ·1 0.27 • ·"ll 192 .. . 228.6 15 . - · 164~ . .... .. 4160270 . 
11>/16/89 . 2 4 cc .. 18 - ·~ 0.05 .-· Z18 · . :, 388.7 .·8 .. -~ ·25 556960 -
10/16/.89 2 5 Union 17 . 0.41 218 347.Z •' 54 - , 

... - .24 -· 
W.22/89 1 .6 ,IJy[ 16.4 0.17 246 .. :, 286.8 '• . 16 508 7184540 
10/16/89 . · 2 _. 6 ~! 2Z.5 0.04 218 '357.3 14 - ··576 14 
9/22/89 .>; 1 :, 7 Li ell . 6.8 0.04 

.. ' 84 113.6 - 4 92 3396690 
Ul/.16/89 2 !7 Ubl 6 0~·03 - . 64 -. ." 152.1 - . 18 ~ 160 4 4304350 .. . 
11/21/89: 3 .; 7 LibJ 8:5 0.06 ~ 98 : '164.8 ' "3 580 320 4451420 
12/18/891 ·;;4 . ;7 ·Ub1 1 ~.4 0.96 - 42 -· --137 . ·· -· 6 1360 360 447346e .. ... 
9/22/_89 . 1 ·5 . lib2 8.6 0.08' 168 159:8 •. - 2 504 - 516228e -
).0/16/89 " 2 8 Lib2 ;15 1.17 I 196 · ; 302.7 16 600 10 . ; 
,1/21/89 3 .. 8 Lib2 7.5 0)47 f02 '139.5 "2 

.. 
500 330 7188367 ·--... 

12/18/89 .. 4 . ' 8 Lib2 .3.6 {L07 98 67.3 "8 •• 520 -- 24P 7188100 -
9/22/89 . ! 1 0 ~ 9 · JEC-1 -14.6 0;07 172 301'.6 8 '• 592 ; .. 53785 -· ~ .. 
10/1~}89 2 -! 9 JEC1 'H.5 0.05 .. 19g" 340.5 - .. 4 '; ;- " 16.Q ' 6 3419060 . -J .. -
11/21/89'. '· 3 !9 JEC,1 10 0.08 134 197.2 0 -- 50,0 ... ,. , 1/iO 3465445 ·. .. 12118-/89 ·_: 4 9 - JE'51 4.8 O.o8 66 82.2 )", , . 'J -· .. 360 240 34'728l0, 

. 1/29/90 5 ·" 9 •. :JE01 ·15.8 Jlil. 1 .. 95 306.5 ' 
- 9 360 240 3532159 10.75 

3/12/90 6 ;, 9 .. JEC1 0.04 - - 6 2 220 - 120 3639281 72.8 
4/6/90 . 1 9 JEC1 84 . , ., 370 110 3965149 86.7 
5/11/90 ·, ._ 8 ; 9 JEC1 -·· :· .... _ .. 

3789690 110_.2 I 

9/22/89 .' ' 1 . 10 ·JEl!2 5 0.04 60 86;8 --- 2.5 188 627264 -· ---~ 
-· . ._, I• 

T 10/16/89j 2 . :10 JEC2 5.5 0.01 • -,I. 60 ~. ... 115 560 10 10 5291110 ·--.. 
11/21/89 . ' 3 10 JEC2 4 o·.03 44 .. 82.6 41 c- 340 . 190 5454568 ·--~ ··"'r·, , . '• 
12/18/89 4 10 JEC2 ~ 3.6 0.07 42 . ,. 57.3 ; 

. .. .1 . . ·560 480 5471055 ~ ...:...\~ 

1t09/90 l'f ~ ; • 5 •10 JEC2 : '.1 3.4 < , ~ 0.11 40 66.4 ,, 2 60 - 60 5505768 1.7 
3/12/90 ; 6 10 JEC2 0.03 - ~2 : 4 \ 260 20 5560476 3.6 
4/6/90 7 .10' JEC2 - ,: ... ., .. ;, 58 . 150 .J . 30 5604106 7.1 " ~ .,., ... • ,:· ~ ..... . ,. ·- -.. 



