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Abstract

Chlorine bulk decay tests were carried out by bottle test under controlled conditions in a laboratory.
Experiments were performed at different temperatures: 5°C, 15°C, 25°C, and the water temperatures when
samples were taken from the effluent just before entering to its distribution system. 38 bulk tests were
performed for water of A1l (water treatment plant), 4 bulk tests for A2 (large service reservoir), and
A3(pumping station).

Residual chlorine concentrations in the amber bottles were measured over time till about 100 hours and
bulk decay coefficients were evaluated by assuming firstorder, parallel first-order, second-order, and i
order reaction. The n™order coefficients were obtained using Fourth-order Runge-Kutta Method. A goodit by
the average coefficient of determination (R?) was firstorder (R? = 0.90) < parallel firstorder (R%,q =0.92,
R%,., =0.95) < second-order (R? = 0.95) < n"order (R? = 0.99). But if fast reaction of paralle! first-order
bulk decay were applied to the effluent of large service reservoir with ca. 20 hours of travel time and slow
reaction in the water distribution system following the first 20 hours, paralle! firstorder bulk decay would be
best and easy for application of water quality modeling technique.
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At zk A7 FEE ¢ U= uEFA da AN 13 WA oo ¥E 13}, 23 n
T2 AAsa Telstoof gt A o2 BEE o AFHL Foveo] A

AEgoM AFAee AMdEHE 25Ae fdl FF BdS FE7] 99 AFE0 s g}
N AEE AAS FEEY FFHAA 2P = (Chambers 5, 1995 Vasconcelos 5, 1997; Hua
Ae A4 AHE W) g8 ALEE T ok A 1999: Powell 5, 2000).

A2+ ZFAdA MigTAEoR S5 M Haas ¢} Karra(1984) & 3t g0 thstel 27
HAF 4% AV dov detdoa d4 el F 94 ankgel o 12} whed nap uke2] A
HEAo) Agdth AL ZRE WFA R F5EHn 12 9ga HE 13} 8eA B 4R e g )
HErAEE Bl 7t 71 FFEH(Vasconcelos ¢},

5, 1997: Ahn 5 2005). WjF5A BN FEEE Wable 5(1991)& &2 ste]o] v gaadigolA
spetA, m g EetA o 7 b fAls] AallAe  AFe 3709 AR g AdelM FHF4e A
HAgY JIFILFEE A A gt Sy weS 13 WAooz Jed £ glgeE AL g9
AN WFTFATAA FFAL F=rF 02 mg/l stsinh. olZe] A% wddoM FAL FAuke
o]d HxE e+t ot A& o] &3t | AlZ7 "%

T2 FRdies B2E FU3EA £39 A Jadan-Hecart 5(1992) 2 Ag4M & AFd4
AF71=2 (NOM), a8 o] &3t ~AY, & XY 2713%& 4mg/LE FAZ 157] AgoA &
=@ AE T3 gt AnEn AU ARAE ARALAY FEAASLE FIE APES WA
oixel AR o] Fohgel me} GAaAsFR R NS HAy9oR P4ATste] delAl YR
2718k Fh(Clark 5, 1995) FEST THole LA FFE AFAn.

HE5FA B BAFEE 2 AAA Bzt APzl AR e AREL: Bt 3459
7] e e RFLA T AAEEE Het 2HNy O F =i £e2 s
st WG FAEA Al F Ao wt AFELs Rossman 5-(1994)& A& o] 5o 7|28 A{FAA
TR WstE 2Abete Aol et MiEsAE AN nd g Audgon, o ndg Bs)o)
AN FFEL FEY H27 TS AR FEYE o8 FERdy ATEole AFHL FAAFY
F e o  AFEL FAAFE FT F Je  dEAAE A st o] BdL wjFFAEA
Bz wigFAZolA AFAIT BE IFRAL w5 B2E FHSEA el BAe SA(vE 7))
E 428 ¢ Q. A2 digd AR ARAA £ 2y ]SS Yehdn) o] 2he 13} kg
2AFE JHstd FeATA FRAL TR o Z12s $4 (bulk) 2 B (wal) ol A WESo] A
WstE AlEdolAdsty oy 7hA 7Rl ol Ue AR st eAe B RFEA
sl A& i (Clark 5, 1995 Vasconcelos 5,  Zrawhge| duwtzlel g8& th23 2}

