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ABSTRACT

This paper describes the design, construction ipies and operations of the distillation and
stripping pilot plants tested at the Daya Bay NeotiLaboratory, with the perspective to adapt
these processes, system cleanliness and leakdgghstandards to the final full scale plants to be
used for the purification of the liquid scintillatof the JUNO neutrino detector. The main goal of
these plants is to remove radio impurities from ligaid scintillator while increasing its optical
attenuation length. Purification of liquid scirailor will be performed with a system combining
alumina oxide, distillation, water extraction angan (or N gas) stripping. Such a combined
system will aim at obtaining a total attenuationgth greater than 20 m @430 nm, and a bulk
radiopurity for?*®J and*?Th in the 10° +10"" g/g range. The pilot plants commissioning and
operation have also provided valuable information tbe degree of reliability of their main
components, which will be particularly useful fdret design of the final full scale purification
equipment for the JUNO liquid scintillator. Thisgsa describes two of the five pilot plants since
the Alumina Column, Fluor mixing and the Water Extion plants are being developed by the
Chinese part of the collaboration.

Keywords: LAB, radiopurity, liquid scintillator, t#nuation length, scintillator
transparency, light yield, nitrogen purging, largeale experiments

1 Scientific Motivations

The extraordinary scientific results of the Borexii], Daya Bay [2], Double Chooz [3],
KamLAND [4] and RENO [5] experiments pave the way & new generation of multi-kiloton
neutrino detectors that adopt the Liquid ScintifafLS) detection technique (JUNO [6], RENO50
[7], SNO+ [8], ANDES [9], JINPING [10]).

The Jiangmen Underground Neutrino Observatory (JYMOa multi-purpose neutrino
experiment, proposed mainly for neutrino mass anderdetermination (mass hierarchy) by
detecting reactor anti-neutrinos from two sets wélear power plants at a 53 km distance. JUNO,
deployed in an underground laboratory (700 m ok reerburden), consists in a central detector, a
water Cherenkov detector and a top muon trackes.cEmtral detector will be filled with 20 kton of
LS and will be immersed in a water pool, actingaashield from the natural radioactivity of the
surrounding rock. The water pool, in turn, will bestrumented with photomultipliers to act as a
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Cerenkov detector vetoing cosmic rays background.t@p of the water pool, a muon tracker
system will accurately measure incoming muons.

The JUNO Liquid Scintillator is a specific organeompound containing molecules
featuring benzene rings that can be excited byziogiparticles; it will be composed by Linear
Alkyl Benzene (LAB) as solvent, doped with 2,5-Dgplyloxazole (PPO 2.5 g/l) as primary solute,
and 1,4-Bis(2-methylstyryl)benzene (bis-MSB 7 mgA)wavelength shifter.

Low-background conditions are crucial for the ssscef JUNO. From the point of view of
the LS, this means that the concentration of radile@ impurities inside the mixture should result
in an activity of the same level or below the rateneutrino events. Radiopurity levels are usually
specified by the concentration TfTh, ?2®U and*K in the LS and their typical concentration in the
environment are listed in Table 1. The baselin@ade, which will be desirable for the detection of
reactor antineutrinos in JUNO, assumes a containinat the range of 18 g/g of U and Th and of
10%°g/g of *%K [11] in the LS. A more stringent regime, in theaim of 10"’ g/g, would instead be
needed to accomplish the JUNO neutrino Astroparficbgram [6].

Table 1 List of the main radioisotopes dissolved in thgamic liquid scintillators with their sources ofntamination
and the typical concentration of the impuritieghie sources [12,13]. In the last two columns ases@nted the removal
strategies used by the main neutrino experimeneduce the radio impurities contained in the LS #rel JUNO
radiopurity requirements [6,11].

Radioisotope  Contamination source Typical value Removal strategy JUNO requirement
22Rn Air and emanation from material <100 Bd/m Stripping

=8y Dust suspended in liquid ~fa/g Distillation and Water Extraction <1dglg
22T Dust suspended in liquid ~te/g Distillation and Water Extraction <1dglg

40K PPO used as doping material 1y Distillation and Water Extraction <1dglg
39Ar, “Ar Air ~1 Bg/n? Stripping

85K r Air ~1 Bg/n?® Stripping 1 pBg/m®

While members of the naturd&Th and 2% decay chains are the most common
contaminants, also other sources of radioactiveuiitips for the LS have to be taken into account.

Radioactive impurities can be divided in two mainups according to the process adopted
to remove them from the LS. Heavy impurities, sastf>®U, #*Th and*K, can be discarded
through distillation and water extraction, while mavolatile impurities, such &°Rn, *°Ar, *?Ar
and ®Kr can be minimized by means of steam or nitrogaipmng. Table 2 displays the
concentrations of LS contaminants obtained, afteifipation, by the main neutrino experiments. It
is important to notice that only Borexino and KamilB. achieved the radiopurity standard needed
for JUNO.

The JUNO physics program requires reaching an gnesgplution (3% at 1 MeV) never
achieved before in any large-mass liquid scintllateutrino experiment. In order to reach the
required light collection, the attenuation lengtishto be comparable to the diameter of the LS
acrylic chamber ( A.L.> 20 m at 430 nm [6]). TheD48n value has been chosen as the reference
value since it is in the wavelength region wheeRIMTs are more sensitive.
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The optical performances of the LS are mainly aéédy the solvent production methods,
and its method of transportation, but the LS atiion length [14] is influenced also by the
different absorbance and cleanliness of each s{dete Table 3). The raw LAB attenuation length,
from high quality industrial production, is abod th [15], while it could become less than 10 m in
standard industrial quality production. For Dayay Balot plants test a special LAB produced by
SINOPEC Jinling Petrochemical Company was seledtsdtypical composition is reported in
Table 4.