TABLE 3 

.. . ~ .. • .• "J 
• ,Biologic.al Parameters;for Coo(lQg Towers during Phase I Tests 

' ... J UATER, T -SAIQ?LES --· ' ! : . 
:Oaie Month :s ite La6el .. - , APB 

,. 
SRB Ftllite C~l J>seudol;:«H ~ - - FITC - LDB/fA INT Algae Prot ozoa 

-· -.. per ml per 1111 •- per ilfl .. per 1111 -- per 11! · per .;l oer 111l per 11t per 111l 
10/,6/89 .. 2 "I 1 CllE ·xii . OE+02 ., 1.0E+01 - -! • 1. 1e•04 · ... ' 1._8E+Q3 - 1.9E+06 1.3E+OS 0 0 

1112:1/~9·: 3 1 CllE 1 . 0E+02 - 1.0E+Ot !-· 4.8E+03 ; - 4-:3E+02 -i · 3.2E+04 3.0E+04 !---· .- - 0 0 

12/j 8189_- 4 :, 1 CllE 1.0E+03 1.oe_.:02 9.3E+03 .. l:_OEtOO . - 1.SE+02 ' 0 • 0 
1/29/90" . ·5 ... 1 CllE 1.0E+02 1.0E+oi S.OE+0.3 O.OE"+OO · 2.SE+03 ·- 0 _{) 

3/12/90 6 
., ' . ·ct IE . 1.0E+'.01 , O.OE+.00 . 1. 1E+OS 2.0Et OO :1 - •• t ·.BEt-02 0 0 

4/6/90 7 , CllE · 1.0E+02 O.OE+OO 1.3E+OS O.OE+OO .. 2; 5E+02 ,t · ·--o . (} , 

5/11/90. : 8 ,. 1 ... Cll'C ;· ; • r : oe+o2 ... , O.OE+OO 6: 3E+04 1.0E+01 ... - 0 0 

10/.t6/89' ..( 2 2 Cl llJ _ 1.0e~o2 71 O.OE+OO 2. 1E+04 Z.4.e+ot 2.4E+06 , 4~ 8E+04 0 - 0 
11(2,1/89 ... 3 2 Cllil 1.0E+02 1.0E+Q1 !t. "4.8E+U3 :.. "4.IDtr~ ' -3~ 2:E"'°4 i 3~0E.t(l!+ . 0 0 

12/t\8/89 4 J 2 CllU t .OE+03 1.0E~02 .: 9 . 3,E+.03 2,0E.+-00 ,_ ·.·:. ! 1.5E+'P2 0 . ·- 0 

t/29/2()1 •.•' ' 5 · ; 2 CllU - t.OE+02 1.0E+01 s :·oe+o3 O.OE+-00 
.. 

r · 2.SE+03 · - Q "'" ·-0 , 
3/12190?' . : 6 2 CllU 1.QE+01 O.OE'+OO 1. f E°'OS. 

. ' z;.OE'+QO 
.. 

; - 1.0E+02 ii - - ·- - 0 
4/6/90 7 2 .. CllU 1.0E+02 O.QE+OO 1. 3,E+.05 O~llE+.QO ~ 2.SE+02 -- 0 0 
5!11/9Cl . I 8 ! 2 ClllJ I 1.0f+.02 . .. O.OE+OO 6.3£+04 -- • - 1 :o:i;+ru ' . c· -: -- 0 0 
1O'/ .A 61" 89. ; 2 3 Cogs _; , .0.f t02 . .. 1.oe-+·oi 1.0~!l' l , Qc+OO 1.6E.H16 ! .. 4.0E+04 .. 0 0 
10/16/.89 2 ,. 3 C'dgs Sediment . . ' ". i , ! -< 

. 
0 0 • f • 

10/16189- ~ 2 ,,; 3 CQ9S Sea t e l• . ., ... !• 
. .. . . - - - 0 G . - : L " r.·-: 11 •"; . .. ~ ' . 

91i21a9' 1 . ' 4 ec · ! • 1.0E+-02 _ 1.0E+02 ~ ·. : 4.2E+03 t;:.'2E+03 t 4,.:af~03 . 4.2E+03 4.20E+03" --·· 0 <: ) 
10/16/89 .... I 2 4 tC ' ! • 1.0E+02 ».1 O.OE+OO - 1.0E+04 6.0E.+'0.2 9.6E~05 - Z.;OE+04 0 c 
101161891: 2 s t,·= Union . 1.QE+02 . - O. ElE+OO ,,, 9.4!E"t 03 ~:'El-'02 \.3E+06 1.6E+04 0 -0 

