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The partitioning and transmutation strategy has increasingly attracted interest for the safe
treatment and disposal of high level liquid waste, in which the partitioning of high level liquid
waste is one of the critical technical issues. An improved total partitioning process, including
a tri-alkylphosphine oxide process for the removal of actinides, a crown ether strontium ex-
traction process for the removal of strontium, and a calixcrown ether cesium extraction pro-
cess for the removal of cesium, has been developed to treat Chinese high level liquid waste. A
test system containing 72-stage 10-mm-diam annular centrifugal contactors, a remote sam-
pling system, a rotor speed acquisition-monitoring system, a feeding system, and a video cam-
era-surveillance system was successfully developed to carry out the hot test for verifying the
improved total partitioning process. The test system has been successfully used in a 160 hour
hot test using genuine high level liquid waste. During the hot test, the test system was stable,
which demonstrated it was reliable for the hot test of the high level liquid waste partitioning.
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INTRODUCTION

The safe treatment and disposal of high level lig-
uid waste (HLLW) are crucial to sustainable develop-
ment of nuclear energy [1, 2]. The partitioning and
transmutation (P&T) strategy for converting long-life
nuclides from HLLW into short-life radioactive or sta-
ble species constitutes an advanced nuclear fuel cycle,
and has increasingly attracted interest, in which the
partitioning of HLLW is one of the critical technical is-
sues of the P&T strategy [3-5]. In recent years, a num-
ber of partitioning processes for HLLW by means of
solvent extraction technology have been proposed and
studied, such as the DIAMEX process in France, the
DIDPA process in Japan, the TRUEX process in the
USA, and the TRPO process in China, efc. [6-13]. In
these processes, different kinds of extractants have
various advantages used in the partitioning processes.

An old total partitioning process, including the
removal of actinides by the trialkylphosphine oxide
process (TRPO), the removal of Sr by the crown ether
strontium extraction (CESE) process, and the removal
of Cs by ion exchange using potassium titanium

* Corresponding author; e-mail: dwh203@mail.tsinghua.edu.cn

hexacyanoferrate (II) (KTiFC) was developed to treat
Chinese highly saline HLLW on the basis of the origi-
nal TRPO process in the 1990 [14]. In particular, the
old total partitioning process was verified by a hot test
for laboratory-scale with 50-stage 10-mm-diam annu-
lar centrifugal contactors (ACC) with 10 mm of the ro-
tor diameter in 1996 [15, 16]. In the hot test, the decon-
tamination factors (DF) for total o activity, *Tc, *°Sr,
and '¥7Cs were 588, 125, >2500, and >200, respec-
tively. After partitioning, HLLW was transformed into
anon-a, low and intermediate level radioactive waste
that was suitable for shallow-land disposal to reduce
the uncertainties associated with geologic disposal
and the disposal cost of HLLW because the actinides,
and the short-term heat generators in HLLW, such as
Sr and Cs were removed from HLLW.

Recently, an improved total partitioning process as
shown in fig. 1, including the TRPO process for the re-
moval of actinides, the CESE process for the removal of
Sr, and the calixcrown ether cesium extraction (CECE)
process using iPr-C[4]C-6 (25,27-bis (2-propyloxy)calix
[4]-26,28-crown-6) as the extractant and n-octanol as a
diluent for the removal of Cs, has been developed to treat
Chinese HLLW. In comparison to the old total partition-
ing process, the most important improvement is that the
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ion exchange process is replaced with the CECE process
for the removal of Cs [17, 18]. Moreover, a 160-hour hot
test has been successfully carried out to verify both sta-
bility and reliability of the improved total partitioning
process using a self-developed test system and genuine
HLLW [19]. In the hot test, 4.2 L of genuine HLLW was
treated, and the decontamination factors of total « activ-
ity, Sr, and Cs were 3.57-10%,2.25-10%, and 1.68-10% re-
spectively. Compared with the results of the hot test of
the old total partitioning process in 1996 [15], the DF of
total o activity, Sr, and Cs had increased, so the improve-
ments of the total partitioning process proved effective.
Although the process and results of the hot test have been
reported in [19], the self-developed test system has not
been reported. In this paper, the self-developed test sys-
tem containing 72-stage 10-mm-diam ACC, a remote
sampling system, a rotor speed acquisition-monitoring
system, a feeding system, and a video camera-surveil-
lance system was thoroughly introduced.