1997. Ahn 5, 2004).

B AToNE MEFASdN BRds BE @ iZL-k,,c_ Lc-c.) (1)
312 o &3l Belshizdl §oldtE g o] £EE !

FAGE R r1qstaat RAFEE FARE AV dldr = A FD A A4S T (mg/l/day)
AP S A G 2REA A ES YR HESY C=FA 794 $=(mg/L)
Aeek wheAl S M t= Al 7H(day)
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2 (D9 3 AR g2 A (bulk) ¥h-gola, F i
A G kst 2 FAg B vheAF Alolo] 8 3. AEUY
do] FHE 5 Ui ’
= AT AT(AWWARE) 9 o] A7 AL & A gl 1,000,000m’/Yelm, &
AE 6709 Wi FFAEANA 1189 AFg2 4 7 A < 720,000m’/d o] FEEE Aatst %%6}3'_
s AdE AAEgen Jadan-Hecart 5(1992) 3tk AldA e #9922 E WRHAT ddes
o] S 479 AFEA Ao Bt HEaa low, AeAd m2d He Al 3
nxt ¥He A Wy 1z gkgAlo] LA Glo] 455 A (Poly Aluminum chloride, Poly Aluminum Hydroxide
the 272 A9 vh(Vasconceios &, 1996). Chloride Silicate) & F38lx £31x}, £31=], A
Powell 5(2000)& theFst 4o 710€ AeAel A, AFA] T S FHeAA Ay @
Fo e AFda A FaAe 48 AAstn A A9 FHeE el da, AT A F
60e] BFdL A E Agatd] vw Pttt FAR FUE7] Aol *‘ﬁ’\% Fste ddstn
AFA A Ao FolA 23 whgAe] thggd W E G FA TN HF AFILE FAGEE o)
ol o] HFAQ Fe veEtdeY Z2AFE B 1 Y AlY A9 75"“4 2% g Table 13}
A AAE7] oely B 2ddo] te A84 2o
o] Tttt stglem, 14 WA S A gstes A AFAAE FaAT AEE A9 Al FFE &5
o] Attt Hrtatglnt. Haz #Hgsy] A FFA A At AP
B AN wim #Hrke FHGL A goulgFA M e AEFeEZFH Dkm A
o 2t ShE A2(Ed A e W) ek A22 578 10.2km 8
ol A3 A et JFER FaAS
(1) 12+ 2k AEE AAET AZeME A FEAIH A
C=C,exp(— k) (2) A, A3dXe BEE7] A9 KFAFE ATt
AFEA FaAS Agde HEE ghold e 3
(ii) BE 14 ¥h3-4] 23%F w7t @3 250mL 24 $el¥g o8-k
C'= Gy zexp(= kyget) + Co (1 - 2) exp(=ky ) () o AFAE HigE] H8 2 FeHe 25
o A7 2 1AE AF et JAF(REF) B AR
(iii) 22} W34 ol Frths, AZ7|¢M 105°CE A2AAG. A&
C=Co/(1+Cyhy) 4) B Aestr] Aol EE Al 30E~1A1 AAAA
Uiz oA Ageiion 24 °€1”3 o 3717t
(iv) nza} ¥h-g-2] o7k R sttt 24 fe¥E 258 ¥
C= k" tln - 1) + Cymhp oD (5)  ofelzutzd] Hol o] Fste 2R AYE 4F4
gzl ¥t
A7VA, n= kg abF (TR, nx ) AP ere AR AFre #2373 5°C, 15°C,
k' =nz} 3| 7+ Al (L/(h(mg/L)™ ) 25°Com, Al9] Aol sy & 20023 10€ 5
ky g = W2 WHG-0) A A 5 (L/hr) 2004\ 29742 & 383], A2 B A39] Al disiA
Cro =2 W89 ZHHL F = (mg/L) L 2498 43 $39o)
Ry = =0 REE-9] A 22A 5 (L/hr) TR 2 feie eEke 2190, 28 &
Ci =19 WHE0] ZHRAL T2 (mg/l) gl AlEE He do FFELE T8 2R
Z=wg ghgat = vh-of W] (Fape) 2 R *‘ﬁ‘zﬂoﬂh AlZRZEA O] 1A1ZF, 3AI13Y,
6A1 7k 1 B 12A1ZF, 24Xt AR S
A AT 1544 ARZIE 4~54 T A% HA
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Table 1. Raw and Treated Water Quality in A1 Water Treatment Plant (Jul. 2003) (A&

