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ABSTRACT 
 
Based on the nuclear industry in the U.K., storage of nuclear waste poses a particularly complex challenge. 
Specifically, this research is concerned with post-PUREX (Plutonium Uranium Redox EXtraction) high 
level waste, known as HAL (Highly Active Liquor), containing nitric acid and a host of fission products. 
HAL is concentrated, and stored in HASTs (Highly Active Storage Tanks) at the HALES (Highly Active 
Liquor Evaporation and Storage) facility at the Sellafield site, UK. HASTs are large concrete containers 
designed to keep the HAL cool and continually circulated prior to vitrification for permanent storage and 
disposal. Without comprehensive understanding of how this HAL is behaving within the HASTs, a 
multitude of issues could arise, and understanding such issues is the basis of this research. Components of 
the HAL begin to form solid particles in the HASTS, and impinging vertical liquid jets are used to mobilize 
the sedimented particle bed to reduce hot-spot formation. Experimental validation of the jets and associated 
modelling is required to assess the jets efficacy, and by considering the erosion based on dimensionless 
parameters, will allow the results to be scaled. This is of particular interest due to the wide reaching 
applications to all industries that require utilisation of impinging jets, for mass or heat transfer. 
 
An experimental rig of 0.5 m3 has been used to experimentally model the central jet of the HASTs. A 
spherical glass simulant (SiO2, spherical) of various sizes has been used for the initial non-cohesive particle 
testing, and modelling. Each experiment used 8 different jet diameters. Dimensionless analysis takes the 
form of the erosion parameter, Ec, which allows comparison of systems of different scales and a means of 
correlating multiple simulants against one another, so patterns are easily identifiable. Part of the 
dimensionless analysis was also to deduce the modified Shields parameter from vane viscometry to allow 
for a comparison of erosion behaviour taking into account particle properties, flow properties and the overall 
influence these have on the erosion profile. Particle size distribution was found to have a direct effect on 
yield stress and modified Shields parameter, with larger particles being dominated by inertial forces and 
past a certain size threshold surface forces appear to dominate. Ec data found the larger glass simulants to 
behave as expected for a non-cohesive particles, however surface forces also appear to be present for the 
smaller size distributions. 
 
INTRODUCTION 
 
The UK’s first venture into nuclear power was the Calder Hall facility in 1952 [1]. Since this date, nuclear 
waste has been generated. Along with electricity production, part of the purpose of this nuclear programme 
was to generate plutonium. The means to access the plutonium in the spent nuclear fuel was through 
reprocessing. The spent nuclear fuel is dissolved in nitric acid, allowing the uranium and plutonium to be 
selectively removed from the waste stream using solvent extraction (i.e. PUREX). This process leaves 
behind the majority of the remaining fission products in solution (highly active liquor). This solution is 
evaporated to form a concentrate at HALES at Sellafield, and subsequently stored in one of 21 HASTs. 
Using only “Newside” HASTs (displayed in Fig. 1, adapted from [2]) for any new liquor [3]. This is an 
interim storage method prior to the liquor being vitrified into an immobile stable glass waste-form and 
permanently stored in a geological disposal facility (still under planning), constituting part of ongoing post 
operational clean out [4]. 
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During the liquor’s interim storage within the HASTs it must be kept cool and circulating as it is high level 
waste. Meaning it is both radioactive and heat generating (20-460 kW and 37 GBq mL-1 from at least 10% 
Cs-137 [5, 6]). To ensure no damage is caused to the HASTs, each Newside vessel contains air-lifts and 
impinging jets to ensure thorough mixing around the cooling coils (horizontal pipes visible in Fig. 1). They 
also facilitate resuspension of any precipitates that are formed. Known precipitates include caesium 
phosphomolybdate (Cs3PMo12O40.xH2O) (CPM) and zirconium molybdate ([ZrMo2O7(OH)2].2H2O) (ZM) 
[7], and if allowed to settle to the base of the HASTs could form a sediment bed that becomes impossible 
to resuspend, resulting in hot-spots that cause damage to the HASTs. 
 
The liquor properties are becoming increasingly well understood, as the requirements of post operational 
clean-out demand it [8]. The effect the impinging jets have upon any settled material is not well known due 
to the risk concerned with direct measurements of the HAST internals, leading to the requirement of 
experimentally investigating the impinging jets’ effect on non-radioactive simulants. Each HAST has seven 
impinging jets, six wall jets and one central jet as displayed in Fig. 2 (adapted from [2]). Each wall 
impinging jet will have more complicated interactions with any settled bed of particles due to wall effects 
[9]. Experimental examination of the central jet is the most pressing issue, as it can be used to infer the 
efficacy of the wall jets considering it will have the greatest area of effect on any settled particles. 