r 9/ 22/89 . , . 6 "; Wvf : i 1.0E+03 · C OE+OS 3.3.E+02 ?,..2E~0.1 ,_ . ~.'5E-t05 1.0E~3 1.00E+01 - .. . 0 0 
10/ 16/.89 . 2 6 Uvl 11••• 1.0E+02 - _ O:llE+OO "5:llE+04 1:-GE+02 1.~06 " 8:'0E+03 ·-· 0 .. 0 
9/22/89 )>. 1 7 I'! Lid1 1.0E+02 ; 1.0Et 01 f .~E+04 1:1E+01 ~.PE+04 • ~ • OE"-¥03 ·- -~ - -.. . a 
10/16/89 2 7 Lib1 '· 1.0E+01 • O.OE+OO 1.4E+03 6.3E-t01 8.0E+OS .. ~:OE+(l4 - 0 · -··· - 0 
11/21/89 3 7 . Lib1 . 1.0E-.;P1 : O.OE+OO .. ! - . 2: 4E+03 • 2.se,01 2.6E-t:04 3".-~t03 0 ·~ 
1V 18/89 4 . f 7 . . Lib1 . O.OE+OO O.OE+OO 8.0E+01 O.OE+OO - -· . ' , J .0£-+!l.2 .. 0 0 ' 9/22/89' 1 8 ~ - Lib2 1.0E+02 1.0E+02 1.0E+06 1.1E+01 - 1.4E~P6 1.6Et04 . 1.00E+ltt - - - -· 0 0 
10/ 16/89 2 8 ., Lib2 , ,, 1.0E+02 , O.OE+OO 5.3E+04 2.2E+03 9"; 6E+06 ... 1.2E+OS - - 0 ' 0 
11/21/89 3 'I I 8 Lib2 . : 1.06+.01 • 1. 0E+01 8 . 8Et.D3, j · z:oetl1.~ -r;:~+04 4.6E+04 - - O' 0 
12/ 18/89 4 \1 8 ,, Li b2 .'\! 1.0E+02 1.0E+01 1.0E+04 2.oi:+cr1 - .. 

.o 0 
9/22)89 ' ' 1 9 JEC1 1.0E+03 1.0E+03 6 . 2E+,03 · 1.0E+OO 5.9E+05 · · <1 ·.PE+03 1.00E~01 - . - - -0-~.1 - . 0 
10/16/89 .. 2 •• 9 . JEC1 ·., 1.0Et 01 O.OE~OQ . 1.1E+04 ·· 1.0~t:OO 1.!E+06 ~.4E+04 ··- ·a . - -· .0 
11/21i'8"9" I 3 9 JEC1 : I 1.0E+02 1.0E+02 8.3E+02 T .<JE+01 "-Z.6E+04 5.9£-+04 ·- ··· - - 0 - ,0 
12/18/89: ; 4 9 JE.C!l ··! 1.DEt .02 1.0E+01 S.f,E-ti03 : O' OE+OO . - ~. OE+02 

... _ .,.... . - -- 0 . - Q 
1( 29/90 • 5 9 • . JEC1 _ O.OE+OO I O.OE+OO '"3.2t+04 I O:OE+OO. - 1.0E+02 - .. 0 -- .. - (l 

311"2i'90 I 6 9 JEJ:.1 . • 1.0h02 I O.,OE+OQ 2.:;e+oJ ••. ,~r.OE.J;OO .. 1.3E+Ol - - c - .. ll I 

416/90 . 7 9 JE~1 ~ . 1.0E+02 ' 1.0E+02 13E+04 . O.OE+OO 2.2E+04 :e ·o 
5/11/90 8 9 ;: JEQ11 f Ulii~ll'"1 1.0E~Q1 7.7E+04 ! -n:-oe;t:o9 ·- - · - :u - 0 
9/22/B.9 1 

-10 • JE(2 r · 1 • lfe+o·1 1 : oe+04 1: 2E;t:03 2.0E~Q 9.6E+OS -:1 . 0E+03 2.30E+01 - • 0 0 
10116/89 2 10 Jeci 1.0E+03 o.oe+oo 1. 6E+03 3.0E+03 1: 6E+'06 2~0E+04 - -- ..... 