AN
(Unit mg/L)
Parameters Raw Water Drinking Water Water Quaity
K
Quality Standards Quality Standards Raw Water Finished Water
pH 65 85 58~85 78 74
BOD 3 11
CcoD 3 23
Total coliforms 1,000/100 mL =4E 590 =45
Colour(do) 5 4 1
Turbidity(NTU) 05 57 007
Ammonia-nitrogen 05 0016 [{eloll
Total solids 500 - 80
Consumption of KMnO4 10 41 14
NO;-N - 10 22 15
Zinc 1.0 0016 (0.002
Iron - 03 026 (0.05
Manganese - 03 0023 {0.005
Copper - 10 0.009 {0.008
Aluminum - 0.2 042 003
Hardness 300 62 40
Chloride 250 - 10
Sulfate 200 - 7
HEBATFE MRS 252
on o 1004]2e] AHATR BHIAT
AFIA4E DPD 9 Pocket Colorimeter (HACH s o
Co)2 23 TOC(FF/I82)E HEE & ;
> -1.0 |
g @ 3% vhist g A Fege NRE O R
Axste] Yggell A AR AP St T s ks =000
kys = 0.0095 hr ™'
TOC A7 (Sievers Co.) 2 B 3141t} 20 " '
: kos = 0.0206 hr ' 25T
4 7:iI|_|. al T XF 25
= L= 0 20 o 60 80 100 120
Time (hr)

o, WiFA Bl A2 AF EIANIAA £
st Zele #RUAX Y JFAZE ol AEE
4 Qv Fig. 18 Ale] A5 $537] A9 &5
Ao xy 2003 7o) FMEsla $e8 °C, 15°C,

25°CE FEET F 100412744 Agake] A(2)el
13 whgAles Uehd Rolth ke se¥z 747
0.0063, 0.0095, 0.0206hr'siom S°CojlA 15°C=

Fig. 1. Chlorine bulk decay coefficients according to the water
temperatures of treated water in A1 (Jul. 2003).

F7H] ke Z7h 0.0032hr'Qld] wks) 15°Cel A
25°Ce] k2] 2= 0.0111hr ' 2 oF 3 56 Z7bsdnt,

U g A e deld R AT b £
zoEA L Vbl e Arrhenius WA Aoz g3H
t} Tomohiro$} Katsuhiko(2003)& 4 T(HU2
£, oK) Al ool RIS FEAS kel
7} Arrhenius®] 2o 2 F8E + o= AS 4
Al olAe URE f2l87] deln BRdat
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Fig. 2. Chlorine bulk decay coefficients by Arrhenius equation.