Fig. 1. Newside HAST internals [2] 

Fig. 2 Schematic of air-lifts and jets [2] 
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ZM and CPM are prone to form colloidal particles and aggregate [10]. Under normal circumstances 
cohesive particles are much harder to resuspend via erosion than non-cohesive particles [11].This is due to 
cohesive particles propensity to aggregate, and thus are liable to form networked bonds if allowed to form 
settled beds. At what point smaller size distributions of non-cohesive particles start to display cohesive 
behaviour and differing erosion profiles is particularly hard to distinguish from their expected behaviour of 
the larger size distributions. Understanding how non-cohesive particles behave under the influence of an 
impinging jet is therefore paramount to act as a standard by which to determine exactly how cohesive 
particles differ under the experimental conditions. It has been observed that there are differences between 
cohesive and non-cohesive particles, yet no clear reasoning as to what might be the cause [12]. 
 
To test this, an experimental rig of 0.5 m3 has been used to experimentally model the central jet of the 
HASTs. A spherical glass simulant (SiO2, spherical) of various sizes has been used for the initial non-
cohesive particle testing, and modelling. Each experiment used 8 different jet diameters. Analysis took the 
form of the erosion parameter, Ec, which allows comparison of systems of different scales and a means of 
correlating multiple simulants against one another, so patterns are easily identifiable. Part of the 
dimensionless analysis was also to deduce the modified Shields parameter from vane viscometry to allow 
for a comparison of erosion behaviour taking into account particle properties and the overall influence these 
have on the erosion profile. Particle size distribution was found to have a direct effect on yield stress and 
modified Shields parameter, with larger particles being dominated by inertial forces and past a certain size 
threshold surface forces appear to dominate. Ec data found the larger glass simulants to behave as expected 
for a non-cohesive particles, however surface forces also appear to be present for the smaller size 
distributions. 
 
THEORY  
 
Dimensionless Analysis 
 
Understanding how impinging jets behave is crucial to determining their efficacy within the HASTs. An 
impinging jet has three distinct regions: the free jet region, where the jet core potential exists (up to 95% of 
the jet tip escape velocity, up to 6 diameters, 6d, of the jet nozzle); the impingement region or fully 
developed flow region; and the wall jet region after deflection off a surface [13-15]. The impinging jets 
within the HASTs are approximately at 10d from the surface of any settled material [2], which can be 
considered a compromise between the jet core potential distance and the area of effect. The conditions 
under which an impinging jet operates can only be compared to the same set of conditions. A method of 
dimensionless analysis is required to compare systems of scale. Such a method was derived by Aderibigbe 
and Rajaratnam [14], and the erosion parameter (Ec, Eq. 1) is defined as follows: 

ܧ                        ൌ  
ሺௗ Τ ሻට൫ఘȀఘ൯,                                                              

(Eq. 1) 

 
 
where U0 = Jet tip velocity, d= jet tip diameter, h = height of jet tip above surface of bed, g = acceleration 
due to gravity, D = diameter of particles, ǻȡ = difference in fluid and particle density, and ȡf = fluid density. 
Ec represents inertial forces over the tendency of the settled bed to resistance external forces (i.e. the jet). 
Using Ec allows for the HAST jets to be analysed realistically on a much smaller scale [16]. 
 
Aderibigbe and Rajaratnam [14] report two distinct erosion regimes exist for impinging jets, the strongly 
deflected jet regime (SDJR) and weakly deflected jet regime (WDJR). Ec < 2 represents the weakly 
deflected jet regime, and Ec  > 2 the strongly deflected jet regime. For non-cohesive particles at Ec > 2, a 
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linear relationship is to be expected. Simply, the more energy the jet has (velocity), the more force is applied 
to the bed and particles in the form of shear stress, causing more erosion. 
 
