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Circulation model for water circulation and puri�cation
in a water Cerenk ov detector *
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Abstract Owing to its low cost and good transparency, highly puri�ed water is widely used as a medium in
large water Cerenkov detector experiments. The water circulation and puri�cation system is usually needed
to keep the water in good qualit y. In this work, a practical circulation model is built to describe the variation
of the water resistivit y in the circulation process and compared with the data obtained from a protot ype
experiment. The successful test of the model makes it useful in the future design and optimization of the
circulation/puri�cation system.
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1 In tro duction

There has been a great deal of progress in
neutrino physics in the last decade. Many neu-
trino experiments are on going, including atmo-
spheric neutrino, solar neutrino and reactor neu-
trino experiments. In these neutrino experiments,
the water Cerenkov detector has been or will be
chosen by Super-Kamiokande[1] , KamLAND [2] and
the future Daya Bay experiment. [3] ;2) For example,
Super-Kamiokande has constructed a 50 kton water
Cerenkov detector with a water attenuation length
being > 100 m. Highly puri�ed water has become
an important medium for detecting the particles be-
causeof its advantagesof low cost, almost 4� cover-
age,good transparency and high detection e�ciency .
For the large water Cerenkov detector experiment,
oneshould �rstly make the water highly puri�ed and
then keep the water in high purit y. So a circulation
and puri�cation system is needed for these experi-
ments. Becausethe size of the detector is becoming
larger and larger, the cost of the equipment for circu-
lation and puri�cation is getting higher and higher.
A useful method is to optimize and design the pu-

ri�cation and circulation systemfor a reasonablecost
and sizeto satisfy the experiment requirements.

For this purpose,we construct a practical model
for water circulation and puri�cation. The model in-
cludes the inuence on pure water quality by sub-
stancesleaching out from contamination, the circu-
lation speed and water resistivit y. The attenuation
length is more useful for this modeling but there is
no direct correlation betweenattenuation length and
water resistivit y; here the water resistivit y is used
as the index of water quality. In order to verify the
model, we construct a protot ype systemof water cir-
culation and puri�cation. The experimental results
are comparedwith the practical model.

2 Circulation model

We know that Electrical Conductivit y (EC) is the
reciprocal of resistivit y (� = 1=R). Pure water isn't a
good conductor for electricity. If the Total Dissolved
Solids (TDS) in the water increase, the EC of the
water will increase,becausethe electrical current is
transported by the ions. The relation betweenthe EC
and the TDS can be approximately expressedas the
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following for the pure water: TDS (mg/l) = 0.5� EC
(� S/cm) 1) .

Figure 1 is a sketch plot of the circula-
tion/puri�cation system. There is a water tank with
volume Vtank and the circulation speed with u (l/h).
Water resistanceis measuredat two di�eren t places.
One is the place where the water is pumped out of
the tank (position 1) and the other one is the place
where the water is to be �lled into the tank (position
2). The � tank is the water EC from Position 1 and
� p is the water EC from Position 2. Theoretically,
the lowerest limit value of the ultrapure water con-
ductivit y is 0.055� S/cm at the temperature of 25 ‰.
When the system works properly and continuously,
the EC value of the output water, here � p , stays at a
constant value. Depending on the design of the pu-
ri�cation system, this value could be di�eren t from
the theoretical limit.

Fig. 1. Circulation diagram.

We all know that water quality will becomeworse
by time evolution as a result of the contact mate-
rial contamination. The puri�cation systemcanmake
water quality better by circulation. We assumethat
there is k (unit of mg/(l �h)) conductivit y particles in-
creasedin the tank during 1 hour. When the circula-
tion/puri�cation systemworks, it can reducethe con-
centration of TDS. The � tank will decreaseand water
resistivit y will increasefrom low resistivit y to high re-
sistivit y if the reduction rate of contamination by the
circulation systemis greater than the increaserate of
substancesleaching out. Sowe can get the TDS con-
centration variation of the tank during a short time
(� t � ! dt) as the following:

d(0:5� tank ) =
0:5(� p � � tank )udt

(Vtank )
+ kdt : (1)

During the working time of puri�cation, the tank
EC � tank is a function of time t, which can be inte-
grated from Eq. (1):

� tank = (� p + 2k� )+ (� 0 � (� p + 2k� )) exp
�

�
t
�

�
; (2)

� =
Vtank

u
is the time neededfor circulating one tank

volume of water; � 0 is the water initial EC value.