Moreover, any oxidation of the LAB worsens subg#diyt its optical properties, so it is
mandatory to avoid any contact between oxygen bhad_AB, by keeping any transportation and
storage vessel under a nitrogen blanket while remgoair leaks through piping and connections.

Table 2 Purification efficiency for different radioisotope the main LS neutrino experiment (Daya Bay [Hrexino
[17], KamLAND [18] and Double Chooz [19]) in terno$ concentrations of radioactive impurities in 18 or event
rate (counts per day, cpd).

Experiment Radioisotope Concentration

Daya Bay “u <10 o/
2Th <10 g/g
28y (5.3+0.5)10" g/g
232Th (3.8 £0.8)10™ g/g
oK < 0.42 cpd/100 ton-LS

Borexino 22Rn (1.72 + 0.06) cpd/100 ton-LS
S9Ar ~0.4 cpd/100 ton-LS (95% C.L.)
210g; (41.0 + 1.5(stat) + 2.3(sis)) cpd/100 ton-LS
8Kr (30.4 + 5.3(stat) + 1.5(sis)) cpd/100 ton-LS
28y (1.87 £ 0.10108 g/g
232Th (8.24 £ 0.4910" g/g
40, 16

KamLAND 39; iﬂﬁffﬁ'“m o/g

. a/g

Z0pp (2.06 £ 0.04)Y10% g/g
8Kr (6.10 £ 0.1410% g/g
238 <103 alg

Double Chooz
2T <10 g/g

In order to test the efficiency of the purificatiprocess on a LAB based liquid scintillator,
it has been decided to build pilot plants with aximmaum flow rate of 100 kg/h that will process the
LS needed for the filling of one Daya Bay detedtotess than 10 days (23.5)min this paper, we
focus on the design and operations done duringctimamissioning phase of distillation and
stripping pilot plants, while AD; filtering system and Water Extraction plant widitrbe described
here since they are under the responsibility oGhmese part of the collaboration.

Nevertheless, just for comparison, it is worth tention that one of the plants designed to
remove optical impurities and increase the atteondéngth of LAB is the AIO; (alumina oxide)
filtering system. Alumina is very effective in reming optical contaminants through the absorption
mechanism. Optical impurities, in principle, coull removed also through a distillation process
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by retaining, in the lower part of the column, thgh boiling point compounds (such as dust, metal
particle and usually oxides) that can affect tigatlitransmittance of the LAB. The last purification
system is the Water Extraction plant that is basethe “Scheibel column” design and is intended
to remove radioactive contaminants IRR&U, 2Th and*K [29].

In this paper we present the results obtained thighdistillation pilot plant concerning the
high-efficiency removal of the optical contaminants

The continuous many-months operation, implied iy JWNO detector filling, sets severe
constraints on the reliability of the final plantdotivated by these requirements, in Sec. 3 we
discuss a reliability model for the distillationdastripping plant based on the data obtained from
the operation of the pilot plants during the consioiging and test phases.

Table 3 Composition of the solvent and solute of the oirgd&$ of the main neutrino experiments (Daya Bay, [16,
20], Borexino [13, 17, 24, 26], KamLAND [4, 18, 22], Double Chooz [3, 14, 19] and RENO [5, 7, 28hether with
the attenuation length measured at a waveleng#306f nm after the purification cycle. The attenuatlength for
KamLAND was measured at a wavelength of 436 nm.

Experiment Solvent Solute Attenuation length (m)
1g/lGd
Daya Bay LAB 3 g/l PPO 14+4

15 mg/l bis-MSB

Borexino PC 1.45 g/l PPO ~10

80% Dodecane
KamLAND 20 % PC 1.36 g/l PPO 12.7+0.4

4.5 g/l Gd-(thd]
80% n-Dodecane 0.5%wt Oxolane

Double Chooz 20 % 0-PXE 7 g/l PPO 7.8+£05
20 mg/l bis-MSB
3 g/l PPO
RENO LAB 30 mg/l bis-MSB >10
lg/lGd

Table 4 Composition of special LAB used for the commisgignof the distillation and stripping test at Daay
Neutrino Laboratory produced by SINOPEC Jinlingr&gtiemical Company. LAB is a mixture of compountst tcan
be expressed in terms of n in the form ofHE)-CHzn+1.

Components Concentration
CeHsCHons1 %

n=9 0%
n=10 10 %
n=11 35 %
n=12 35 %
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n=13 20 %

n=14 0%

2 Distillation and stripping pilot plant overview

Distillation and stripping technologies are widelysed for purification of Liquid
Scintillators in large-scale neutrino experimeisthis respect, the JUNO LS purification system
has a particularly difficult task since both exeatl radiopurity and extraordinary optical quality
have to be reached. In addition, a high produatate must be achieved together with compliance
with Chinese and European safety regulations. éfdilowing sections, we describe the main
features of the distillation and stripping pilotapts installed at the Daya Bay site. Pilot plants
design, construction and operation has been aatrstép to understand and demonstrate the
purification efficiency. All the knowledge and fdmtk acquired in this pilot test phase will be
crucial to optimize and further upgrade the desifjtihe full-scale plants of JUNO.