THE TEST SYSTEM

Layout of the self-developed test system

According the requirements of the hot test for
the improved total partitioning process as shown in
fig. 1, the self-developed test system contained
72-stage 10-mm-diam ACC. In addition, the self-de-
veloped test system also contained the remote sam-
pling system, the rotor speed acquisition-monitoring
system, the feeding system, and the video camera-sur-
veillance system to successfully carry out the hot test.
The layout of these systems is shown in fig. 2. The ro-
tor speed acquisition-monitoring system, the monitor
of the video camera-surveillance system, and the
non-radioactive feeds were placed in the manipulation
room where the radioactivity was very low. The opera-
tors in the manipulation room operated all devices in
the hot test cell. 72-Stage 10-mm-diam ACC were
placed in the hot cell where the radioactivity was the
highest. The diluted genuine HLLW (1AF) tank, the
aqueous phase waste tank, the organic phase waste
tank, the Cs product tank, and the Sr product tank were

placed in the back zone where the radioactivity was
higher.

Several ports were provided in the hot cell
through the hot cell wall. They were used for the trans-
fer lines of the feeds, for the electrical connections of
both the rotor speed acquisition-monitoring system
and the video camera-surveillance system, for transfer
of non-radioactive equipment into the hot cell, and for
transfer of radioactive materials out of the hot cell. A
pair of manipulators was located in the manipulation
room, while the paws of the manipulators were in the
hot cell. A wall with a heavily shielded glass window
was placed between the manipulation room and the hot
cell. At this station, operators could handle devices in
the hot cell by means of the manipulators, and observe
the movements of the paws of the manipulators in the
hot cell through the window.

Arrangement of 72-stage 10-mm-diam ACC

The space of the hot cell is limited. Moreover the
operation space of the manipulators in the hot cell is also
confined. However, both assemblies and disassemblies
of the ACC by the manipulators in the hot cell should be
made easy. On the other hand, the improved total parti-
tioning process including the TRPO process, the CESE
process, and the CECE process, require the use of
72-stage 10-mm-diam ACC. So the 10-mm-diam ACC
needs to be improved to enable a smooth operation of the
improved total partitioning process, remote-handling sit-
uations, an easy use of manipulators, a more reliable and
simple maintenance, in a confined space of the hot cell.
Moreover, the arrangement of 72-stage 10-mm-diam
ACC should be reasonable to meet the operation require-
ments of the hot test in the hot cell.

The self-developed 10-mm-diam ACC was
made up of two modules as shown in fig. 3 to facilitate
their remote maintenance in the hot cell. Modules
were installed together to form a complete ACC by
simply inserting one module into the other one, and the
modules were fitted without screws and nuts. In this
way, it was much easier to manipulate ACC. For in-
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stance, if one of the rotor modules failed (such as the
motor or the bearing failed) or any other unexpected
situation occurred, when a multi-stage ACC system
was being tested in the hot cell, the facility could be
rapidly shut down, and the rotor module with a prob-
lem could be promptly replaced by the manipulators,
and the hot test could be quickly restarted. Moreover,
to further reduce the liquid hold-up volume of the
10-mm-diam ACC, a multi-stage group housing struc-
ture containing multiple stage housings (e. g., 6, 5, 4,
3, or 2 stages) in a set as shown in fig. 4 was developed.
The principal part of the set was a whole stainless steel
block, which consisted of heavy phase collecting
rings, light phase collecting rings, and internal
interstage lines. One of advantages of the set was that
there were no external interstage lines between two
stages in the set, thus ensuring very small liquid
hold-up volume and no risk of leakage in interstage
lines. The multi-stage group housing structure also
made multi-stage cascade unit more compact for
multi-stage processes.

The arrangement of 72-stage 10-mm-diam ACC
is shown in fig. 2. The extraction section of the TRPO
process was arranged in one row containing 16-stage
10-mm-diam ACC. The stripping section of the TRPO
process was arranged in two rows containing 24-stage
10-mm-diam ACC. The CESE and CECE processes

were arranged in two rows containing 32-stage
10-mm-diam ACC. There was no 10-mm-diam ACC
in the hot cell to block the view of the operators
through the window during manipulators operation.
Moreover, there was sufficient room in the middle of
the hot cell for repairing equipment, for preparing
sample cups, and transferring them into and out of the
hot cell by the manipulators. So the arrangement of
72-stage 10-mm-diam ACC was reasonable for re-
mote-handling situations, for easy use of the manipu-
lators, and for the limited space in the hot cell. Three
supporting  structures were fabricated for the
10-mm-diam ACC of the extraction section of the
TRPO process, the stripping section of the TRPO pro-
cess, and the CESE and CECE processes, respectively.
Every supporting structure contained leveling screws
to adjust unevenness in the hot cell floor.

