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Abstract: 

 

Moving beyond the important contributions to neutrino physics obtained by the Borexino experiment 

during the last years, research activities are ongoing at INFN Gran Sasso National Laboratories to further 

improve the detector sensitivity in order to perform an accurate measurement of the subdominant CNO 

solar neutrino rate. To this purpose, the improvement of the detector fluid-dynamic stability is the key to 

further reduce the 210Po background, that is continuously being transported inside the measurement 

fiducial volume by convective currents. In this framework, numerical simulations of the detector fluid-

dynamics may help to better comprehend the 210Po behaviour, and also to suggest effective 

countermeasures, able to minimize the natural convection inside the detector. 

In the present work, two-dimensional numerical simulations have been performed to improve the current 

understanding of Borexino thermal and fluid-dynamics. Adopted models have been optimized for 

different regions and periods of interest, focusing on the most critical aspects that were identified as 

influencing the polonium background concentrations. In particular, a Borexino-specific benchmark was 

constructed in order to validate the model temperature predictions. The derived inner vessel surface 

temperatures are successively used as boundary conditions for a more refined convective model of the 

inner most part of the detector. Based on the calculated convective currents, the transport behaviour of 

background 210Po inside the detector active volume was investigated by means of a convection-diffusion 

model, showing a reasonable good agreement between calculations and experimental data. 
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1. Introduction 

 

The main objective of the Borexino liquid scintillator neutrino detector is the high-precision 

determination of neutrino fluxes in the low energy (sub-MeV) region of the solar neutrino spectrum. 

Borexino has obtained unprecedented results in determining all major solar neutrino components during 5 

its 10 years of operation [1]: direct detections of pp [2], pep [3] and 7Be [4] neutrinos; and lowest-

threshold observation of 8B [5] at 3 MeV, as well as the best available limit in the CNO solar  flux [4]. 

Recently, the collaboration has succeeded in performing a comprehensive, wideband simultaneous 

determination of all the components previously measured individually, furthermore with improved 

precision in each of them (10% accuracy for pp, 5σ evidence for pep, 2.7% accuracy for 7Be and < 8.1 10 

cpd/100t1 for CNO), through the analysis of post-scintillator-purification data [1]. In addition, Borexino 

is able to measure the flux of geoneutrinos with high precision ([6] and recently updated [7]), thanks to 

the extremely clean electron antineutrino (ῡe) channel. The unique and extremely radio-pure conditions 

reached in the Fiducial Volume (FV) of the detector (with values ≤ 10-19 g/g for 238U and 232Th [1]), 

accomplished thanks to a combination of ultra-clean construction and fluid-handling techniques, as well 15 

as dedicated scintillator purification campaigns [8] and internal calibration [9], made these achievements 

possible. 

About two years after the purification campaign carried out in 2011, the 210Po background was still 

significantly high, but low enough to appreciate the out-of-equilibrium correlation with temperature 

upsets, suggesting the need of increasing the detector thermal stability in order to avoid undesired 20 

background fluctuations due to the mixing of the scintillating fluid inside the inner vessel of the detector. 

Significant improvements to the stability of Borexino’s internal fluid-dynamics were achieved starting 

mid-2015 thanks to the installation of the Thermal Insulation System (TIS): a 20 cm-thick insulating 

mineral-wool (Ultimate Tech Roll 2.0 – Isover [10]) layer on the outer surface of the detector to minimize 

the effect of environmental temperature variations, as well as the implementation of an Active 25 

Temperature Control System (ATCS) located at the dome of the water tank of Borexino [11]. This 

resulted in a further background reduction, but 210Po is still showing an asymmetric profile different 

between top and bottom of the FV as well as an oscillating, seasonally-influenced, behaviour. The 

favoured hypothesis is that extremely dilute, but measurable concentrations of background radioisotopes 

                                                           
1 counts / (day · 100 tonnes) 
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migrates from the ultraclean, but relatively more contaminated, surface of the inner vessel towards the 30 

interior of the virtual, software-defined FV (where physics data is selected). This would directly correlate 

fluid dynamics with background migration, which is only attenuated through the corresponding isotopes 

decay half-lives. 