2.1 Distillation plant

Distillation plant is used to remove the heaviespirities from the raw LAB (mainlf*%U,
232Th and*°K) and to improve its optical properties in ternisbsorbance spectrum and attenuation
length in the 350 nm — 550 nm wavelength regions Phnocess is based on heat and mass transfer
between a liquid and a gas stream, due to theileiquih conditions reached on each stage of a
distillation column. These conditions depend ondtiterence of volatility between the constituents
of the input stream and on the temperature andspresin the column. The low volatility
components are concentrated in the bottom of tesy, while the high volatility ones are found at
the top.

The distillation is carried out with counter-curtdélow of the liquid and gaseous LAB ina 7
m high, 2000 mm wide column containing 6 sievedrésee Fig. 1 and Table 5). In particular, the
height of the column and the number of trays nunalffect the separation capability, while the total
flow rate is related to the width of the column.

The three principal components of the distillateystem are the column, the reboiler and
the total condenser. Liquid LAB is fed to the columt a flow rate of about 100 I/h in the middle
tray section (1 in Fig. 1), after being preheatetisQ °C) in the vapour condenser (2 in Fig. 1) on
the top of the column. The liquid stream, fallingwah by gravity through the sieve trays, reaches
the reboiler, which evaporates the liquid with a KW, electric heater (immersed resistors)
generating the counter current flow of vapor. Terapge in the reboiler is around 200 °C
depending on the column actual pressure and the ¢ composition. The trays are designed in
order to establish an intimate contact betweeritjugd stream and the gas stream for a sufficient
period of time allowing heat and mass transfer betwthe phases. This process enriches the liquid
stream in the less volatile components (in paric@fU and >*Th and heavy impurities) and
decreases the temperature of the vapors. The laidvapor flows must be kept within a limited
operating range to assure a good contact surfatieecsieve trays.

6
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The top of the distillation column features theatatondenser (2 in Fig. 1), cooled by the
LAB input flow, where the LAB vapors are liquefieth this design, the total condenser has the
function of energy recovery. The product liquidesim is then split by the condenser itself in two
currents, one inserted back inside the column esflax flow (to increase the efficiency of the
distillation process) and the other directed towader based heat-exchanger (3 in Fig. 1) for the
sub-cooling to room temperature and then sente@tbduct tank.

The distillation pilot plant is operated with a nioiad reflux ratio of 25%, adjusted by
varying the product flow, and a 2% of the inpuwfldischarge from the bottom of the column in
order to reach a good compromise between the preduity and a reasonable throughput [12].

Fig. 1. Distillation pilot plant sketch (not in scale)ad raw LAB from the input tank falls by gravity tugh the top of
the column where it is pre-heated by the LAB vapiogide the total condenser installed right onadghe column (2).

The LAB, at a temperature of roughly 160 °C, igitkent to the column at the middle tray (1) whefalis down in the

electric reboiler (~200 °C) integrated in the diigtion column itself. The reboiler generates hedéh submerged
electric resistances. The LAB vapours are then eonseld in the top of the column and split in thedpod stream and in
the reflux stream (~ 25% of the product stream)e Tlow of the distilled LAB is then cooled down atnbient

temperature (3) and collected in the product taiile discharge flow (~ 2% of the input stream) frtiva reboiler is

sent to its collecting tank after being cooled dawmoom temperature. The pressure inside thdldigin column, the
product tank and the bottom tank is kept constara &alue of 5 mbar with a scroll vacuum pump (\dPd a

continuous purge of nitrogen. The distilled LAB daathen pumped back by a diaphragm pump (P) tinthe tank,

so to distill it in internal loop mode, or can keEnsto the next purification step passing throud®am pore filter. The
LAB discharged from the bottom of the column cagsode recovered and pumped back to the input tank

The distilled LAB is then sent to the next puritica process through a 50 nm pore filter in
order to retain any dust or metal particles alrepeysent or introduced in the stream by the plant
itself.

The entire plant is kept under a Blanket provided by a continuous gas flow to awemy
oxidation inside the column, thereby also redu¢hrgrisk of fire. The incondensable gas stream, if
present, is then removed from the top of the collaypa dry scroll vacuum pump, in order to keep
a constant pressure of 5 mbar inside the columa.l B vapour dragged by the nitrogen flow is
being liquefied by passing it through a vacuum eorsér (4 in Fig. 1).

The plant can be operated in two different waysniarnal loop mode, where the LAB from
the product tank and the filter is sent back toféeel tank, and the continuous mode where the feed
tank (1 m) is constantly filled with raw LAB and the diséli LAB is continuously sent from the
product tank (0.5 M to the next purification step. The first configtion is used only in the start-
up phase of the plants or if a stop of the detefdting occurs, while the second one constitutes t
production mode.
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Table5 Summary of the main operational parameters oflttdlation pilot plant tested at Daya Bay.