Considered with Ec is the dimensionless shear stress, the Shields parameter (Eq. 2) [17, 18]: 

כ߬                            ൌ  
ఛ൫ఘೞିఘ൯, 

                                                             
(Eq. 2) 

 
 
where Ĳ* = dimensionless shear stress, this is the Shields number/parameter and Ĳ = shear 
stress, D = diameter of particles, ȡs = particle density, and ȡf = fluid density. Particle diameter and density 
alone are not sufficient to fully analyse the effect of the impinging jet. Taking into account shear stress is 
therefore important to provide a more complete observation of the forces that bind a settled bed together. 
At a given critical value for Ĳ*, represents the instant at which motion of particles is initiated and erosion 
would occur. 
 
MATERIALS AND METHODS 
 
Materials 
 
Soda lime glass spherical beads (SiO2, “Honite”, Guyson Internation Ltd, UK) of several size distributions 
were used as non-cohesive nuclear simulant waste for erosion experiments. Spherical glass was selected as 
the material of choice, as it is an ideal chemically inert particle to validate the experimental rig available in 
a large number of size ranges. Experiments were intended to provide useful baseline information when 
comparing other nuclear simulant materials in future studies. The used abbreviation for Honite is simply 
HX, where X represents the sieve size used by the manufacturer. Smaller values of X represent a larger 
sieve size. 
 
Fig. 3 shows the size distribution of the glass particles, with vertical lines indicating their median D50 

particle sizes. H8 representing the largest size distribution and H22 the smallest. D50 particle sizes ranging 
from 555 ȝm to 39 ȝm provides a comprehensive range to thoroughly investigate the effects size 
distribution has on erosion via impinging jet. These data were measured with a Malvern Mastersizer 2000.  
 

Fig. 3 Particle size distributions  
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Due to the reported size distribution of ZM as 0.1-100 ȝm [10], H22 shares its size distribution almost 
entirely with ZM and thus will provide the most interesting material of comparison as a non-cohesive 
simulant. Meaning it will be easy to identify at what point cohesive behaviour begins to directly affect 
erosion. Future testing will include a Barytes (BaSO4) simulant, which is accepted as an appropriate inactive 
ZM simulant. Barytes has a very similar size distribution to ZM. This will allow for cohesive and non-
cohesive comparisons to be made much more thoroughly [19]. 
 
Experimental 
 
To define the strength of the sediment beds, the Yield stress of the Honite was measured using a Brookfield 
DV2T EXTRA viscometer. Sample preparation included creating a fully saturated beaker of Honite of each 
size distribution of the same volume fraction (~60%), which is representative of the porosity of the loose-
packed bed within the erosion rig. Full saturation was achieved by adding the minimum volume of water 
to the Honite until the water barely covered the top layer of Honite. Two different vane spindles were used 
with the viscometer: V-74 (length: 11.76 mm, radius: 2.95 mm) and V-75 (length: 16.0 mm, radius: 4.02 
mm). An average of 3 runs for each spindle were taken. The vane spindles consist of four vanes, which are 
submerged until fully covered in material, trapping glass between each vane forming a pseudo-cylinder of 
particles. The viscometer begins ramping up linearly to 0.5 RPM. The viscometer records the percentage 
of maximum torque required to initiate motion, the greatest value representing the yield stress of the 
particles [20]. The modified Shields parameter was calculated using the yield stress values (in place of 
normally quoted surface shear stress). 
 
The erosion experiments took place in a 0.5 m3 cubic tank, with 8 interchangeable jet nozzles, ranging from 
2.5 mm to 9.5 mm, providing jet velocities from 5.1 ms-1 to 0.4 ms-1, with respective Reynolds numbers 
14234.9 – 3746.0. For each Honite size distribution, a bed of ~30 mm in height was added to the tank. The 
tank was filled with water to allow for complete submergence of the impinging jet. The Honite materials 
was thoroughly agitated and mixed, and allowed to settle completely, resulting in as close as possible 
uniformly settled bed. The jet height was initially set to 10d (where d again represents the jet diameter) 
above the surface of Honite, correlating with the approximate height of the jets in the HASTs [2] and as a 
compromise distance from 6d of the potential jet core [15] and area of effect on the bed. The impinging jet 
was fed by a peristaltic pump, run at its maximum flow rate (1.49 L/min). The jet was run for 5 minutes for 
each jet diameter, where the static erosion crater diameter (representing the crater size with the jet switched 
off) was measured. For each further experiment, the bed was then fully reset (re-suspended through 
vigorous agitation, and allowed to resettle), before testing repeated with a larger jet nozzle diameter. 
Experiments were also repeated for a height of 20d. 
 
