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Abstract

The pulsed sieve-plate extraction column (PSEC) is a teaiyédo liquid-liquid extraction pro-
cesses widely used in various industries, and commonly employmatciear fuel reprocessing. A
high fidelity computational fluid dynamic model of a solvent PSE Chle&s developed and run with
single-phase water. The PSEC investigated consists of two pedqiate internals, operated under
1 Hz pulsing frequency, 20 mm amplitude and a plate spacing oin%0The CFD used was based
on unsteady flow calculations undertaken with a conventionally usedSRiodel, closed with the
standard ke turbulence model, and a large eddy simulation (LES). Resultarpared with exper-
imental data, where available, and agreement is improved by tle® more accurate predictiorfs o
the turbulent flow in the column offered by large eddy simulat®ignificant differences between
predictions of the RANS and LES approaches are also found, drawing into qubstisefulness of
the former for predicting these complex flows. The CFD analygig$useful insight into the hydro-
dynamics in PSECs, which provides better understanding fdrefurtork on both single- and two-
phase flowsn these devices.

1 Introduction

Liquid-liquid extraction processes are widely used in various industriésasuthe food and min-
erals industryin oil and gas operations, and in the nuclear industry. Pulsed sieeeeptaaction
columns are crucial in nuclear spent fuel reprocessing to separate realsaidats, such as uranium
and plutonium, from the other waste fuel components, whichaaréléd as radioactive wastes. Like
other equipment dedicated to liquid-liquid extraction proced38ECs are utilised to achieve high
interfacial area between the two liquids, by allowing the effitbreakage of the dispersed phase.
Van Dijck (1935) subsequently suggested that the volumetric effigief a perforated plate could
be improved by either pulsing the liquids or reciprocating the plates.

Understanding the flow characteristics of PSECs is crucial to ggaitmsign and optimization. In
this context, computational engineering science, the technology thatvd#akthe development and
application of computational models and simulations coupled vigih performance computing to
solve complex physical problems arising in engineering analysis and desigmuserful tool, com-
plementary to experiments. In this work we apply this appréactudy and predict a PSEC's flow
characteristics.

A PSEC consists of a vertical, cylindrical tube containing a set auntbstationary, horizontal,
perforated plates, as shown schematically in Figure 1.tWbhdmmiscible liquids are added at the
opposite ends of the column - the low density liquid is adddde bottom and the heavy one at the
top. Gravity provides the motive force, with the heavier padiag to the bottom of the column
whilst the lighter phase rises to the top. The pulsing actioviges agitation to break-up the light
phase and disperse it, as well as forcing it upwards. Platengpadalesigned to replicate the equiva-
lent of a separation stage in a mixer settler, and the hole sihe pidtes, together with theulse
frequency and amplitude, determines the droplet size. The compiéility system makes it difficult
to define the mass transfer coefficient using correlations simikfios®e that exist for mixer settlers.
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Figure 1: Diagram showing the internal workings of a typical pulsed plate molum

A recent review of empirical correlations derived from expenitséound little agreement on an
overall correlation, leaving the engineer relying on proving any desigpiletaplant trials (Yadav
and Patwardhan, 2008). Designers of full scale plant aredftugith the issue of a paucity of design
rules to size and define an appropriate unit. Hence the provisiatiadfle computational tools for
predicting these deviceand ultimately optimizing their design, is a pressing need for industry.

2 CFD modelling and solution strategy

In the present work, a two-plate PSEC CFD-based generic model is developed, as shgumein Fi
2, embedding geometric and operating design variables such as hole size d, colunar diapeto-
rated plate spacing h, and appropriate boundary conditions. A simple design was initiadly &hos
assess the feasibility of applying CFD-based approaches to this problem, and in the afiteoastsi-
tational efficiency.

Pulsating
Inlet

Figure 2: Two-plate PSEC generic model as a funatiohole size d, column diameter D
and perforated plate spacingwith appropriate boundary conditions.
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Table 1 contains the precise details and dimensions of the geometiy tree@FD simulations. These
were selected for the investigation as they are representative of typical columtsfoperating fuel
reprocessing plants in the UK and France.

Table 1: Dimensions and geometry of the PESC.

Parameter Dimensior
Column diameterD (m) 0.150
Hole diameter, d (m) 0.003
Plate spacing, h (m) 0.50
Plate thicknesd,(m) 0.001
Column heightH (m) 0.152
Fractional open area, e 23 %
Number of holes, N 575

Number of perforated platesy N 2

In the present worlg single-phase flow of water at Zbwas employed as the working fluid within
the computational domain. Investigation of a single-phase flow alone was undettéhisnstage to
allow further understanding of the flow characteristics and operation of PSBES®s#tablished, prior
to subsequently moving to two-phase flow. The OpenFOAM CFD toallasxused for the calculations
(OpenFOAM Foundation Ltd, 2016).