Feature Value
Height 7m
Diameter 200 mm
Number of trays 6
Pressure 5 mbar
Temperature in the reboiler 200 °C
Temperature in the top of the column 160 °C
Input flow 100 I/h
Reflux flow 251/h
Discharge flow 21/
Nitrogen flow 2 kg/h
Electrical Power for the heater 20 kW
Cooling Power 14 kw
Feed tank Volume 1
Product tank Volume 0.5
Bottom Tank Volume 0.5t

The solutions listed here below are adopted inramechieve better performances in terms

of removal of the radioactive impurities, energyisg and cleanliness.

Sieve Trays: they have the simplest design amomigustray types and feature neither
mechanical moving parts nor welding, which perraitsseasy and effective cleaning. Each
tray has 55 holes with a diameter of 12 mm to allbowood contact surface between the
vapor and the liquid phase and no down-comer irerotd avoid any parts that could be
difficult to clean. The size and number of the Bdletrays are based on nominal flow rates
of vapor rising up and liquid falling down the coio. If the flows are too high or too low,
bypassing occurs, reducing the contact surfacetendtage efficiency.

Total Condenser: the condenser is positioned djrect the top of the column in order to
reduce the size of the plant. Moreover, the LABaraijg cooled down by the LAB liquid
input stream. The pre-heating of the LAB input atrepermits an energy recovery of the
order of 10 kW, while also avoiding the destabilization of théuoon temperature profile,
which can the place when inserting a cool fluidhi@ middle of the column.

Vacuum distillation column: in order to achieve tbetpurification performances, the
distillation process pressure is kept below 5 mbacreasing the difference between the
vapor pressure of the LAB and that of heavy impesitA low pressure inside the column
reduces the LAB boiling temperature (less than 20)) effectively decreasing the risk of
thermal degradation of LAB.

At the design conditions of 100 I/h feed and reftako 1, the six-tray column setup was
predicted to have four theoretical stages baseatksign correlations.
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2.2 Stripping plant

After LAB purification through Alumina and Distilteon plants, liquid scintillator is
prepared by online mixing of purified LAB with théght percent of a Master Solution mixture
(MS). MS is a concentrated solution of LAB + 100RPO and 280 mg/l bisMSB, pre-purified in a
dedicated plant (water extraction in batch modeéQuid scintillator stream is finally processed
through Water Extraction and Stripping plants.

The gas stripping is a separation process in witioh,or more dissolved gases are removed
from the liquid phase and transferred to the gaselby the desorption mechanism. For example,
radioactive gases (mainfyKr, 3°Ar and*?Rn) and oxygen (which potentially decreases thit lig
yield due to photon quenching) can be removed ftieenscintillator mixture by stripping with a
variable mixture of superheated steam and nitragecounter current mode. The stripping pilot
plant was designed to measure the process efficieitb superheated steam; Nr a combination
of the two in order to identify the best configumatfor the future full size plants.

The pre-heated liquid stream (2 in Fig. 2) entbesstripping column (1 in Fig. 2) from the
top and falls down by gravity through an unstruetupacking (Pall rings) featuring a high contact
surface between the liquid and the gas coming tr@rbottom of the column (Fig.2 and Table 5).

The concentrations of dissolved gases in the tneasts Y; for the liquid phase ang for
the gas mixture) vary in each stages of the coludepending on the equilibrium conditions
between liquid and gaseous flows, as governedédytnry’s law:

Vi Pe = Hix;

where p; is the process pressure aitl the Henry's law constant that depends on
temperature, pressure and the composition of tlearsis at the i-th theoretical stage. In order to
keep the pressure gradient constant inside thgpstg column, the steam is condensed in vacuum
condensers, while the incondensable constituenthefgas stream are discharged by a scroll
vacuum pump (3 in Fig. 2).

The Henry constant, in combination with the molaction, determines the maximum ratio
between liquid flonL and gas flowG. By applying the mass balance condition to them@ol:

L Xp—X
G lmax = yi—y:

The optimal liquid-gas ratio needs to be highemt@@% of the maximum L/G ratio, to
avoid large gas flow and high pressure loss ingidecolumn, and lower than 85% of L/G max, not
to increase too much the height of the column dwerminor driving force between liquid and gas.

The stripped liquid, collected in the bottom of g@umn, is sent to the product tank (0.5
m?) by a pump through a water based heat exchandews its temperature, and through a 50 nm
filter used to retain the dust and the particuthte can be released by the plant itself.

Fig. 2. Stripping pilot plant sketch (not to scale). Tk#B, collected in the input tank from the previopsrification
steps, is pumped by a diaphragm pump (P) to theftdipe stripping column after being filtered thgbua 50 nm pore
filter and preheated at 80 °C in the oil based dregt) in order to avoid the condensation of stéaside the liquid
stream. The gas flow is an adjustable mix of niérognd steam produced inside the electrical ste@harl{2) at a
pressure > 150 mbakept constant by the continuous flow of the stearough a calibrated orifice (5) to the stripping
column (1). The stripping column is filled with P&ahgs in order to maximize the contact surfaceMeen the liquid
and the gas stream. The stripped LAB is then cten the bottom of the column and sent to thelpeb tank after
being cooled down in a water based heat exchanmgkfilered. The liquid can be then sent back ®itiput tank or
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pumped out to the filling station of the detecfbhne gas flow is discharged by a scroll vacuum p@up) after being
cooled down in the vacuum condenser (3) in ordeotawlense the steam and remove the all the waierebibe VP.

The nitrogen used is carefully purified with actigarbons at cryogenic temperatures to

reach low concentration of radio-contaminants, beeahey set a lower limit for the radiopurity
that can be achieved by gas stripping.