Remote sampling system

Measuring component concentration in the exit
effluents can give a correct evaluation as to whether
the processes achieved the partitioning goal. Itis very
difficult to sample from the exit effluents of the im-
proved total partitioning process for concentration
analysis during the hot test. A remote sampling sys-
tem for the exit effluents has been developed as
shown in fig. 5. In the remote sampling system, two
linear bearings were installed in two stainless steel
rods, and a stainless steel plate was fixed on the two
linear bearings. Several openings were provided in
the stainless steel plate for placing the sampling cups
made of organic glass. The sampling process com-
prised of the following steps: (1) the stainless steel
plate with the sampling cups was shifted underneath
the exit effluents outlet pipes by means of the manip-
ulators, so that the exit effluents flowed separately
into the sampling cups, (2) after the designed sam-
pling time, the stainless steel plate was moved away
from the outlet pipes by the manipulators, (3) the
sampling cups were transferred to the small flat car
by the manipulators, and (4) the small flat car with the
sampling cups was transferred to the laboratories for
analysis. Two remote sampling systems for the exit
effluents were installed for the TRPO stripping sec-

Centrifugal contactors

Mounting bracket

|
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\ plate
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Figure 5. The remote sampling system for effluents
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tion, and the CESE and CECE processes as shown in
fig. 2, respectively.

The liquid left in the ACC after the hot test also
needs sampling for analysis. Obtaining samples from
multi-stage ACC using the manipulators also proved
difficult. Leonard et al. brought up and tested six
stage-sampling methods [20]. The method that they
recommended provided a quick shutdown when the
ACC reached steady-state. During a quick shutdown,
all of the ACC motors and pumps were turned off at
once. Two phases were drained from each stage, and
their volumes were measured. The phases were then
equilibrated by shaking. The problem with the quick
shut down arose when pumps and motors were turned
off, the rotors continued to pump liquid from stage to
stage for a short period of time. Stage volumes and
concentrations were thus impacted to some degree.
However, measuring component concentration in
stage samples gives a general understanding of the
stage-to-stage concentration profile. The error in this
analysis can be estimated by comparing the stage sam-
ples to the external effluent in stages having an exter-
nal effluent. The method that Leonard et al. recom-
mended was also adopted to sample the liquid left in
the ACC after the hot test of the improved total parti-
tioning process. Prior to sampling the liquid from the
ACC after the hot test, the rotor module was first lifted
and transferred by means of the manipulator into a
supporting cylinder, and a plastic straw was used to
drain the liquid from the ACC using the manipulator.
After sampling, the rotor module was transferred into
the housing module to form the complete ACC again.

Rotor speed acquisition-monitoring system

A rotor speed acquisition-monitoring system is
practical and necessary to control and monitor opera-
tions of multi-stage ACC for laboratory-scale in the
hot tests. The rotor of the 10-mm-diam ACC was di-
rectly driven by a DC motor with a tachometer
(Maxon, Swiss). The rotor speed depended on the
voltage of the power supply. So the rotor speed was
simply controlled by adjusting the voltage of the
power supply using an adjustable voltage controller.
The output voltage of the DC motor was obtained by
the tachometer, and was proportional to the rotor
speed. The flowsheet of the rotor speed acquisi-
tion-monitoring system for 72-stage 10-mm-diam
ACC is shown in fig. 6. The system consisted of an in-
tegrated workstation with the control software written
in VB.NET, a controller, 50-core color cables, and
transfer boxes. The adjustable voltage controller was
used to directly adjust voltages of the motors while the
rotor speeds were changed accordingly. The speed ac-
quisition system was used to acquire the signals of the

IMotorsofAccl:jController}—bISpeedacquisitionH Computer l
.

I

bisplay/alarml ’Monitor| IAdjust l

Figure 6. The flowsheet of the rotor speed
acquisition-monitoring system
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output voltages and process them by a computer to be
at the speeds of the ACC.

The layout of the rotor speed acquisition-moni-
toring system is shown in fig. 7. The electrical plug for
the motor of every stage 10-mm-diam ACC went into
an electrical junction box. The electrical junction box
had a recessed male plug that fits the female plug on
the electrical cord. This design, which was used in
most computer equipment, kept electrically hot prongs
from being exposed. It also eliminated any wires dan-
gling from the rotor module of the ACC as it was being
removed or reseated. The electrical junction boxes
were placed in the hot cell. Both the computer and the
controller were placed in the manipulation room.
50-Core color cables were used to connect the electri-
cal junction boxes in the hot cell with the controller in
the manipulation room.

Using the rotor speed acquisition-monitoring
system, the operation of 72-stage 10-mm-diam ACC
was controlled remotely. The computer outside the hot
cell could discover problems in the 10-mm-diam ACC
operated in the hot cell by detecting changes at the
speeds of the 10-mm-diam ACC. The systems could
give an alarm in a sufficient time after one or
multi-stage 10-mm-diam ACC changed at the speed.