' 
. . - o- .- 0 

fl/211.89 .. . 3 10 JEC2 1.0E+01 1.0~Q1 
, . 

f".2E+04 , 1.0E+01 -·· . ~4 .8E+03 - ...... - ' O 0 
12/18/89 4 , 10 j JEC2 1.0E+01 '1,UE'+'Ol ... - - 5 .6E,t03 ' ·~;: O: ,O.E+OO ' ;5:.,:0E+01 

' 
0 0 

1/29/.90 \ .. :'). 5 • ' <10 i ,JEC2 , 1.0E+Q~ O.OE+OO 1.SE+Q4 f .o.oe+oo . . : Q.!,IE+OO 0 0 
3/12/90 6 ! 10 JEC2 1. 0E+OS 1.0E+02 5. 7E+05 O.Oc+OO' -· • .: • S •. QE+01 - • • 0 0 
4/6/90 7 10 ~.JJG2 : - 1.0E+03 - - 1.0E+03 2.0E* IU • 0:-0E+OO ·-,. - • 1':"0E•O~ . --- . - 0 0 

. i: 



TABLE 3 (continued) 
. I Biological Parameters for Cooling Towers durjng Phase I Tests .. : ,. ·• . - SURFACE. , SAMPll:S -.. ,, 
Date Month Site• I Label APB SRB Plate C~t Pset.,docel - FJTC .. :µ!!)/FA . INT Algae Protozoa 

' -
per cm2 oer cm2 per :Cm2 I l)e·r · cill2 oer cm2 . ·-·oer '.. i::m2 -oer cm2 oer cm2 oer cm2 

10:/16/89 . 2 1 CllE 1.0E+OS LOE+CT4 . ·- 1.8E+04 -.. 2.5E+01 1.9E+07 ·· 2.2E+05 -- 0 0 
. 11'/21 /89 3 1 CllE - - · - - ,. l -· .. ... -·· O -~- ·-· 0 I 

12/1"8/89 4 1 CllE 1.0E+03 1.0E+02 4 .• 4,E+04 O.OE+OP . ; 1.5E+02 .. - ·· O 0 
1/29/90 5 . '1 :(:l;FE - .. 1 "OE.+o3 , 1.0"E+03 . 

0..-0EtOO T 5.5E+02 - - ···- . c 0 ' 3/12/90 ; "6 '1 •Cl tE -: - - 0 . - 0 ' I I 

(0{6/90 • 7 ,· .. 1 CME . 1.CIE+06 , ·1 .OE+02 7.3E+05 ""Q:OE +.00. --· 3.0E+02 , · ··- 0 o. 
5/11/90 . ' 8 1 CllE ··- ··- - ·- .. ·o -- • QI ., • 1 

10/16/89 ' 2 2 ·CHI./ . '1.0E+04 1.0E+.03 1.4E:t-04 LOE+01 1.3E+07 4.0E+llL_ ...... - o. - -· · "(] 

11/21/89 , ·3 . '2 Clil./ ·- . """ " . . ,.-~ ·-· 0 .• .•. •-t) . 
; ·- ~·' . 

12/18/89 ! : '4 2 Clll./ 1.0E+04 1.0E+04 1 .4E+04 O.O"E+OO - ··s.Oe+01 - ·- .. 0 . 0 ! J-• t· 
1/29/90 5 2 ClllJ 1.0E+03 1 ;OE+03 1;5E+04 O.OE+OO. -Z~6E+03 

.. ''.-:0 ' . 0 : .... 
3/12190 ~: 6 "'2 cuu I . ·-· ·- - -. 0 0 ·' 
4/6/90 · •7 ;·•2 Clll./ 1.0E+03 1.0E+03 ·93Et{)4 ll.PHllO . .. r: 3.5E+02 0 0 
5/11 /90 8 2 Clll./ •' 

,, 
~. - - ..... , .... .. ·- - --· · o - 0 ' 

t0/16/89. 2 ' 3 Cogs 1.0E+04 O.OE+OO 7 .3E+03 - 1.0E+01 - 2.7E~06 . '"'3.3Et04 -· - (j . 0 
10/16/89 2 3 Cogs Sedim 1.0E+OS 1.0E+OS 1.0E+OS . 1.6E+07 2 . 4c+Qtl -·- . - 0 0 
10/16/89 z 3 Cogs Scale ·LOE+OS . 1.0E+,05 2.0E+04 -· 1.9Et.01 6.7Et06 -~1.SE+115 ' - . 0 ., 0 
9/22/89 1 4 P j CC O.OE+OO : 1.2E+05 .1.oe+oo 4.2E+06 . 