The steam flow is produced in a 50 | volume steamteb (4 in Fig. 2), at a temperature

around 70 °C (pressure around 300 rghasing ultrapure water from the high purity watéant of
Daya Bay [16]. Its flow is controlled by a calibedtorifice hole with a diameter of 0.3 mm (5 in
Fig. 2) located between the heater and the nealie \installed on the superheated steam line
before the column. Possible condensation of steatinei column is avoided by operative solutions.
The LS, and the entire column as a consequenpeeibeated at 90 °C. This temperature is 20 °C
more than the production temperature of the steaewen higher pressure of the column (300 mbar
vs 250 mbar). These precautions make the steaipesirsated one as soon as it enters the column.
The superheated steam could therefore be tre&ted lyas with no phase separation.

This plant can be operated both in internal looglen¢uring the start-up operations and

self-cleaning procedures) and in continuous modergithe purified LAB is sent, after stripping,
from the product tank (0.5 m3) to the filling statiof the Daya Bay detector.

In order to reach the purity and optical standareeded for JUNO, the following design

options have been adopted.

Unstructured Packing: the column is filled with A3%6 Pall rings to increase the contact
area between the liquid and gas stream. The riags been electro polished and effectively
cleaned before the installation inside the colunith an ultrasonic bath.

Stripping under vacuum: the reduced pressure camowe the efficiency per theoretical
stage of gas stripping. On the other hand, the-fat@al mass transport rate is substantially
reduced in the absence of gas flow. In a stripgimlgmn of fixed size, there is an optimal
pressure for gas stripping: reducing the pressocecases the efficiency per theoretical
stage, but also decreases the number of theorstiagks. The optimal pressure for our
stripping operations is between 150 and 250 gbar

Steam: the use of steam instead of Nitrogen (theX3oo choice [13]), has two advantages.
Firstly, it is generally easier to produce ultrapwater than P with a low content of
radioactive contaminants, reaching a concentratfdA’Rn < 3.410° Bg/kg and a very low
content in*°Ar and®Kr. [24]. Moreover, using Nitrogen as a strippirgsgequires adopting
an exhaust system to displace it in a sufficiem#}i vented place. The amount of dissolved
water in LAB at 100% saturation at atmospheric gues and room temperature is ~200
ppm. Stripping at ~250 mhafeven if at a temperature around 90 °C) reducesithount of
water dissolved in the LS after the cooling heath@xger. The measured content of water
in LS after steam stripping was of ~50 ppm, whicesl not represent an issue for JUNO
experiment.

LS pre-heater: as already mentioned, in order tedaany condensation of steam in the LS
stream, the LS is heated at a temperature of 9hteasing the temperature gives also the
additional advantage of enhancing the strippinigiefficy.
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* At the design conditions the 4 m, unstructured pdakolumn was predicted to have three

theoretical stages.

Table 6 Main operational parameters for the differentdeas of the stripping pilot plant tested at Dayy.Ba

Feature Value
Height 7 m (4 m of unstructured Packing)
Diameter 75 mm

Packing Material

AISI 316 Pall rings

Pressure 150 — 250 mbar
Input LAB Flow temperature 90 °C

Steam temperature 70 °C

Input LAB flow 100 I/h

Steam flow 100 g/h
Nitrogen flow 1 Nnih
Electrical Power for the heater 10 kW
Cooling Power 5 kW

Feed tank Volume 0.5

Product tank Volume 0.5

2.3 Common Features

In order to avoid any contamination due to the ddist and oxide particles which could be
released into the detector or liquid handling systeit is mandatory to use electro-polished 316L
stainless steel and special cleaning process.dridlfowing we describe the cleaning procedures
adopted to treat all the parts of the distillatéard stripping pilot plants such as pipes, tankkes
pumps and sensors.

The desired cleanliness standard for the plant ik BTD 1246 Level 50 [25], which
defines limits on the residual particulate sizérttigtion. This goal assumes the scintillator cause
particulate wash-off similar to water, and thatssSl&0 is the acceptable level for the scintillator,
assuming the remaining particulate has a radidgcsimilar to the one in the dust. Hopefully, the
second assumption is not true, and the remainingcpkate is mostly metallic (i.e. less radioactive
than dust), resulting in very conservative speatfans for the lines.

The procedure consists in these steps [26]:

» detergent cycle, to remove oil, grease and ressduah Alconox Detergent 8 or equivalent

(concentration 3% at 60 °C);

» Ultra-Pure Water (UPW) cycle for rinsing (Until rst$vity is > 4 MQ cm)
» pickling and passivation;
* UPW cycle for final rinsing (Until resistivity is 4 MQ cm.)

Small parts have been cleaned in ultrasonic bathde bigger parts with other suitable

methods, like spray balls or immersion.
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Moreover, at the final stage of each plant we hdeeided to install a (pre-wetted) ultra-
filter with 50 nm nominal pore diameter, to retpaurticles that can be released by the plant itself.

Specific attention is given to avoid leaks throufk connections. In particular, all large
flanges and the ones withstanding ambient temperatre sealed with Ansiflex gaskets or Viton
Teflon coated gaskets, while in the high tempeeaparts of the plant the tightness is assured by
using metal loaded TUF-STEEL gaskets. All procé&ss tonnections are orbital-welded or TIG-
welded using low thorium content electrodes. Wheedding is not possible, metal gasket VCR
fittings are used. Moreover, all instrument prolaee connected to the plant with vacuum tight
fittings for high seal, and stainless steel diaghresealed valves are used throughout the system
(the overall integral leak rate of each plant wesved to be less than $anbar-l/s by means of a
He leak detector).