A monitoring Latitudinal Temperature Probe System (LTPS) was also installed in 2015 as an early 

attempt to better understand and constrain uncertainties on the detector thermal profile. Several 35 

temperature probes were added in different Borexino locations, which significantly improved the 

temperature measurements compared to the old legacy probes. Preliminary Computational Fluid 

Dynamics (CFD) studies  were also carried out [11]. 

In this paper, we have further extended the numerical analysis by improving the two-dimensional model 

accuracy as well as the validation framework. In addition, a simplified transport model was developed, 40 

aiming at simulating the 210Po migration inside the inner vessel for selected periods of the Borexino 

lifetime. 

In particular, section 2 of this paper will give a brief description of the Borexino experiment. Section 3 

will deal with the correlation existent between background stability and detector thermal conditions. 

Section 4 will describe on the Computational Fluid Dynamics (CFD) models developed in order to more 45 

comprehensively understand the detector past and future thermal behaviour, along with the numerical 

settings. Section 5 will detail with the validation of the thermal transport prediction capabilities of the 

CFD model. Section 6 will focus on the inner detector refined CFD model aimed at providing an insight 

into the fluid movement inside this closed, stratified, near-equilibrium system. Section 7 will describe 

the results of the simplified transport model and the comparison with the measured polonium profiles. 50 
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2. The Borexino experiment 

 

Borexino is located in the underground facilities (3,800 m water-equivalent) Hall C of the Gran Sasso 

National Laboratories (LNGS). The detector can perform real-time measurements of solar neutrinos 55 

interacting with about 300-tonne target of ultrapure organic liquid scintillator, consisting of 

pseudocumene (1,2,4-trimethylbenzene, PC) solvent with 1.5 g/l of 2,5-diphenyloxazole (PPO) 

scintillating solute, that is contained inside a 125 µm thick transparent spherical nylon inner vessel (IV) 

of 8.5 m diameter. Solar neutrinos are mainly detected by measuring the energy and position of electrons 

scattered by neutrino-electron elastic interactions. Borexino has an energy resolution of 5% at 1 MeV, 60 

and a spatial resolution of the order of 10 cm for background events considered in the FV. The scintillator 

promptly converts the kinetic energy of electrons by emitting photons, which are detected and converted 

into electronic signals (photoelectrons) by about 2200 photomultipliers tubes (PMTs) installed on a 

concentric 13.7 m-diameter Stainless Steel Sphere (SSS, see Figure 1).  

 65 

Figure 1: Schematic view of the Borexino detector. 
 

The buffer region located between the inner vessel and the SSS serves as a radiation shield for external 

gamma rays and neutrons and consists in 889 tonnes of ultra pure, non-scintillating fluid divided into 

two smaller concentric volumes by a second nylon sphere: the outer buffer (OB) and the inner buffer 70 



6 

 

(IB). Finally, the SSS is immersed in a 2100-tonne Water Tank (WT) acting as a Cherenkov detector 

tagging residual cosmic muons. 

Borexino is still today the most sensitive neutrino detector in the world with a record low scintillator 

contamination of ≤10-19 g/g achieved for 238U and 232Th. Nevertheless, ongoing efforts to achieve the first 

measurement of the CNO solar neutrino component (≤ 1% of the Sun output [12]) necessitate further 75 

background reduction, since the recoil spectral shape of CNO neutrinos is almost completely correlated 

with that of 210Bi2. This is an intrinsic Borexino background whose spectral contribution is close to the 

sought signal, lying in the 400 p.e. energy window, where the CNO rate is expected to be higher than 

that from the 7Be and pep neutrinos (see Figure 2), and its ß-decay signal is only statistically-discernible 

from neutrino scattering interactions. 80 

 

Figure 2: Borexino spectrum in the main analysis energy range and corresponding fits for 
neutrino and backgrounds components. The horizontal upper scale is (Nh) is the total number of 

photons collected for each event. 
 85 

An accurate independent determination of the 210Bi concentration is essential to perform the statistical 

discrimination. In particular, a precision level in excess of 10-15% is required for a long enough period 

of time, in order to simultaneously determine the very low expected CNO neutrino counts of 3.6-5 

cpd/100t (value depending on the solar metallicity models) [1]. This can only be achieved through the 

measurement of 210Bi decay daughter 210Po (see decay chain in Eq. (1) with the corresponding half-lives), 90 

                                                           
2 For the sake of completeness, also 85Kr is actually correlated in a spectral fit of the species (see Figure 

2), but it can be constrained independently and is not an issue in the energy window 0.75-1 MeV, where 

CNO neutrinos should dominate the signal. 