Feeding system

The layout of the feeding system is shown in fig.
2. The non-radioactive feed pumps and vessels were
located in the manipulation room. There were 18
non-radioactive solutions for the hot test. Non-radio-
active solutions were pumped by precision metering
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pumps (GALal1000SST00, ProMinent Fluid Controls
Co. Ltd., Germany) to the ACC through penetrations
in the wall of the hot cell. To start the hot test at the cor-
rect flowrates, all of the pumps were calibrated. Once
the hot test was underway, minor adjustments to the
flowrates could be made after monitoring the liquid
levels of the vessels. These flowrates could be deter-
mined by monitoring the change in the liquid levels of
the vessels over a time period. The diluted genuine
HLLW (1AF) located in the back zone was pumped by
the volume displacement method with kerosene as
shown in fig. 8. The kerosene located in the manipula-
tion room was first pumped by the precision metering
pump into the 1AF tank located in the back zone, and
then the diluted genuine HLLW in the 1AF tank was
pressed into stage 12 of the TRPO process in the hot
cell. Aliquid level monitor located in the manipulation
room was used to monitor the liquid level of the di-
luted genuine HLLW in the 1AF tank.

Video camera-surveillance system

The video camera-surveillance system was used
to observe operations of all devices in the hot cell and
the movements of the paws of the manipulators, and re-
cord these operations and movements. The system con-
sisted of a camera, a monitor, and a cable. The layout of
the system is shown in fig. 2. The camera was installed
above the heavily shielded glass window in the wall of
the hot cell. It could move with 270-degree rotation in
the horizontal direction and with 90-degree rotation in
the vertical direction. All of devices in the hot cell could
be videoed through the camera. The monitor located in
the manipulation room was used for display, record, and
storage of the digital videos. The cable was used for the
connection of the camera and the monitor through a
penetration in the wall of the hot cell.

CONCLUSION

The self-developed test system containing
72-stage 10-mm-diam ACC, the remote sampling sys-

tem, the rotor speed acquisition-monitoring system,
the feeding system, and the video camera-surveillance
system was successfully developed. It has been suc-
cessfully used in the 160- hour hot test of the improved
total partitioning process, consisting of the TRPO pro-
cess for removal of actinides, the CESE process for the
removal of Sr, and the CECE process for the removal
of Cs with genuine HLLW. During the hot test, the test
system worked smoothly without failing or interrup-
tion of the system operation. So the test system was re-
liable for the hot test of the HLLW partitioning.
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Byxya 1Y AH, Bunr YEH, Hanuen BAHTI, lllyBen BAHI', Kcunran BAHT

PA3BOJ TECT CUCTEMA 3A PA3JIBAJAIBE
TEYHOTI' OTITIAJA BUCOKOI' HUBOA PAIIMOAKTUBHOCTU

Pajm Ge30eHOT pyKOBamka M OJlflarakha TEYHOT OTIMaja BHCOKOT HMBOA PaJiMOAKTHBHOCTH,
CTparerdja pa3iBajama W TPAaHCMyTaldje CBE BUIIEC MPUBJIAUN MaKKbY, IPH UeMY je pa3fiBajamhe TeIHOT
OTIIaJia BICOKOT HUBOA jeflaH Off KPUTUIHAX TEXHUYKUX mpodiema. [Ipu pyKoBamy KHHECKAM TEYHUM
OTHaJIOM BHCOKOT HHMBOAa pa3BHjeH je yHampebeHu TOTamHM Npolec pasiBajakba KOju YKIbydyje:
TpU-aTUKUI(HOCHUH OKCHHY MTPOIIEC 32 YKIIakhakhe aKTHHUA, TPOIIEC YKIIakhakha CTPOHIN]yMa KPYHCKIM
eTPOM W YKIamame [e3njyMa MPIMEHOM KaIUKCIUKINIHOT eTpa. TecT CuCcTeM cacToju ce Of KPYsKHUX
HeHTpU(yralHuX KOHTpakTopa mpeynmka 10 mm mopesbeHWX y 72 HHBOA, MalbUWHCKOT CHUCTEMa 3a
y30pKOBame, CUCTEMA 32 aKBU3UIIUjY U HAaI30p, CUCTEMa 3a CHaOJleBambEe, Ka0o 1 CUCTEMa 32 BICO HAf30P
pagu cupoBobema Bpyher Tecra 3a MOTBpAY yHampebeHOr ToTajgHOT Tpolieca pasfiBajama. Cucrem je
yCIIeTITHO ncnpobaH TOKOM Bpyher Tecta y Tpajamy of 160 yacoBa npu uemy je KopuitheH MpaBu TCYHA
OTIIa]] BUCOKOT HIBOA. TOKOM TecTa cucTeM je 6mo cTabuilaH, MTo je MOTBPAWIO BEeroBY MOY3aHOCT 3a
pasfiBajame TeUHOT OTIajia BUCOKOT HUBOA.

Kmwyune peuu: ttieciti cuctiiem, KpyrcHU UeHIUPUGDYZAAHU KOHIUAKTUOD, eYHU OMlad0 6UCOKE
¢l B
PaoUoaKitiu8HOCIIU, eKCiipaKyuja, omanHu ipouec pa3osajarsa