The skids have to meet safety European and Chiegggrements in terms of certification
of seismic safety. A Hazop procedure was usedéntify potential problems during operations and
led to modifications for the sensing and alarmirayte of the system. In order to avoid the
prescription of the PED directive, rupture disks mstalled to assure in every tank a local pressur
lower than 0.49 bgr In particular, rupture disks are designed to perative between full vacuum
up to the trigger point of 0.45 kar

All the electric equipment are under ATEX specifica [27], in Class 1 Zone 2 T2, to
prevent any fire risk since the LAB temperaturahsve its flash point in the distillation plant.

All the process pumps used are volumetric diaphrggmmps with Teflon membranes,
installed in the lower part of the plants in ortiehelp the pump priming and to avoid cavitation in
compliance with instrument NPSH. The pumps useddwe liquid from a low-pressure tank to an
ambient pressure tank are compressed air driverEMEBumps, while in all the other cases we use
motor driven PROMINENT pump.

These purification plants need a very stable ahdbie Distributed Control System (DCS)
to adjust the purification parameters and to astheesafety of both the plants and the operators,
considering the high temperatures of the plantgligtillation mode) and the enclosed environment
in which the plants are located. The purificatigtstem has to be under the control of a master
system that provides, for 24-h/day operationsnalaotifications, and automated shutdown in case
of problems.

It has been decided to adopt a Siemens system istribdted automation because it
guarantees good performances in terms of relighdiitd a modular and safety oriented design.
Moreover, it can be used in hazardous areas (ATBKeZ2). The CPU module chosen is the
1512SP-1P. It assures different communication aptibetween the PLC and the PC with the
possibility to integrate a channel specific diagimos

The DCS can be controlled and monitored via a SCAdpplication, designed integrating
an operator friendly User Interface (Ul), with therpose to permit a quick learning of the plant
operations and to understand and solve easilydahsecof any alarms generated by the DCS. This
application runs on a Local PC, where it savethallprocesses parameter values every minute. It is
linked to the PLC via an Ethernet connection.

The general Ul is divided in three tabs: an ovewid the plant (see Fig. 3), an alarm panel
and a trend panel.
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Fig. 3. The slow control User Interface (Ul) is designadider to guarantee a fast identification of th&ues of the
process parameters. It is possible to set eactuiment alarm threshold (HighHigh, High, Low and Uaw) and to

adjust the process parameters with the instrumamelpin the Alarm Pages tab are collected alptiewious and active
alarms and it is possible to examine the timeliheazh instrument value with the trend graph. Tlbe £ontrol User

Interface (Ul) shows also the flowrates totalizeeging always under control the amount of procekSed

In the first tab, the core of the Ul, it is possilbb set the process parameters and the alarm
thresholds, open and close the automatic valvesuandhe pumps on and off. Here the measured
values of each instrument connected to the DC&lacedisplayed.

The second panel collects all the alarms that arivea or were active, but not
acknowledged, while in the last it is possible tomitor the trend over time of the process values,
which are also saved on the PC.

The DCS manages also part of the safety rulespiteaent any damage to the plant and to
the operators. In particular, it prevents the swita of the equipment if the proper conditions are
not satisfied: for example if the LAB level in thestillation reboiler is not high enough the heater
cannot be turned on.

It is foreseen also an account based system inm tydestablish a hierarchy between users of
the DCS and to give the privileges to change théings only to expert operators and just
monitoring capabilities to the shifters or the gaes

3 Réliability

The JUNO purification plants will have to face thighly demanding challenge of assuring
a constant delivery of purified LS for the entiféirfg period. Some complications arise from the
fact that the last stages of the purification pssceill take place in the underground laboratory,
because of the desire to minimize the length ofgipes from the stripping plant to the filling
stations, so as to reduce the risk of contaminahegpurified LS. In this scenario, the replacement
of LS in case of failure of the purification prosesill be almost unfeasible. For these reasons, a
reliability assessment is mandatory in order taniifie the less resilient components and possibly
maximize the robustness and safety of the wholéfigation system. Essentially It has been
decided to use the experience gained by the desidroperations of the pilot systems in order to
develop a reliability study of the future JUNO pigation plants. In the following the calculations
done for pilot plants are given. The collectedistas after 2 years of pilot plants operationgis
good agreement with the expectations.

Reliability is generally defined as the probabilR(t) of successful performance under
specified conditions of time and use and it is teglawith the failure ratel(t) of every single
component of the system [28]:

R(t) = e~ JA®at 1)

The lifetime of a component can be divided in thségges: the infancy mortality period
when the failure rate is not constant and decreagedly with time, the life period when the faidur
rate is considered constant and the wear out pevitete the failure rate increases rapidly due to
ageing of the component itself.
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In our case, the infancy mortality period is coesatl finished after the commissioning of
the plants, so we consider the components insidectimstant failure rate period. It is therefore
possible to use failure rates from the speciallzethture or from similar plants.

The total reliability of a complex structure can ¢edculated using the probability theory
breaking down the entire system in simpler modolesubsystem arranged in series or in parallel
[28].