From this we can give the water resistivit y in the
tank:

Rtank =
1

� tank
=

1

(� p + 2k� ) + (� 0 � (� p + 2k� )) exp
�

�
t
�

� ; (3)

In Eq. (3), when time t � ! 1 , the Rtank becomes

Rtank =
1

(� p + 2k� )
: (4)

This meansthat the water resistivit y is �nally inde-
pendent of time, but dependent on the � p , k and �
values.

When the puri�cation system stops working, this
meansthat the water is only circulated and not puri-
�ed. The water resistivit y will decreaseby the mate-
rial contamination as time goeson. Here we consider
the leaching out both from the water tank and circu-
lation system, and assumethat k0 (unit of mg/(l �h))
is the conductivit y particles increasedin the tank and
circulation system during 1 hour. We want to study
the water resistivit y variation without the puri�ca-
tion system. Eq. (1) becomes

d(0:5� tank ) = k0dt : (5)

We get Eq. (6) from the integral of Eq. (5)

� tank = � 0 + 2k0t : (6)

� 0 is the tank initial EC value. Water resistivit y
varies with time in tank as shown in Eq. (7):

Rtank =
1

� tank
=

1
� 0 + 2k0t

: (7)

3 Exp erimen tal results

3.1 Exp erimen t setup

A water tank, dimension 2.8 m � 1.2 m � 1.3 m,
with a circulation and puri�cation system has been
constructed. It is madeof PP (polypropylene) of 1 cm
thickness. 4 tons of highly puri�ed water from the
IHEP water station �ll the tank. The water resis-
tivit y from the station outlet is 18 M
 �cm and its
resistivit y is decreasedto a few M
 �cm after the wa-
ter goes through 150 m PVC (poly(vin yl chloride))
pipes into our tank. This is becausehighly puri�ed
water can be very easily polluted by the contact ma-
terial, such as the PVC pipe and air. The tank is
sealedand �lled with nitrogen. The pressureinside
the tank is about 1.5 cm water equivalent higher than

1) http://www.lenn tech.com/w ater-conductivit y.ht m
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atmosphericpressureto keepthe air from coming into
the tank.

The circulation system (Fig. 2(a)) is composed
of one pump, one 1 � m �lter, one ultra-violet (UV)
sterilization stage, one cartridge polishing and one
0.22 � m �lter, one o wmeter, one conductivit y/
resistivit y cell. Water circulation is powered by the
pump of which one can changethe rotation speed to
control the circulation speed. The 1 � m �lter will
get rid of the relatively large solids from the water.
The UV stageis usedto kill the bacteria and decom-
poseorganic substanceand reduce the total organic
carbon (TOC) in the water. A simple switch can con-
trol the UV stageon or o� which we do not show in

Fig. 2(b). The cartridge polishing is the most impor-
tant part of the system. The cartridge polishing is
�lled with high quality dowex ion exchange resin to
purify the water. It is usually usedat the end of the
puri�cation systemfor very high resistivit y of the wa-
ter. Herewe useit to simplify the puri�cation, saving
the cost of the whole setup. The resistivit y of water
after puri�cation reaches16.7 M
 �cm which satis�es
our requirement. The 0.22 � m �lter can get rid of
relatively small solids and prohibit someof the resin
beadsescapingfrom the cartridge polishing into the
tank. The o wmeter is used to monitor the circula-
tion speed. The water quality is monitored by the
conductivit y/resistivit y cell with 2% uncertainty.

Fig. 2. (a) Circulation and puri�cation system; (b) Circulation diagram.

Figure 2(b) shows the whole circulation process.
There are 4 tons of water in the tank (Vtank =4000 L).
The water is pumped from the water tank and then
it goes through the 1 � m �lter, UV stage, cartridge
polishing, 0.22 � m �lter and �lls the tank. There are
three valves(Positions 3, 4 and 5) to control the pu-
ri�cation system on or o�. When the valve (Position
3) is o� and the valves (Position 4 and 5) are on,
the puri�cation systemis turned on. When the valve
(Position 3) is on and the valves (Position 4 and 5)
are o�, the puri�cation system is turned o� but still
keepsthe 1 � m �lter and UV stageon. We can mon-
itor the � tank variation by a conductivit y/resistivit y
cell. � p is measuredin our system with a constant
value 0.06 � S/cm, corresponding to the water resis-
tivit y of 16.7 M
 �cm.