J;J.~+05 8 n 
10/16/89; 2 " 4 cc 1.0E+03 : O.OE+OO ! 5.2e+o3 1.0E+01 9.6E+05 2; 0E+04 0 ~-~·--- 0 
10/16/89: I 2 - 5 Unibn .. ,~ : .,., . ~:. ·' ,. . - -· - ·- --{) -- ..:g 

f· .. ~ "'-;-. 
9/22/89 • ; i 1 ,, 6 . - \jyl ;t ; ':'3,;~+03 O:OE+OO 2~'.5E+n6 - 2.7E+]):.l·. - · 0 0 
10/ll>/89' '.; 2 ~'; 6 llVl J.OH02 "ll~OE+OO 1·.8E+04 kOE:Hn ···-z: 1E+06 1.5E+05 - 0 0 
9/22/89 : ' 1 7 uµ1 ' 1.0E+02 - 1..0E+.03 2.5E+04 1 ·~1>E.•OO 2. 7E+06. J..;lE+-05 ,. 0 .. 0 

j • 
t 

10/16/89 2 7 Lib1 ; · 1..0E+02 1.0E+02 6. 7E+04 ,4.7E+03 ·· 3.~,.07 lt.7E+05 - - 0 . --e ~ - . -. 
11/21/89 : 3 7 ,.,, lib1 O.OE+OO 0.0E+OO 1.2E+05 1:oe-+o~ 1.4H05 8.0E+03 -· ·- .. 0 .0 

. ~2/18/89; : i 4 ' 7 . .. l i b.1 ' O.OE+OO O.OE+DO 7.6E+04 O.OE+OO -· -- ·- 1.5E+02 . .... 0 0 
9/22/89 ' 1 8 Li'b2 '· O.OE+OO O.OE+OO . : ~..ll£:+02 - o : oe+oo 3.2E~Q5, 7.2E+03 0 0 
10/16/89 ". '. 2 . 8 Lib2 t.OE+02 1.0E+02 ' i!.,4E+04 1,0E+Ql 6.7E+07 2.7E+06 0 0 
11/21/89 3 ' 8 lib2 1.0E+02 1.QE+02 . 'f<AE+04 - ' 1.0£+02 ·2~0E+05 7.2E+04 0 0 
12/18/89 ; 4 8 lib2 1.0E+02 O.OE~OO _?.OE~04 .O~OE+OO ' -· - 0 0 i 
9/:ZU89 : ~ 1 9 JEC1 - - ~-'··· ·-· -· 0 -~O .. ( ~! . " 
10/16/89 2 9 JEC1 O.OE+OO O.OE-t,00 ;8.4Et02 ·.1.0Et01 1.3E+07 6~0Et05 - 0 ·- ·o 
U'/21189 3 9 • ;JEC1 1.0E+02 U~E,.02 1.7E.+03 1.0Ef,02 .6~0~.+(J.¢ • 2.4E'l'.04 - -- 0 0 
12/.tS/89. : 4 : 9 ' JEC1 J.OE+03 ,, · 1.0E+02 . 5.4E+04 o·.oe+oo I . .• 6·;0E+.D2 0 0 

• 1/29/90 5 ;9 ,.tEC1 1.0E+02 1.0E+02 : · .3.8E+OS O.OE+OO O.OE+OO - 0 0 
3/12/90 - ' 6 9 JEC1 , .. 1.0E+03 1.0E~02 

.. 
1.0E+05 0.0E+QO - 6.3E+OJ • - ·- 0 0 ' 

4/6/90 7 9 JEC1 1.0H02 O.O.E.-tOO 6.2E+04 O.OE+O() . 1 •. 2E:+04 . ·o 0 
5./U/90 ' 8 - 9 --··· JEC1 .. If + . - - · ' .. 

....... 9!2U89, , 1 10 JEC2 ' f.1E+04 , O,.OE+OO 1.9E+05 7.2E+03 --
1Q/f6/89 2 10 JEC2 1.0E+02 1 ~OE+02 , 2.5E+03 .3 •. 2E+03 - 9.3E+11 3.0E+OS 

: 11/Zf/89 -l 3 10 JEC2 1 T.OE+02 1.0E+02 1.0E+02 . • 1~0£+02 .. 4.8E+04 ---
12/18/89 - ! 4 10 JEC2 ':';:T .OE+04 1.0E+04 1.oet-04 il.OE+OO 5.0E+Ol 
1/29/90 5 ;- ; 10 .. JEC2 1.0H04 1.0E+03 ·~ 1.0E+04 0 , (),E,+00 O.OE~.00 
3/12/90 6 : 10 JEC2 1.0E+03 1.0E+02 .. 1 .OE+03 -o:oi:,+oll - ,.S._OE+03 ·-· 
4/6/90 7 10 JEC2 '1.0E+05 . , 1.0E+(l4 1.0E+05 O:i>E+OO . 9.0E+03 

'.1 



TABLE 4 
Blocldas Tasted in Phase II 

Concentration ·--
of Product 

Bloclde I ppm) 