RESULTS AND DISCUSSION 
 
For non-cohesive particles with the same density, physically larger particles should require more force to 
move as they simply have more mass per particle. However the smaller particle size distributions could fit 
more particles into the same volume as the larger, and could feasibly have the higher yield stress. Fig. 4 
shows that the yield stress is in fact largest for the largest size distribution (H8) and trends downwards for 
the smallest (H22). 
 
Assuming Honite is entirely non-cohesive, the trend suits the prediction, with decreasing yield stress as the 
size distribution decreases. However, the yield stress for H22 is noticeably higher than that for H18. 
Suggesting a greater number of particles in the same volume is a significant factor past a certain threshold or 
the H22 size distribution is small enough that interparticular forces are beginning to become significant, or 
a combination of the two. This behaviour has been observed to be unexpected previously. Matching 
experimental observations from Fig. 4 and Fig 5. show that factors such as coordination and more than 
individual particle inertia are responsible for yield stress in finer non-cohesive material [21, 22]. H16 fits 
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the expected trend but may be anomalous due to the large error bar present. The cause of this is at present 
still under investigation, however is included here for further discussion with erosion data. The modified 

Shields parameter is simply the inverse of the yield stress trend, due to yield stress being divided by particle 
properties in Eq. 2.  
 
As with the yield stress, the erosion experiments show some unexpected behaviour for non-cohesive 
particles. Fig. 5 show Ec vs. normalised erosion radius over jet height:  

 
Fig. 5: Ec versus normalised erosion radius. (Left hand side, LHS) complete erosion profile. (Right hand 

size, RHS) Behaviour at low erosion parameters, Ec < 3, highlighted by dashed box. 

As discussed Ec > 2.0 is considered to be the SDJR (i.e. more erosion due to penetration of the bed), and 
Ec < 2.0 the WDJR (i.e. less erosion due to less or no penetration of the bed) [14]. This two-regime pattern 
can be distinguished in Fig. 5 from LHS to RHS. Fig. 5 LHS shows Ec > 2.0 all data have linear gradients, 
which is expected for non-cohesive material. The yield stress data presented in Fig. 4 correlates with the 
greatest value of erosion radius for each data set, the higher the yield stress the less erosion (H8 greatest 
yield stress, lowest erosion radius. H18 lowest yield stress thus greatest erosion radius). Fig. 5 RHS should 
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show a second linear region representative of the WDJR with steeper gradient than the SDJR. This can be 
seen for H8 and H12, however this is not the case for the remaining data, which is not expected for non-
cohesive material.  
 
At Ec > 2.0, H8 to H18 almost collapse onto a single line. H22 deviates significantly, giving further evidence 
that interparticular forces are significant. H8 and H12 display expected behaviour for non-cohesive particles 
[11, 16], maintaining a linear correlation in the WDJR. H16, H18 and H22 all display an exponential 
relationship in the WDJR. At such low Ec values, this could be explained by the jet not having the required 
energy to penetrate the bed and partially compressing the bed before shearing the surface, or that 
interparticular forces effect more than just the H22 as suspected. This observation is normally seen as a 
result of pH alteration introducing surface charge [23], suggesting that the glass particles might possess a 
partial surface charge at neutral pH and that it is becoming significant at the smaller size distributions. 
 
CONCLUSIONS 
 
H16 and H18 show some similar possible cohesive behaviour as H22 at lower Ec, showing that size 
distribution contributes significantly to erosion behaviour. The data presented begins to show where size 
distribution is no longer the only contributing factor, and interparticular forces possibly start to become a 
greater factor in non-cohesive material. This provides very useful comparison data for further investigation 
with cohesive materials considering they will certainly have significant cohesive forces arising beyond just 
Van der Waals forces. The cohesive materials will include barytes with similar size distributions to H22 as 
discussed, which makes the H22 in particular highly valued comparative data. This will provide a firm 
underpinning as to how the highly active liquor precipitates (ZM and CPM) might be behaving within the 
HASTs. Further to the barytes, titania (TiO2) simulant is also to be considered for further cohesive 
comparisons. With a background of how non-cohesive material behaves under the influence of the 
impinging jet, trends and differences in behaviour of the cohesive material will be much more apparent.  
 
Further experimentation is to be carried out utilising ultrasonic velocity profiling to more accurately 
measure erosion radius and depth with acoustic backscatter. In the cohesive systems the influence of the 
impinging jet will generate an opaque suspension, rendering visual analysis impossible.  
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