7 

 

because the signal deriving from the β decay of bismuth produces an indistinguishable signal to CNO 

[13]. Therefore, the strategy is to obtain at least within the FV, a 210Po level that has asymptotically 

reached a plateau corresponding to the secular equilibrium levels of 210Bi, ensuring out-of-equilibrium 

components have decayed away (initial rate after 2012 purifications was ~800 times higher than that of 

bismuth). 95 

Pb ��
210

β-

  22.3 y  
����� Bi ��

210
β-

     5 d     
����� Po ��

210
α

138.4 d
����� Pb(stable)��

206  (1) 

This condition is extremely difficult to obtain, even though the polonium background has significantly 

decreased during the past few years as shown in Figure 3. In fact, significant fluctuations in the 210Po 

levels have prevented reaching an ideal stabilization. The reason is the presence of convective currents 

in the liquid scintillator which are continuously providing a source of 210Po migrating inside the FV from 100 

the surface of the IV, which is known to have higher concentration of 210Pb. 

 

Figure 3: Regional map of polonium concentrations with respect to time (color code: cpd/100t). 
The y axis indicates regional subdivisions of a 3m-radius FV, running from its bottom to its top. 
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3. Thermal behaviour and background stability 105 

 

The typical temperature profile of Borexino exhibits a stable thermal stratification characterized by a 

temperature gradient that increases monotonically with height. Denser isotherms are present in the 

bottom half, indicating a sharper gradient in that region, that then smooths out toward the top, where 

temperatures are more uniform. Heat is exchanged with the rock, steel and concrete at the bottom, as 110 

well as with the air surrounding the WT, and ideally should contribute to keeping that gradient profile. 

In real conditions though, local temperature inhomogeneities in the ambient air as well as seasonal upsets, 

deviate the thermal profile from this ideal situation, and generate spatial and temporal perturbations. For 

this reason, the LTPS was conceived as a vertical profile monitoring system, with several sensors located 

on the north and south side of Borexino for technical reasons, as shown in Figure 4. In particular, the 115 

system consists of 28 internal probes inserted into 14 ports of the SSS through PVC tubes, which were 

previously foreseen for the insertion of calibration sources. Across each port, there are 2 sensors 

separated by about 1m, so that the one at the end of the PVC tube is inside the outer buffer (Re-entrant 

Buffer – ReB) while the other sensor is in the water tank (Re-entrant Water – ReW), with the SSS half a 

meter between both. Moreover, 20 additional sensors (the WT probes) are installed on the water tank 120 

surface, complemented by 6 probes located in a T-shaped service tunnel under the detector (Icarus pit).  

 

Figure 4: Borexino detector sensors positioning. 
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ReW, ReB and WT sensors technical specifications are briefly reported in Table 1, whereas the reader 

can refer to [11] for the details concerning the data acquisition (DAQ) software, and the calibrations 125 

procedures. In addition to the relatively new temperature monitoring system, Borexino has further probes 

for exterior ambient air and WT surface readings. 

 

Specification Value 

Temp. transducer model TPL-BTA AD590JH 

Cable length 30 m 

Maximum diameter 7 mm 

Range -50°C / +150°C 

Specified accuracy ±0.2°C 

Specified resolution 0.07°C 

Response time 

8-10 s (still water) 

45 s (stirred water) 

100 s (moving air) 

Table 1: Vernier Extra-Long Probes specifications. 
 130 

The LTPS has significantly improved the understanding of Borexino’s thermal behaviour, as exemplified 

by the determination of an upper limit constraint for the thermal transport speed across the SSS (around 

1-1.2 m/day) demonstrating the extremely high thermal inertia to temperature transients [11]. Another 

relevant characteristic, that will be strongly highlighted in the numerical analysis section, is the presence 

of a thermal asymmetry - very small if compared to the vertical temperature gradient - between the north 135 

and south sides of the detector caused by the different exterior environmental conditions.  