Oisodium cyanodithioimidocarbonate 
+ potassium N-methyldlthiocarbamate ' 35.454 

Polymeric quaternary amine 80 

lsothiazolin 150 

Glutaraldehyde 150 
I 

Bromochlorodimethylhydantoin 0.1-10 

la. Therefore, the summer increase in Legionella in this 
tower (the tail end of wb..icb was seen in September and 
October) is probably ie.lat~ ~o ;tql()lCCumulation of blue­
greeifbacteria· and not to ·~be total viable b31::Jeria counts. It 
should also be noted that the levels of iron in this tower are 
essentially constant but are almost 10 timiS be concentra­
tion seen in the tower ~hown._in Figu~ :l·~ f pite of µlls, 
the levels of Legionella-DF A are sinjilar in the two towers. 

·piher than the significant accuijliillltion e>f cyanobac-
. teri~- in the en tower, algae were ac;;,tualJ,y detected only 

one other time in the JEC tower. It! fuust1'e remembered 
that these towers were on chemical biocid,e,Jreatments and 
receiving city make-up water (treated with chlorine) 
throughout this test period. .,, · 

various measured populations (FITC total count, plate A~temp_~!.o :_ulture viable Legionel!a met with little 
count, pseudomonads) were generally low (r < 0.4). The success, despite the fact tllli positive controls behaved as 
surface and waterborne population.~ of Legi<j~ella by DFA ·-predicted:-One set of-samples was collected according to 
showed a reasonably good correl'~tio~ (r = 'o. 798). There Specificatiori's 'provided" by a laboratory and split, with one 
was no clear trend regarding the size of the surface and ·· portion of the sample sent to the laboratory for analysis and 
plank.tonic populations. For example, surface-associated the other being analyzed according to the methods normally 
and planktonic Legionella-DFA values w'e~e doriii.nant an employed•by the university's ·team. The same lot number 
equal a~oun~ of tb,e time. .. of environmental BCYE agar was used by both labora-

One imW,rbil(pp,nclusion from. tµe study was that each · ~tories. Tue Unf'Yersiiy~s tests gav_e no cl!lturable !::§gionella, . 1 • .. ~. . ' . ' ~ . ·~ . . . . 
tower is ~ntially unique. This is' even true for the two~' while the laboratety recovered ~39 Legionella per rnL from 
pairs of towers that ,were inch.ided iri th.is s'tupy. ' Jt shoula . the CC -'towei-; I ·isolate from a JEC to.wer, and 2 Legionel-
also be remembe.red

1 

that all of the towers in tiiis sfudy had la is61ates each frdm the CH and ·,MRC towers. The 
been using the same water source and chemical treatments Legionella belonged to four different serogroups (1, 4, 6, 
for at least the last 10 years. The consequence of this is and CDC #SH2156), and each tower bad only one type of 
that "lumping" the data from all the towers together, Legionella. Possible explanations for these results are that 
although useful in trying to fin<L general corr~la!ions ... _the .!!boratory's ·personnel are l5etter at recovering Legio11-
between Legionella and other parameters, can obscure-· the el/a than the university's personnef; · or the differences 
relationsb..ips seen when individual towers are thoroughly arose from the fact that the univ~rsity '_s. personnel pro-
examined and te;sted over fairly long time periods (weeks cessed samples within 1 hour of collection wb..ile the 
to months). Examples of th.is are shown in Figures l and Jabo~tory's personnel processed ::>ilruple$. up to 48 hours 
2. As can be seen in Figure 1, the JEC I tower, . wliich - after sample collection (according to their normal proce-
operates aU year, had fairly constant levels of'{iable {plate dures). The low recovery rates for cuffUrable Legio11ella 
count) bacteria throughout the eight months, including the . presented a problem in the sense tbat)twas not possible to 
winter. The levels of Legionella-DFA in this tower de- perform classic "lriU curves" for :Legio11ella using viable 
creased in the colder months and the level of iron was Legionella counts. (It should be pointM..:~t; however, that 
fairly constant at 0.1 ppm. Figure 2 demonstrates tbat_!l _ contract guidelines would have m.aO~ suc:h tests impossible, 
tower that operates all year, but in which the fans are not · siiice tOWeis having numbers of Legi~nei'IJ ·high enough for 
operated during cooler months and there are b..igb levels of kill tests would exceed the number. .at. wh 'cb the towers 
cyanobacteria (blue-green ba~teria) only in the warmer must be immediately treated.) Accordingly, kill tests done 
months, bad a qui~ gifferent p_iptu~e. TheJ eY.els of -pJate- :. in pbase .of thiS ~f-teliec! ~n ~ total .>liable microbial 
count (viable) bacteria were fairly constant throughout tbe . numbers to ddennide~ tbe potential· of biocides to control 
first five months and then increased in the spring, whereJ • microorganisms. Use of microscopic counts to determine 
the Legionella-DFA lagge:<f ~d th.is . incn;ase in to~ kill kinetics is possible, ~will be seen, only after Jong-
viable cells. This is probably due ~ the fact tha't this was term 'ttlialment, With continued measurements of viable 
the only tower having significant gr;o.wtb:. Qf blu~·gr~.~ · bacteria, total microbi~ceUs, and Legionella-DFA counts. 
bacteria. 'Flie organisms in these towers~ gro~ pgQ.~paUy~·· This _is due to the fact t'ha~ mcon\:ing make~up wateris·v~~- · 
in the form of•"mats" .: on .. the .sides: .. of:.. the IQ~er., ,~y low in Leg-!oM/{!l ,.a.n_d .. ~er · bacte~.a. Therefore, if a 
when tbe' 'Weather gets warm enough . .for th~ (am;. to be .:· ._biocide i~ cap,~~le o! ~o~·~~l~~· micro&s in the tower, the 
operated ·lfo the blue-green ·ibacteria grow· w~IJ. As the level .Qf total . cells pr~! (li¥ing ~9 dead) will, in the 
authors and colleagues have demonstrated (Tison et al. absence of growth in iDe towerfuid1sl~fican"t scrubbing of 
1980), cyanobacteria often support the growth of Legionel- bacteria from the air, approach the level of bacterial cells 
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in the make-up water. Consideration must be given to the 
cycles of concentration for the tower in question. Failure 
to at least approach these make-up concentrations of 
bacteria may indicate that the biocide is not controlling 
microbial growth in the tower. 