B8 Fo A0e BRdsdt 8F $71%90 3
sugolehs AS et Anen HQT =
8t 422 20°C ool M ZAaASG k7 @AEA A
vha $4ieH(Fig. 2, 3).
k, = Aexplc E/RT) (®)
Ink,=InA-E/RT (7)
o7]A, E: 8443} oA
T: A=
R: 7]3) %4
A: Hl=91A}

Table 29} Fig. 4= 2003\ 3938 20044 2¥€7}
A Ale) B5E P FEPAN ASHS 5°C,
15°C, 25°C® FE3}o] oF 100417 Bk AR 40
2 AFYGLE FPefe] 14 wgAo depd $4
LA LE e Aol 5°Ce 15°C2) 25
& gaAF Ha) 25°Ce AFGE BaAFE A
o7} Zt}. 20033 94U (TOC 0.91mg/L)ol| 5°C
15°C, 25°Ce] AHG A Z2AFE ZH2zE 0.0048,
0.0081, 0.0128hr ' 2 7} Zgrow] ll—éoﬂé 5°C9}

o

Table 2. Chlorine decay coefficients of treated water in A1 (k, hr™")

0.025

0.020 y = 0.0044exp(0.0592x)

R? = 0.9696

0.015

0.010

Chlorine Decay : ko (hr™)

0.005

0.000 . !
20 30

Temperature ( C)

Fig. 3. Relationship between Chlorine decay and water
temperatures.

15°C7}+ 7+z}b 0.0083, 0.0124hr™', 10

0.0208hr 2 71 2 S EOﬂD}
Fig. 5= A1°ﬂ/\1 $45

29 25°Ce

2003 1¢e 3CY o ZFEL A2AF
0.0051hr'e]91 3 Alell Al A2 Abolol= 0.1mg/L 9]
4 ¥27t AasH F&0] 23°Co T4
2o 03mg/LY L #AAAFE
172he' & AFTE F&o] 1CHY 1199 AF
—’F%O]l CYd SEBT Za, 11¥
0.0098hr' & A} 54¢
o]R& TOC(S
% 0.94mg/L, 115J 1,13mg/L)4 ogzg,t_l Aoz et
#t}. Tomohiro9} Katsuhiko(2003)E =4 432
Fo AFdL #aAFT 73S 4*%‘4#14 o}
g olfe] stz FxE Fol TFE /71820
Z2EA7l gEelgte A& KMnO, &v &3t
DOC(&&f7194) 48 Sl &l

*9‘0]

(o

<o

o g 27
br
N
b
o
L

Parameters May Jul Sep Oct Nov Dec Jan Feb
2003 2003 2003 2003 2003 2003 2004 2004

5°C 0.0048 0.0063 0.0048 0.0074 0.0083  0.0063 0.0067  0.0063

15°C 0.0083 0.0095 0.0081 0.0111 0.0124  0.0092 0.0109  0.0111

25°C 0.0163 0.0206 0.0128 0.0208 00203 0.017 0.0193  0.0201
TOC (mg/L) 0.94 0.41 0.91 1.10 113 1.00 1.00 0.32
Initial Chlorine (mg/L) 0.73 0.91 0.94 0.85 0.83 0.86 0.83 0.82
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Fig. 4. Chlorine decay Effect (k,hr') according to water
temperatures.
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Fig. 5. Chlorine decay for treated water (A1) and chlorine ioss
between A1 to A2 in 2003.
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Fig. 6. Chlorine bulk decay by first-order reaction according to
water temperatures (Jan. 2004).
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0.8 4

Citasr = 0.83 exp(-0.0175%1)

3 R” = 0.9566
5 0.6
£ Ct stow = 0.67 oxp(-0.0072+t)
2 R?=0.9767
3 0.4
£
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Fig. 7. Chlorine bulk decay by paraliel first-order reaction model at
15°C (Jan. 2004).
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o5C }
3.3 3.4 3.5 3.6 3.7 T
-2.0 ' 5 ‘D25°Ci
(=]
‘ E
-3.0 1 y=-6.7257x + 19.52 2
! R®=0.9879 5
2 ‘ 5
< -4.0
—5.0 0.0 ‘ o N s
| 0 20 40 60 80 100 120
-6.0 Time (hr)

Fig. 8. Chiorine second-order bulk decay coefficients by Arrhenius
equation in Jan. 2004.