The temperature profiles are shown only in the case of the ReB probes (Figure 5) for the sake of brevity, 

along with the main milestones of Borexino thermal stabilization operations. Due to the significant 

oscillating temperature behaviour shown at the start of LTPS operations in 2014-15, it was decided to 

implement the TIS, whose installation started in May 2015 and reached an almost complete insulation 140 

(90% of the surface) of the detector around October 2015. Having an extremely low conductivity value 

of about 0.03-0.04 W/m·K, the insulation layer effectively increased the Borexino thermal resistance. 

Also the loop recirculation pump for the lower half of the water in the WT was shut down, in order to 

increase the thermal stratification, as indicated by the sudden temperature drop of the lower probes at the 

end of 2015. In addition, at the end of 2016 the temperature active control system installed on the dome 145 

of the detector was completed and turned on, with the aim of avoiding possible transient or long-term 

effects negatively affecting fluid stability, through the maximization of a positive thermal gradient 
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between top and bottom of the detector, as well as the minimization of external disturbances in the top 

and most sensitive region. 

 150 

Figure 5: Borexino outer buffer temperatures (ReB) from the start of data taking (colour on-
line). 

 

The fully-insulated period showed remarkable stability in all areas of the detector, except for the foreseen 

bottom cooling down (in the long run, increasing stability through an increased thermal gradient). On the 155 

other hand, the insulation brought with it a decrease in top temperatures, which caused a slowdown in 

the increase of the gradient. The ATCS operation partially off-sets this trend, locking the top temperature 

at a constant value that should never be surpassed by environmental conditions. 

As already discussed, the hypothesis of a continuous polonium source located at the IV surface has been 

further strengthened after the thermal stabilization, when the polonium activity inside the fiducial volume 160 

has shown a remarkable decrease after the temperature stabilization (Figure 3). However, the seasonal 

oscillation in 210Po concentration between the top and the bottom of the FV, already visible since 2013, 

is still occurring nowadays, confirming the correlation with external temperature trends. Even if an 

extremely low background level was only reached at the end of 2018, the polonium concentration may 

still be too high for an accurate determination of the CNO rate. However, it must be mentioned that the 165 

210Bi constraint can be used in this case as an upper limit in the spectral fit, leading, even in this non-

ideal condition, to an evidence of CNO.  
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4. CFD modelling approach 

 

The CFD methodology developed for the study of the Borexino detector along with the different 170 

benchmarking models set-up to qualitatively understand the detector fluid-dynamics regime has been 

comprehensively described in [11]. However, only preliminary CFD analyses were carried out. In this 

study, such models have been further refined and improved concerning both the spatial discretization and 

the interpolation of the boundary conditions. Due to the required large number of mesh elements and the 

available computational resources, the 2D modelling approach is employed also in this work. The 2D 175 

approach has been validated in a previous study [11] demonstrating the capability to correctly reproduce 

the fluid dynamic behaviour for several benchmarks. Nevertheless, it must be mentioned that preliminary 

3D calculations, recently carried out, are consistent with the bi-dimensional representation, further 

strengthening the validity of current approach. Concerning the validation benchmark, that consists in the 

verification of the model temperature predictions, the analysis has been further extended to a longer 180 

transient (about 9 months from April to December 2015), and to more recent periods (during 2018) of 

Borexino lifetime. In this section the governing equations, numerical geometry, discretization and the 

numerical modelling set-up used for this purpose are described in detail. 