Unlike previous work (Yadav and Patwardhan, 2009; Amokrane et al ,,201s4¢ady flow calcu-
lations were undertaken usiag-¢ turbulence model (Launder and Spalding, 1972) based RANS ap-
proach and a large eddy simulation which employed a one-equation subgrid-scale modehi8chum
1975). Indeed, the only previous applications of CFD to this flow geometry have emplogets rof
the former type, and in this work LES is used as a benchmark against which simpler RANS approach
can be assessddo-slip boundary conditions were imposed at column walls and on the internal plates
whereas the velocity inlet and pressure outlet boundary conditieresmposed as shown in Figure 2.
Water entegd the column with a velocity k/= 0.086 m 3 and the consequential superficial velocity
was U =0.00124 m's. The velocity inlet conditiowas prescribed at the bottom of the column, defining
a sinusoidal pulse as employed by Yadav and Patwardhan (2009) for single-phase flow as:

Up = Af sin(27ft) (1)

with A=0.02mandf =1 Hz.

The Open Source OpenSCAD and NETGEN tawdse used to generate the geometry and grid,
respectively. This res@tin 0.52M unstructured tetrahedral mesh elements with a finer mesh size near
the plates, as illustrated in Figure 3.
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Figure 3: PSEC mesh employed in the simulations.
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For validation purposes, the following empirical equation for the axial disperdRBHELS, obtained
by Ingham et al. (1995) at zero flow rate, was used:

DY =a (P‘ij)—os (fA(1 - eZ)Lm n b (E) (2)0.45 (2)

(he2cp?) ez /\4
whereD?, is the axial dispersion coefficient at zero flow rate that is only caogelisation. The
factors a and b are empirical constants for the effects of axial mixing oltseplates and in the main
domain of the column compartments, respectively, whose values are given fentiffeometries by
Ingham et al. (1995). Lastly,oGs the drag coefficient in the plate holes, taken to be equal to 0.6.
Based oratheoretical analysis, the influence of the continuous phase velocity is givee foymu-
lation proposed by Miyauchi and Oya (1965):

Deq = D% (1+ %) (3)

3 Reaultsand discussion

The key parameter of the operating PSEC are the drop size and overall ais@ershese are the
main driving force behind the mass transfer between the two phases.

Predicted coefficients of dispersion were found to be 1.83@ab@ 6.72x10 n? s* from the ke and
LES computations, respectively, and these values are in reasonable agreement with2ka0bfn?
s! obtained using Eq. (2). They are also in the randetbaL0® obtained by Ingham et al. (1995), with
the LES prediction being of superior accuracy to that obtained using the RANS model.

In the following, times t = 0.25 and t = 0.75 denote instants whenAkand U, = -A, respectively,
whereas times t = 0.5 and t = 1 occur gtW@, during down stroke and upstroke, respectively.
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Figure 4: Mean average pressure, P*s; Rlong thecentreline at various times for thedimulation.

As displayed in Figures 4 and 5, the mean average pressure along the centrelioglwithelearly
emphasizes a high-pressure zone at t = 0.25, whéndtl its maximum, that is predicted by both ap-
proaches. Fluctuations are noticeable between the bottom of the column and platechige dt z =
0.05m), whereas the pressure is constant from z = 0.05m upwards in both sets of predm&ibES T
pressure prediction is 10% to 33% higher than thepkediction. This is also true at the other times
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considered in these figures, with both approaches capturing the negative prEmswteat t = 0.5 and
t = 0.75, and both sets of predictions being in qualitative, if not quantitative, agreement.

Unlike conventional le turbulence model based RANS approaches, particularly for the complex
flows considered herein, the LES approach is better suited to predicting the hydrimdyehaviouin
the PSEC owing to its ability to capture the small turbulent eddy stouctures. This is clearly evi-
denced in Figure 6 where the mean average velocity field on the y-symnaeteyopkhe PSEC is shown
attimes t=0.25,t=0.5,t=0.75 and t = 1 for both the RANS and LES simulations.
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Figure 5 Mean average pressuft=P/p, along the centreline at various times for LES.

The results show jet flow through the holes in the plates allowirgiezffimixing of the flow, which
is an important feature for an effective PSEC, also shown in Figure @& @teeclear differences be-
tween the two sets of predictions, especially at times t = 0.5 and t = 1 whe0 during the down
stroke and upstroke, respectively. These results emphasize the alil$ &6 capture such features
which are less well resolved by the RANS model.