Chlorine {mg/L)

0 30 60 90 120
Time (hr)

Fig. 9. Chlorine bulk decay by second-order reaction model (Jul.
2003).

Fig. 9& 2003 799 2HdA 4o
#g 22 whgAo R Rddd Zojtt,
15°C, 25°C9} 23} ghg-2lel| ogr BHAL ZaAlF
= 747} 0.0089, 0.0155, 0.0574hr!, ZFAF R'e
zkz} 095, 0.99, 0.8801%th. & 5°Ce} 15°CH 2
A g A e $5E AoR UrE} o} 25°Co A &
AR AF7E 0.9°C o|t2A Fad 2 Fro] & o] Fo)A]

A gskthe A Fig 994 g1 5 sl
g ARda] 22 WA 1A WY
Aol +-Fsht 25°C4 deAze} o] FAA
o] BX ¥L ALE UL F donZ 23 WA S

2 g8 ) B3 %9]—3}10 g Ao gt

w i

Fig. 10. Chlorine bulk decay by n-order reaction model in Jul.
2003.

9] 3l}<¢l Runge-Kutta 43} 93 2] (RK-4) 2.2 27 9]
) 4E Aatstith. Fig. 1004 nat whg2ow
el 2794 ZaASE 5°C, 15°C, 25°CHA
247+ 0.0201(R” = 0.99) . 0.0191(R? = 0.99), 0.0297(R?
= 0.99hr )Yz v A5 ne 4zt 414, 241,
1.48014ch, nat vh-g2o ofg mdg Ave 13}
HE 13}, 23f ghg2le] ARE T 58 F44
HeERiT

Fig. 113 12 20033 1193} 20043 149 Al

& 7avheg RK42 73 gaAs
e fr%oﬂ whe} vehd e ot

Tk %—ﬂ&"ﬂ upe} Bl#ste] Fob

} o L e L e i A o
Fig. 1201]*1 o2 15°C, Fig. 1301]1\1‘_ F2 5°CY k,

o} no] s|AH Mol tiste] & HAaE e

Fig. 132 #Rd4 davhd: 4923 qet |
2, 88 13 24, nA NS AFAFE HEM
RAoltt. A& uhe} o] TAAF] T EUH
na ¥g-2le] ARASLT F@ 0992 7 o,
7 ok 23 WAl A AFE Bt 09621 3]
ok 14 R %*—H ARAFF B 09007 743 3
gtom W& 13} e wWE wey ¥ §kg9
§7§ ]—rﬂ Zhzb g 0929 0952 =@ ukgo] A

BAFHE Ak wAd FARFY $58 Y%
—t— 1A-(EE 12Q2aHnar &M AT

510
H=

4.2 4
2003 9ol A29F A3ellA

Al
HE AHFEL AaATE 12 AL

FRASOM DRYL ULUS NEEY
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2008 ' An 8 c
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£ 004 | 4 5
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O 0.02 ‘ 2 &

0.00 ‘ ]

0 10 20 30
Temperature (C)
k=0.0017 T +0.0369 (R = 0.34),
n=-0.0924T +4.9745 (R* = 0.67)

Fig. 11. n"-order chlorine decay coefficients according to water
temperatures in Nov. 2003 (£, n).

0.08 | — e ey 8
o ‘ \Oq |
X 0.06 |Anl- 6 _
o s
A :
o 0.04 | 4 ©
N B
S o) 8
5 002 23
| |
0.00 L— —— - 0
0 10 20 30

Temperature ()
k=0.0006T +0.0276 (R* = 0.59),
n=-0.1379 T + 5.2645 (R = 0.95)

Fig. 12. n™-order chlorine decay coefficients according to water
temperatures in Jan. 2004 (k,, n).