 

4.1 Governing equations 185 

A commercial finite volume solver, ANSYS-Fluent release 19.2 [14], based on the numerical solution of 

the Navier-Stokes and energy transport equations for all grid cells, has been used for modelling the flow 

field. Mass, momentum and energy conservation equations for incompressible Newtonian fluids with 

constant viscosity and density in laminar flows have been used, as reported in Eqs. (2), (3) and (4), 

respectively: 190 

 

#$

#%
+ ∇ ∙ ()u) = 0 (2) 

#$u

#%
+ ∇ ∙ ()uu) = −∇- + ∇ ∙ .̿ + )̅g (3) 

#$2

#%
+ ∇ ∙ 3u()4 + -)5 = ∇ ∙ 36∇7 + (.̿ ∙ 8)5 (4) 

 195 
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where u, p and E are the velocity vector, static pressure and energy, respectively. ρg is the gravitational 

body force, k the thermal conductivity and τ the stress tensor [15]. Natural convection flow is modelled 

by means of the Boussinesq approximation (Eq.(5)) which takes into account density variations only for 

the buoyancy term in the momentum equation. 

)̅g =() − )9)g ≅ −)9;(7 − 79)g  (5) 200 

where β is the volumetric thermal expansion coefficient and ρ0 and T0 are the reference values for density 

and temperature, respectively.  

 

4.2 Mesh generation 

The mesh generation process is in general a critical step, but it is particularly crucial for the present 205 

numerical analysis due to the large domain under consideration, characterized by very low flow intensity 

and the presence of natural convection. The domain is discretized with unstructured quadrilateral two-

dimensional cells, coupled with a boundary layer grid along the walls. The mesh size is defined for each 

modelled geometry and it is based on a preliminary mesh sensitivity analysis. 

Similarly to the previous study [11], two different numerical models have been developed: the 2D water 210 

ring model (Figure 6) and the IV sphere model (Figure 7) which are featured by a different discretization 

approaches in order to avoid a higher number of elements and to reduce the related computational cost 

and time for the simulations. The use of two numerical domains also aims to define the boundary 

conditions for the inner vessel through the available experimental data of the temperature around the 

outer water ring. After the 2D water ring calculation, the IV sphere model is adopted to more accurately 215 

predict the velocity pattern inside the detector, having a more refined mesh discretization.  

 

Figure 6: Sketch of the 2D water ring model and discretization. 
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As far as the 2D water ring model is concerned, the mesh is composed by approximately 118,000 220 

quadrilateral control volumes with local refinement close to the walls and all relevant parts of the 

numerical domain. The cell size varies between a minimum of 8.9 mm to a maximum of 6.9 cm. On the 

other hand, the mesh of the IV sphere model is more refined consisting of approximately 530,000 control 

volumes with specific refinements near the walls to take into account the viscous and thermal boundary 

layer. In this case, cells have a minimum and maximum size of 5 mm and 1.6 cm, respectively. Domains 225 

and related grids are reported in Figure 6 and Figure 7, with a view of the local refinements. The approach 

used for determining the boundary conditions is described more in detail in Section 4.5. 

 

Figure 7: Sketch of the Inner vessel IV Sphere model with particular of the mesh. 
 230 

4.3 Numerical modelling 

The solution algorithm chosen in ANSYS-Fluent to solve the set of equations is the pressure-based 

‘segregated solver’, that treats the governing equations in a sequential way. Due to the strong non-linear 

coupling, several iterations of the solution loop must be performed before a converged solution is 

obtained. The transient simulation solver is based on the coupling pressure-velocity PISO algorithm [15], 235 

that is able to guarantee the convergence especially for relatively larger time step compared to other 

algorithms. The time step size is defined conservatively, based on the natural convection time constant 

constraint [15], leading to a value of 9 s and 4.5 s for the 2D water ring and the IV sphere models, 

respectively. As far as the discretization schemes are concerned, the configuration reported in Table 2 is 

adopted for all the calculations. 240 

 

 



14 

 

Term Scheme 

Transient First Order Implicit 

Gradient Least Squares Cell Based 

Pressure Body Force Weighted 

Momentum, Energy Third-Order MUSCL 

Table 2: numerical schemes  
 

4.4 Thermal and physical properties 245 

The main properties of the Borexino liquid scintillator, described here below, refer to pure 

pseudocumene, since the mixture differences (PC + DMP in the buffer and PC + PPO in the IV) are 

substantially negligible for the purpose of the present paper. 