Phase II-Tests of Biocide Efficacy 

A list of the biocides and dosages used is shown in 
Table 4. All tests were started by turning off the blow­
down, taking a zero time sample, dosing with biocide, and 
restarting the tower. The blowdown was left off for two 
hours and restarted after the two-hour sampling. Additional 
samples were genercLlly taken at 6, 24, 48, ,~d 72 hours 
after the addition of biocide. In a few cases, samples could 
not be obtained due to tower malfunction. -Make-up water 
(Troy, New York, city water) was sampled .. at 0, 24, 48, 
and 72 hours. The results for isothiazolin will be used to 
illustrate several points. 

blowdown due to a stuck yalve. After treatment, the viable 
bacteria in the JEC tower appeared to decline for the 
duratiorl \ ()'f the sampling peridd.. This may have been 
parti~lly -due to operational problems with the tower, but 
the drop in this tower, relative :to thq rother test towers, 
remains unexplained. In general,:however, the data suggest 
that the polymeric quaternary amine did not work very well 
at the dose levels employed; · · . .... 
· .. Figure 6 shows the.data for gfutaraiddhyde. The viable 
bacteria levels feJl off in most towenfil.ver a 6- to 24-hour 
perio[with rapi~ crecovery IUl4. ,~~tuJll . to pretreatment 
levels in 24 to 72. hours. Viable J;acleria in the MRC tower 
did not ··return to pretreatment te:vels due to the faulty 
control device being in the continuous blowdown mode 
between 24 and 48 hours. 

· ---- - -The -data · --for the bromochlorodimethylhydantoin 
(BCDMH) test in tne CII tower are presented in Figure 7. 
The biocide residuals are also plotted. It is clear that once 
the biocide residual rose above about 0.2 ppm free chlo­
rine, the i }e,vels of total viable microorganisms rapidly 
decreased. As the concentration of biocide dropped, the 
total population rapidly recovered. The MRC tower was 
also' tested; with s imilar results (data·not shoWri). lt'£Woulcf 

. u.- ' ... , ~.... . . 
be noted' thllt th~e towers ·were chosen for BCDMH testing 