3.2 Exp erimen t data and mo del comparison

We have measuredthe water resistivit y at two dif-
ferent circulation speedsfor increasing process(pu-
ri�cation system on) and decreasingprocess(puri�-
cation system o� ).

When the circulation/puri�cation system starts
running, the water initial resistivit y is about

3 M
 �cm. We set the circulation speed at u1 � 12
l/min. Experiment data are �tted by Eq. (3) from
Sec.2. The �tting parameters include k, � and � 0 .
The �tting results are shown in Fig. 3. The k value
is about 0.8� 10� 3 mg/(l �h). This value indicates the
degreeof cleannessof the material in the tank. � =5.2
hours and thus we can calculate the circulation speed
is 12.8 l/min, basically consistent with the readout of
the o wmeter in the experiment setup.

Fig. 3. The increasecurve (speed u1).
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The experiment data show that water resistivit y
can reach a level of about 14.8M
 �cm and then stay
constant at this value, which is in agreement with the
expectation from Function (4). From the initial value
2.5M
 �cm to 14.8M
 �cm, it takes25|30 hours, cor-
responding to 5|6 tank volumesof water change.

We also lower the circulation speedto u2 � 3 l/min
to crosscheck the model consistency(Fig. 4). From
the �tting results, the k value is also about 0.8� 10� 3

mg/(l �h) which is the samewith u1. The circulation
speedis derived to be about 2.8 l/min from the �tting
result with � =24.2 hours. The water resistivit y can
reach the level of about 10.2 M
 �cm and then keep
this resistivit y. From the initial value 3.5 M
 �cm to
10.2 M
 �cm, it needsabout 120 hours, which corre-
sponds to 5|6 tank volumesof water changetoo.

Fig. 4. The increasecurve (speed u2).

Figure 5 and Fig. 6 show the results when the pu-
ri�cation systemis turned o� and the UV stageis also
o�. The circulation speed is the same as in the in-
creasecurve. We usetwo parameters to �t the data,
k0 and � 0 . The meanvalue of k0 is 1.3� 10� 3 mg/(l �h)
for the decreasecurve. This value of decreasecurves
is larger than the increase. The reasonis mainly be-
causek0 has included both the tank and the circula-
tion system contamination e�ect after the UV stage
and the mixed-bed are turned o�. The material of
pipe used in the circulation system is clean PVC. If
we considerthe relative leaching out rate of the circu-
lation pipe (clean PVC) which is about one order of
magnitude over the water tank material (PP) [4] , the
surfacearea(about 0.5m2) of the water pipe material
which is calculated from the water pipe length (about
6|7 m), the measuredvalue k0 is reasonable.While
in the caseof the puri�cation process,the water pipe
leaching out is �ltered by resin.

Above all, the model describes the circulation/
puri�cation processvery well. In the caseof an in-

creasingcurve, the �nal at level value of water re-
sistivit y is determined by Eq. (4). Decreasing the
k value and increasing the circulation speed will in-
creasethe water resistivit y. For the experiment, we
can choosea high circulation speedsystemand lower
the contamination value material if we want to get
good quality water. The time from initial value to
the at value (stable state) is mainly determined by
� . It needs5|6 � to reach the stable state.

Fig. 5. The decreasecurve after the puri�ca-
tion system is o� (speed u1).

Fig. 6. The decreasecurve after the puri�ca-
tion system is o� (speed u2).

4 Conclusion

Highly puri�ed water is a good medium for the
water Cerenkov detector experiment. The water cir-
culation and puri�cation systemis neededto keepthe
water in good quality for a long time. We have built
a practical model describing the evolution of the wa-
ter resistivit y under circulation and puri�cation. The
circulation model and experiment data are in good
agreement with each other. This model can be used



No. 7 LU Hao-Qi et alµ Circulation model for water circulation and puri�cation in a water Cerenkov detector 571

for a large experiment which needswater circulation
and puri�cation in the future. It can calculate and
estimate the size of the circulation and puri�cation
system for an experiment requirement.
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