1. PC density is specified at the operating temperature of 288K and it is equal to 881 kg/m3 [16]. 

2. Heat capacity (cP) is given by a correlation taking into account the temperature dependency, 250 

based on data reported in [17]. The derived polynomial function is shown in Eq. (6): 

 <= = 1497.08 − 1.1442 ∙ 7 + 7.13 ∙ 10@A ∙ 7A (6) 

3. Thermal conductivity is prescribed by the correlation reported in Eq. (7) [18]: 

 6 = 0.203 − 2.72 ∙ 10@B ∙ 7 + 8.52 ∙ 10@C ∙ 7A (7) 

4. PC viscosity is considered constant and equal to 1.112·10-3 kg/ms [19]; 255 

5. Fluid thermal expansion coefficient is required by the Boussinesq approximation. The value 

adopted in the analyses (α= 1.05·10-3 K-1) has been derived by density measurements at 

different temperatures [20]. 

As far as water properties are concerned, the default values provided by ANSYS-Fluent are considered 

in the present simulations. 260 

 

4.5 Boundary and initial conditions 

The boundary conditions as well as the initial temperature profiles of the calculations have been defined 

according with the measured temperatures inside the Borexino detector. The 2D water ring domain, 

described in Section 4.1, is used to calculate the temperature pattern inside the detector, starting from the 265 

LTPS-measured temperatures inside the water tank (ReW) as boundary conditions. The calculated 

temperatures at the IV surface in this model are subsequently adopted as boundary conditions by the 

domain, representing the IV sphere. 
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In particular, the boundary temperatures of the 2D water ring model have been prescribed according to 

the 14 ReW sensors, which are located approximatively at 50 cm from the stainless steel sphere surface 270 

inside the water tank. The boundary profiles have been defined by a linear interpolation of the measured 

values as a function of both the vertical position and time. On the other hand, the initial temperature 

profile is prescribed according to a bilinear interpolation procedure as described in [11]. The 2D water 

ring initial and boundary temperatures corresponding to October 2018 are given in Figure 8.  

 275 

Figure 8: Initial temperature map (a) and vertical temperature profile (b) for the 2D water ring 
case (vertical position from the Hall C floor) (colour on-line). 

 

The prescription of the boundary conditions of the IV sphere model are essentially based on the same 

approximate procedure as above. In particular, the calculated temperatures by the 2D water ring model 280 

at the IV surface are sampled at 15 different vertical locations from each side of the inner vessel and then 

interpolated as described above (see Figure 9).  

 

Figure 9: Initial temperature map (a) and vertical temperature profile (b) for the IV Sphere case 
(vertical position from the Hall C floor) (colour on-line).  285 

a) b) 

a) b) 
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5. Validation of the CFD model 

 

Several benchmarks focusing on different operating conditions and regimes were carried out in the 

previous study to verify code compliance and numerical set-up with the typical Borexino convective 

regimes [11]. In the present section, the validation analysis refers to the developed model described in 290 

the section 3, in particular concerning the verification of the temperature prediction capabilities of the 

2D water ring model. Given the remarkable temperature stabilization reached during the past few years, 

the choice of a recent transient period would not allow to either appreciate or precisely evaluate the time 

response of the detector (relevant for the verification of the present calculations), due to extremely slow 

temperature variations. Therefore, the benchmark was carried out considering the Borexino behaviour 295 

during 2015, i.e., before the thermal insulation of the detector, since this period is featured by significant 

temperature oscillations. 

The comparison between calculated and measured temperatures (ReB sensors) is presented in Figure 10, 

along with the temperature residuals in Figure 11. A good agreement can be seen for all the vertical 

positions, where the numerical code is able to reproduce the temperature evolution of the detector in the 300 

selected period. The residuals (simulated temperatures minus measured temperatures) for the 14 ReB 

probes show also a remarkable accuracy of the present calculations. The discrepancies are larger for the 

bottom probes N6 and S6 (⁓ 0.3°C) due to the recirculation pump in the water tank that is not taken into 

account in the numerical model. After the pump shut-down, however, residuals significantly decrease, 

showing a better accuracy for almost all the probes (⁓ ±0.1 °C), comparable with the sensors resolution. 305 

Only N7 residual deviates with respect to the others probably due to a non-uniform heat transfer with the 

rock that may mostly interfere with the bottom sensors. 