(Fig. 14, Table 3), A2 @ A3ol|X |58 A5 2
7] Afdae 72z 0.72, 0.57mg/Loldth. 5°C,
15°C, 20°C, 25°Cel| A A2¢] Z{F A4 aASE 7
7} 0.0023, 0.0053, 0.0085, 0.0127hr' G A3l M=
z}z} 0.0026, 0.0050, 0.0081, 0.0111hr'2 A28} A3
o) AFRda FaATst fABIE e, Fg. 150«
A2¢9 A39] RRAL HAAFY LRFELS
Arrhenius ¥4 2 . 2 UERY Ao|tT},

Al 49 5°C, 15°C, 25°CeiM 9] #E 13} =&
nheo] AFHA ZaAFE 242 0.004, 0.0060,
0.0100hr' 2, A29} A39] ZAAAF9 vlwE w) A}
£ 0.0007~0.0027hr 19} W9z zols} =z Yok}
(Table 3,4, Fig. 16). ©=3+ Fig. 17-& Al¢l|A] A27}%)

0.8

R?

0.6

0.4 ;
first parallel first second nth

Fig. 13. Comparison of chlorine kinetic models by the average
coefficient of determination (R?).

0.8

A2 = 0.72 exp(-0.0053t)
R? = 0.9809

9
g
o i
£ i
s
5 | A3 =0.57 exp(-0.0050t)
0.2 ‘ R =0.9516 i
!
| |
0.0 ‘
0 20 40 60 80 100
Time (hr)

Fig. 14. Chiorine bulk decay for A2 and A3 at 15°C (Sep. 2003).

Table 3. Chlorine bulk decay coefficients for A2 and A3 according
to water temperatures in Sep. 2003

Water A2 A3

Temp. K, (hr) R2 ky, (hr'") R?

5°C 0.0023 0.94 0.0026 0.96

15°C 0.0053 0.98 0.0050 0.95

20°C 0.0085 0.97 0.0081 0.99

25°C 0.0127 0.99 0.0111 0.98
+ ol Ao IFEL: LTS 13 ey en
T3 ARA A FaA G k) ALY HFS A58
AFEL Ao 8o 13 HY 13} ukg-4 9
HE W AaAF (k) E vehd Aot F 2F
i ZraAG9 Aol 0.0006~0.0011he" 9] ¥
2 At

A AEd A ARda gaAsg T
HEFAgd FFas gaAFE 488 4%
F1af whgo] e v =9 vhgo g FHele
Aol 12} HbgA el ZaALE F5Aos wiFSA
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£ 0012
-2.0 " | e ! e B — < E
} A2 =-7.1102x + 19.473 * °
B30 - R? = 0.9988 ‘ g 0.008 "y
A3 = -6.0994x + 15.948 b e
g 40 R7-09;26 ‘ £ g \°A1‘
H : S 0004 [} ‘DAZ\
5.0 ‘ o P |ans
6.0 % \ i 0.000
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Fig. 15. Chlorine bulk decay coefficients for A2 and A3 by
Arrhenius equation in Sep. 2003.

Table 4. Chlorine parallel first-order decay coefficients for A1 in

Sep. 2003
Water parallel first-order
fast reaction slow reaction
Temp. K, (hr") R? k, (hr) R?
5°C 0.0079 0.84 0.0040 0.90
15°C 0.0132 097 0.0060 0.84
25°C 0.0226 0.93 0.0100 0.99
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Fig. 16. Comparison of chlorine bulk decay coefficients (A1, A2,
and A3) in Sep. 2003 (A1: parallel first-order(slow) decay

coefficients).
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Fig. 17. Comparison of chlorine decay (k,) by real loss from A1 to
A2 and chlorine decay (k) by bottle test at A1 (k;: chlorine
first-order bulk decay coefficients determined by real
chlorine loss from A1 to A2, k,: chlorine parallel first-order
of fast reaction by bottie test for treated water in A1).
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