Fig. 4. Subsystems of the distillation pilot plant (a) astdpping pilot plant (b). The distillation pilgtlant total
reliability can be calculated as the product of tbkability of the single subsystems because el plants work in
series to each other. While the stripping planabglity can be evaluated as the product of alldtreer subsystems with
the reliability of the subsystem composed by theaB8t Generator and the Nitrogen.

In the distillation plant all the subsystems aneiaged in series (see Fig. 4a), implying that
the total reliability can be estimated using equat2) below. In the stripping pilot plant one stag
involves a parallel between the Steam Generatottlamdlitrogen Line (see Fig. 4b): therefore the
total reliability Ryt can be evaluated by combining the reliability bé tSteam Generator plus
Nitrogen Line subsystems in parallel using equagB)rbelow with the reliabilities of the remaining
components:

Reor = T R; @)
Rioe = 1= [L(1 —Ry) 3)

The failure rate of each components, listed in &ahl are combined with the previous
equations to get the final reliability and the M@ame Between Failure (MTBF, see Table 8). This
allows to estimate the number of stops for the tglaconsidering the reliability of the external
utilities, provided by the lab (i.e. chiller, wataupply, nitrogen supply). The reliability of tharid-
operated valves is set to 1. The MTBF (measuretoiars) is correlated with the failure rate
through the following equation, whei(t) is considered constant:

1
MTBF = n

Table 7 List of the main components of the distillatiordastripping pilot plant used and their failure rgteen by the
production company and from Borexino experience.

Component Failure Rate A (fail/10° h)
Pressure sensor 1.7

Regulating valve 30

Heat exchanger 20

Vacuum pump 15
Level sensor 12
Thermocouple 10.1
Level switch 4.5
On/Off valve 20
Rupture disk 135
Centrifugal pump 20
Flow meter 5
Filter 1
Gaskets 0.2
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DCS module 1
Filter 1
Steam generator 50
Pressure reducer 0.3

Due to a less complex system and less physicatbijeside the plant, the stripping system
has a lower failure probability than the distiltatiplant. Therefore, it has a longer MTBF meaning
a longer continuous activity between two stopsnf@intenance. Finally, considering 6 months of
continuous working time to fill the JUNO detectare will have 2 stops in 6 month of continuous
operation for each plant (stripping and distillajiowith a mean down time estimated of 36
h/failure, with a total of 3 days of stops for egutant.

Table 8 Probability of successful performances (R) and M&ene Before Failure (MTBF) in months calculated fo
each subsystem composing the distillation and @trgp pilot plant and for the entire plants. The mlodsed for the
calculation is shown in Fig. 4 and the failure rfateeach component of the subsystem are list8dbie 7.

Line description R MTBF (10°h)
Vacuum line 0.637 30.9
Reboiler line 0.797 23.8
Column + bottor 0.57¢ 7.6
o Distillate line 0.665 7.9
Digtillation o0 4 jine 0722 158
Gaskets (20( 0.91¢ 14 .4
DCS modules 0.961 98.6
Total 0.124 2.2
Vacuum Line 0.83t 36.7
GV 0.69¢ 12.2
Column + produc  0.52¢ 58
o Feed line 0.61:  8.€
Sripping  Nitrogen line 0978 986
Gaskets (150) 0.936 19.4
DCS modules 0.961 98.6
Total 0.235 2.9

4  From designing to commissioning

In 2014-2015 the design and the construction of Xa&lO purification pilot plants was
started, with the aim to test them in the Daya Baporatory and to find the optimal process
parameters for the design of the final full scdbnfs.

During the period between 2015 and 2016, the coctsdn work for the distillation and
stripping plants was carried out in conjunctionhwRolaris Engineering (MB, Italy) under the
supervision of the Istituto Nazionale di Fisica Mace (INFN) crew.

The plants were designed and built as a skid-mdusystem (see Fig. 5) for transportation
flexibility in China (they fit into two 2.15m x 2mM x 7m skids). INFN reviewed and approved all
materials, equipment selections and fabricatiorhotg to ensure that the system was leak tight and
had the possibility to be completely cleaned.
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Fig. 5. 3D drawing of the distillation plants skid (a) asttipping plant skid (b). The plants are mounteside a blue
skid that can fit a standard 1SO container for gportation. They are divided in three floors: i ttop floor are
mounted the vacuum pumps and the input tanks vthéeproduct tanks are located in the bottom flopoider to
minimize the usage of pumps. The distillation caluemd the stripping column are placed on a sidénefskids and
they run from the top floor to the bottom floor wnimize the space required for the installatioheTottom floor
features lights for the electrical cabinet contagnthe connection for the heaters, for the pumpgepsupply and for
the CPU of the slow control system receiving tlgmals from the instruments.

Between February 2016 and March 2016, distillateord stripping pilot plants, under
nitrogen atmosphere, were crated in a containeshipped to Shenzhen, China, by sea. One month
later, they arrived at the Daya Bay laboratory. eAfthe skids were mounted, all the final
connections were made, including the connectionthéoprocess lines in Hall 5 of Daya Bay
Underground Laboratory.

Before detector filling, each plant was operateéhternal loop mode (described in sec. 2.1
and 2.2) to ensure that they work properly anddjast the process parameters. During these steps,
some problems on the level sensors were identified solved with a re-calibration of the
instruments via HART communicator.