As far as the time evolution is concerned, a slight temporal phase shift is evident especially when focusing 

on the top sensors, and appears to be constant, except for small discrepancies in slope change.  

The cause for this effect might be due to the model discretization and approximation of the initial 310 

conditions, but this difference between predicted and measured temperatures is not affecting the overall 

reliability of the thermal transport benchmarking of this model, being only slightly shifted by a negligible 

value compared to the simulated period. 

In fact, the 2D water ring model is able to replicate the temperature evolution in the OB (ReB probes), 

and can be considered a useful tool to understand, replicate and foresee the thermal environment in the 315 
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detector. Moreover, it is reasonable to assume that this reliability will hold, for the same geometry, at 

other points in the model. However, the results presented in this section cannot be considered a fluid 

transport benchmark, since there is no fluid flow data from Borexino.  

 

 320 

Figure 10: Comparison between measured (full lines) and calculated (dashed lines) temperatures 
in the south (a) and north (b) side of the detector at the ReB position (colour on-line). 

 

 

Figure 11: Residuals showing the difference between the simulated and the measured 325 

temperatures for the ReB probes. Noticing that divergence of the blue curves is mainly due to the 
recirculation pump active in the WT (colour on-line).  

a) b) 
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6. Inner vessel convective currents 

 

In this section the results obtained by the IV sphere model simulations are reported. This refined model 330 

of the inner vessel volume has been developed to provide a detailed analysis of the velocity field of the 

scintillator and eventually to explain the behaviour of the 210Po spatial distribution. 

Different periods of the Borexino LTPS data are shown in the present section, in order to investigate the 

relative difference of convective currents inside the detector, which are the responsible for polonium 

migration. Since the installation of the TIS, polonium levels have significantly decreased due to the 335 

mitigation of the convective currents. Nevertheless, an increasing trend during winter, followed by a 

decrease in summer, can be observed as already shown in Figure 3. This behaviour is better depicted in 

Figure 12, where polonium oscillations, which dominates the bottom part of the fiducial volume, seem 

to be strongly correlated with the vertical temperature gradient. Therefore, the seasonal periods 

summer/winter 2017 and 2018 have been selected for the analyses: 340 

 

•  “Feb2017”: 21.01.2017 – 20.02.2017 

• “AugSep2017”: 01.08.2017 – 13.09.2017 

• “Apr2018”: 01.04.2018 – 30.04.2018 

• “Oct2018”: 01.10.2018 – 30.10.2018 345 

 

 

Figure 12: 210Po rate in the fiducial volume (r < 2.5 m and |z| < 1.5 m) compared with the detector 
temperature gradient (colour on-line). 

 350 
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As far as the temperature is concerned, the typical inner vessel map and the relative isotherms are 

depicted in Figure 13. The calculated profiles show the thermal stratification of the detector that is 

featured by well-defined horizontal isotherms across the inner vessel volume. However, the very 

proximity of inner vessel surface is characterized by a steep temperature gradient which is directly 

determined by the longitudinal temperature asymmetry (see Figure 9b), and can significantly affect the 355 

fluid buoyancy term and thus, the convection in this narrow region.  

 

Figure 13: Typical temperature map (left) and isotherms (right) of the Borexino IV. Note that the 
“steep temperature gradient” referenced in the text above is visible in the right plot as spikes at 

the boundary. 360 
 

This temperature pattern implies a peculiar fluid-dynamics behaviour of Borexino as illustrated by the 

stream function [14] map (representing the fluid carrying capacity of the flow) and the velocity 

magnitude vectors, depicted in Figure 14 and Figure 15, respectively, and only shown here for a particular 

1-month period of 2018 (named as reference period in the following), for the sake of brevity. The stream 365 

function ϕ is defined by eq. (8), where ux and uy are the velocity vector components. ϕ is constant along 

a streamline (i.e., the tangent line to the velocity vector) and the difference between constant values of 

stream function is the mass rate of flow between the streamlines. The results show that horizontal currents 

are the dominant feature in the domain, as indicated by the stream lines as well as by the velocity vectors. 