This shortcoming of the kbased RANS approadh further demonstrated in Figure Here, the
mean turbulence kinetic energy and velocity vector field on the y-symyiplaine are shown at times
t = 0.5 and t = 1 for both sets of predictioRguivalent results for the mean turbulence kinetic energy
dissipation rate are given in Figure 8. The LES is seen to provide gneater detail than the RANS
based approach, with detailed vortical structure and recirculativeszdearly visible for theES.
Considering the results of Figures 6 to 8 as a whole, the pulsed flavages vortices in the flow
field which are clearly distinct at times t = 0.5 and t Fiese vortical structures produce the shear
rate necessary to disperse the liquid phase in any two-phasafiovell was the droplet coalescence
necessary for mass transfer (Bujalski et al., 2006), with thalambe energy dissipation rategiven
in Figure 8 directly related to the shear rate.
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Figure 6: Mean average velocity field on the y-symmetry plane as time .25,
t=0.5,t=0.75 and t £for the RANS and LES computations.

Previous studies (Hafez and Baird, 1978; Kumar and Hhaktla996) have shown that the specific
energy dissipation rate due to mechanical agitation can be estimatethe following relationship:
2% (1-e?)
£= ———(Af)° (@)

3h Cp e?

where the value of the discharge coefficien, 8 assumed to be 0.6 as in Eq. (2)
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Figure 7 Mean turbulence kinetic energy and velocity vector field on the y-symmetry
plane at time$= 0.5 andt = 1 for the RANS and LES computations.
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Figure 8: Mean turbulence kinetic energy dissipation rate and velocity vectorriéié o
y-symmetry plane at timds= 0.5 andt = 1 for the RANS and LES computations.

The value of the average energy dissipation rate for the sysiesidered given by Eq. (4) is 0.42
m? s, whilst the CFD predictions af are 0.006 rhs® from both the RANS and LES computations.
It should be noted, however, that the average energy dissipatidr3&EC might not represent ade-
quately the average level of turbulence and mixing during operadind may thus be only a crude
approximation (Bujalski et al., 2006). For instance, in the systemdzamesi, the maximum value of
the average predictedwas 4.4, 2.1, 2.2 and 2.3%®° for the RANS model, and 58.7, 6.4, 20.0 and
34 n?s3 for the LES, at times t = 0.25, 0.5, 0.75 andekpectively. Given the greater accuracy of
LES, these results indicate that RANS usingtirbulence modelling significantly under predicts the
turbulerce properties. However, the question remains whether the maximunietlucbuenergy dissi-
pation occurs at a point in the pulsation cycle and at aidocit the PSEC where energy can be used
effectively to albw proper phase dispersion.

Another way to examine the flow behaviour of such complelxulent flow systems is to use the
second invariant of the velocity gradient tensor Q defined as (Hunt £888; Haller, 2005):
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Q =022 - 151 (5)

where§ = % [Vv + (Vv)T] and2 = % [Vv — (Vv)T] are the ratef-strain tensor and the vorticity ten-
sor, respectively.

t=1

Q)

Figure 9 Second invariant of the velocity gradient tensoat@mest = 0.25,
t=0.5,t=0.75and t = 1 for the RANS and LES comipora.

Figure 9 displays the isosurface of Q at time9.25, 0.5, 0.75 and 1 for the RANS and LES contjna.
The small eddy flow structures are visible in bttt RANS and LES predictions near the plates. Thieeu
sional effects are also clearly identifiable, and aenstructure is noticeable on top of plate 2 (i.e. ledatt z
=0.102m) as well as on top of plate 1 (at z = 0.05m

This wave seems to follow the pulsating inlgt a$ described in Figure 2. It travels from leftright and
spreads in the spanwise direction in a very compiarner until it reaches the walls. It then movewmthe
column, entraining flow and growing, hence genagtarger vortical structures and recirculation zgQres
depicted in Figures 6 to 8. The LES results alsavstimall eddies below plate 1 at 05 and t = 1. The RANS
simulation does not capture these small eddy floucstres.

The detailed and realistic description of the flow fogynamics and characteristics of PSECs is a hapess
step towardsin accurate prediction of their performance andnaitely thér design optimisatiopwhich will be
the subject of future work. This will embed surrogate-modellingages a methodology that has been suc-
cessfully applied by the authors for a range of engineering applisgiog. the design optimisation of energy
efficient material and commercial ovens (Khatir et al., 2015, 2016)), as welll &FD computations into an
optimisation framework.
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4 Conclusions

A high-fidelity CFD-based methodology has been developed to analyse and charactdeigehsise
flow patterns present, due to oscillation, in an idealised but represepiaiseel sieve-plate extraction
column, and is demonstrated to be an effective tool to investigate such complex flovs systemod-
els examined were RANS based, closed using:dukbulence model, and a large eddy simulation.
Previous investigations of PSECs have only used the former appvdatsgt the present work demon-
strates that this is clearly inadequate given the complexityeoflthvs involved, with significant
differences occurring between predictions of the two approachas.eRvork will consider a CFD-
based design optimization framework to improve the efficiencyP&EG though improved design.
Experimental data is also currently being gathered for use in the validation osmbdet type de-
scribed herein.
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