The results for the o!h~ :bi~_ides will be;~ren in an 
abbreviated form. The data in Figure 3a show the results 
for isothiazolin treatment in the four test towers. It is 
ol:ivio~· tliai'v~able bacteria d~i.ihed over a 24- to ~s~hour 
period and. ihed' began to rise to ~retreatme'nt levels. Make­
up water levels were consistently'very l~\IV~ indicatfug'tbat 
most of the viable bacteria in the tower came from air 
washing and/or growth in the tower. Figure 3b gives the 
data for total microscopic counts (i.e., total microscopic 
count = live + dead + culturable + nonculturable 
bacterial cells). His clear that these results do not follow 
those for the viable counts. (The drop in the MRC system 
was due to a blowdown valve stuck in the open positiqi:i, 
which resulted in washout of the_ microorg.anisms t~_t1ear 
make-up water levels for a short period.) ·The reason for 
the difference in viable and total counts is explained by the 
fact that the viable counts represent only that portion of the 
total counts that was culturable with the methods used at 
the time of sampling. The total population 'D:ot only takes 
into account the contribution of bacteria made by the water 
but also will include the scrubbing of bacteria from the air­
passing through the tower. A similar explanation applies to 
the Legionella-DF A results shoWll in Figure 3c. Nore-tij!lC · 
the MRC tower was again in the washout mode. Fi8l!r~ 3~ .. 
shows the results for Pseudomonas spp. While the da 'are' • 
relatively uniform for most of the towers, a spike in CII at 
72 hours may have occurred.'·1Sllice blooms of Pseudo.+:: 
monas would create safety, slime accumulation, and 
co.r:ro.sion ~11-cems . it is importan.t.t.o avoid t_reatments that 
kill the '~.no~i' -Qo~·· ffl. the1; 1~wers . '1hile allowing . 
pseudom~n~ to bloom. . . . . .·· .. ,. · 

siil6e theyl"have sumps that allowed buckets containing 
biocide tablets to be placed in the tower system. It is 
believed that the good kill over relatively long time periods 
was due to ..maintenance. 9f biocide residuals in the tower 

- · · over these-.'.8ame peri~: The fact that levels of viable 
bacteria rapidly recovered as biocide decreased supports 

Figure 4· shows the viable 'C:Ount data for Uie cyanocar­
bonate/carbamate biocide, which has been used in the 
towers for the last 10 or more years. It is obvious that it 
has little effect on the viable counts. 

The data in Figure 5 are for a polymeric quaternary 
amine biocide treatment. It appears generally ineffective in 
CC and CU towers. The MRC tower was on continuous 

\O 

this view. · 
1.: 

CONCLUSIONS 
t, 

The results of the phase I testing to detennine cor­
relations between Legionella-DFA le\ieis and other param­
eters can __ be summarized as follows: 

1. Good correlation was found between Legionella-DFA 
levels and total·populatioricount, which was performed 
by the FITC method. 

2. Aqueous iron levels correjated well with the total 
population count as determined by FITC. 

3. Nitrite correlated well with the surface Legionella­
DFA values, but the level of correlation was less with 
the planktonic Legionella-DF A populations. 

4. As expected, wa~r . quality parameters such-as' cal­
,, ·· cium, iruignesiUm, hardness;: and alkalinity showed a 

high degree of correlation; , .· 
5. There was little relationship between Legionella-DFA 

levels and temperature. 
6. Otht:r panuneters tested in the survey gave poor 

correlations and their effect on the levels of total 
viable microorganisms and the level of Legionella­
DF A may be minimal at these sites. 
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The results of the phase II testing to determine the 
efficacy of commercially available biocides to control 
microbial populations, including Legionella, can -be sum-
mariud as follows: · - .. · -- · -- . ·· 

1. The data suggest that several commercially available 
biocides are capable of killing microorganisms in 
cooling systems. In many cases, however, the kill is 
very short lived and regrowth results in a tower 
operating a large percentage of the time with high 
microbial populations. _ .. •. 

2. Use of these biocides at large doses and on a ·very 
frequent basis could, undoubtedly, control the microor­
ganisms, but the economics of such treatment may 
often be unfavorable. 
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It is possible that continuous treatment of towers with 

biocides that are effective at low levels is a viable treatment 
option. This agrees with the findings of one of the authors 

:... systeriis "free" of.Legionella pneumophila. ASHRAE 

in a previous study (Pope et al. ~984) in which -~~eatment 
with ozone was effective as long as the treatment was 
continuously applied. The economics of the continuous 
treatment approach are not yet clear and woul~ -<r~r;tainly 
depe~d in part on the biocide used and the condition.S of the 
particular tower. In the case of the BCDMH used in the 
present study, economic analysis is not yet possible, since 
the minimum long-term dose levels required for control has 
not been established. If low ( < ' 1.0 ppm) : free chlorine 
residuals with the use of BCDMH are d~~o~strated to be 
effective, then there is a good possibility of economical, 
effective, and reliable continuous treatment.--However;· -the -
uniqueness of each site must be considered when develop­
ing any treatment regime. 
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