The main features investigated during the commmssgphase were the transfer process of
the LAB from the bottom of the distillation colunamd the thermodynamic parameters that insure a
stable and efficient functioning of the strippingumn. In particular, regarding the first itemwias
decided to avoid a continuous transfer of liqumhirthe bottom of the distillation column because
the the flow rate would have been lower than theimum value measurable by the flow meter.

Regarding the distillation plant, it was decidedfuather decrease the pressure inside the
column in order to reduce the temperature of thd3lafd avoid any degradation of the organic
compound. In total, around 4000 | of LAB were distl and stripped for plants commissioning and
final self-cleaning.

After these tests, the plants were connected witlmfa oxide and Water Extraction
purification systems through the interconnectiorstey, to the goal of testing the complete
purification chain. By reference, Alumina Columrapl is based on absorption technique on high
quality alumina powder to remove optical impuriteasd increase the attenuation length of LAB
[29] while Water Extraction column is based on tBeheibel column” design and is intended to
remove radioactive contaminants liK&U, ?**Th and*’K [29]. These plants are not described in
this paper.

5 Results

The performances of the distillation and stripppitpt plants during the commissionino
phase are assessed by measuring the remainingntafteadio impurities in the LAB and its
absorption spectra evaluated after each purifingtimcess. The effectiveness of these purification
methods in removing the radio impurities cannotnbeasured by laboratory tests, giving only
generic hints on their efficiency. The Daya Bay edétr, instead, enables the quantitative
evaluation of the residual background in the LABiiat will be reported in the paper describing
the full procedure of tests and measurements peedron the whole sets of pilot plants at Daya
Bay.
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523 However, meaningful preliminary indications of tledfectiveness of the plants can be
524 gathered indirectly through the inspections of @hsorption spectra. Indeed, the LAB attenuation
525 length and the absorption spectra were measuredrebdilling the detector and after each
526 purification step [29].

527 Fig. 6. Comparison of the absorption spectra of raw aatilldd LAB (modified from [29]). It is importanto notice
528 that even if the most reduction of the optical imipes is carried out by the alumina plant, thetitliion has a small
529 effect on reducing the attenuation length in theelength region around 365 nm.

530 In Fig. 6 the absorption spectrum is reported dsnation of the wavelength (where on
531 abscissa there is the wavelength in nm and on theisythe absorbance in arbitrary units). By
532 comparing the spectrum of the raw LAB with the arfier distillation, we can infer the very high
533 effectiveness of the distillation plant to remoy®ical impurities over the whole region of interest
534 Moreover, from [29], it is possible to conclude tthhe stripping procedure, intended to
535 remove gaseous compound and hence not expecteffietd the absorption spectrum, is clean
536 enough not to spoil the optical quality as obtaifrech the previous distillation step.

537 6 Conclusion

538 This paper described the features and the commisgiophase of a distillation and a
539 stripping pilot plant designed to test the purifica efficiency of this processes for a LAB based
540 liquid scintillator in terms of removal of radio @optical impurities. Moreover, the study permitted
541 to evaluate the model built for the calculatiortloé total reliability of the two pilot plants. Fdre

542 first time, well-established technologies are in&gd for the purification of a LAB based LS. The
543 purification effectiveness, the safety of the pdaahd of the operators are guaranteed adopting the
544  peculiar features summarized below:

545

546 » Using the distillation column input feed (LAB) ag@oling fluid in the total condenser (Fig.
547 1) leads to a substantial reduction of the enemysoemed for the liquefaction of the LAB
548 vapor and for the warm-up of the input feed. Moexo\positioning the condenser (pre-
549 heater) on the top of the column implies a substhrgduction of the plant size.

550 * The installation of sieve trays in the distillati@olumn allows to maximize the contact
551 surface between the liquid and vapor phase keepingh cleanliness level and in turn to
552 get a greater efficiency of the distillation.

553 » The LAB thermal degradation is reduced by perfogrtime distillation under vacuum with
554 lower boiling temperature.

555 » Using a variable mixture of steam and nitrogenhesdas stream in the stripping column
556 leads to better results on purification efficieriiye to the lowef?Rn content in ultra-pure
557 water, as compared to regular nitrogen. Moreovecesthe steam is completely liquefied in
558 the vacuum line condenser and the water disposguefdy, a dedicated exhaust system is
559 not necessary.

560 * While the stripping process has no effect on th&capproperty of the LAB, the distillation
561 increases the attenuation length in the wavelerggiton of interest (Fig. 6). The attenuation
562 length measured on scintillator (LAB + 2.5 g/l PR@d 7 mg/l bisMSB) after all the
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purification process reaches a value of 20 m @mB0greater than typical values obtained
in previous neutrino experiments (Table 3). Theratation length of pure LAB reaches 25
m @ 430 nm after distillation.

» Adopting the data from the pilot plants, the relipstudy for the future JUNO purification
plants shows an average of greater than 3 month'8fF (Table 6). The JUNO distillation
plant will be more subject to failure due to itsegter complexity and number of
components. This model will give also an indicatiwnhierarchy of the most fragile parts of
the system that will need a prompt back-up soluitiocase of failure.

In the perspective of the realization of JUNO, asllvas for future massive neutrino
experiments, the distillation and stripping proessare expected to play a key role in reducing the
radio background contamination and in increasimegdattenuation length of the LS.
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