Indeed, the large buoyancy potential energy gap between the top and bottom, separating the stably-370 

stratified fluid layers, precludes bulk, organized motion in the IV. For a given vertical gradient, 

temperature asymmetries between both sides affect the intensities of such currents, that transport fluid 

from one side of the sphere to the other one, while leaving the stratification in place. 

)uD≡ #F

#G
;       )uG≡ #F

#D
 (8) 

 375 
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Figure 14: Typical stream function map of the Borexino IV (colour on-line). 
 

 

Figure 15: Velocity vectors map of the lower portion of the IV coloured with the velocity 380 

magnitude intensity (colour on-line). 
 

Furthermore, the vicinity of the IV surface is characterized by strong vertical currents up to ~3 orders of 

magnitude larger than those in the bulk of the IV. Such currents are directly induced by the steep 

temperature variations at boundary (Figure 13). In particular, in the bottom part, the left side (south) 385 

shows a current directed upwards (hotter side) whereas the right side shows a downward flow. The 

situation is opposite in the upper part of the vessel since the temperatures are inverted between left and 

right. This behaviour, even if very localized, might affect the 210Po transport since it is supposed to 

originate from the less radio-pure vessel nylon and to migrate into the FV scintillator. 

As far as the interior currents are concerned, the horizontal velocities are of the order of 10-7-10-6 m/s 390 

(Figure 16). The order of magnitude of these (organized) currents is extremely relevant to the 210Bi-210Po 

equilibrium in Borexino.  
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Figure 16: Horizontal velocity magnitude |vx| in the Borexino IV (colour on-line). 
 395 

A 1 µm/s horizontal scintillator flow directed away from the vessel (neglecting probable small-scale 

recirculation at the vessel surface currents or in small-scale vortices in the bulk) means that it will take 

at least ~18 days for that fluid to reach the FV. It must be mentioned that the contribution of the diffusion 

to the 210Po transport is very small compared to convection: since the diffusion length is about 13.1 cm 

[21], it is substantially impossible for 210Po to reach the FV by diffusion mechanism only. This convective 400 

time scale (18 days) constitutes >3 half-lives for 210Bi, and will typically be longer for realistic flow paths 

and locations away from the FV boundary. 210Bi concentrations will therefore be stable everywhere in 

the FV and mostly unaffected by peripheral contamination from the vessel, as long as this approximate 

regime is kept below ~5 µm/s. At the same time however, these conditions ensure a large part of the 210Po 

born from 210Bi decay will still travel deep inside the FV before decaying, and even be able to recirculate 405 

twice inside the IV within a single half-life of 138 days. Effectively, this suggests layers of 

approximately-constant, out-of-equilibrium concentrations of 210Po bounded by the vertical thickness of 

such horizontal regions, down to very weak fluid velocities ~5·10-8 m/s, or slightly above considering 

realistic recirculation effects. The system thus would be located at an intermediate point in the 

relationship between fluid dynamic stability and radio-background concentration, where 210Bi stability is 410 

assured even in areas with relatively elevated flow speeds, while 210Po will generally exhibit vertical (but 

not horizontal) regional variations, seemingly exacerbated by increasing isotherm slope (that is, side-to-
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side temperature asymmetries). These early qualitative interpretations will be further explored in the 

following section. 

From the stream function as well as from the horizontal currents maps, 3 main regions can be identified: 415 

the very top part, that is featured by average-intensity flow currents; a middle-top region where the flow 

is very small compared to the rest of the domain; and a middle-bottom region characterized by stronger 

convective currents.  

This behaviour can be better appreciated by the stream function vertical profiles in the middle of the 

inner vessel, shown in Figure 17, for the different analysed periods. From the qualitative point of view, 420 

the results show that there is a region of minimal flow currents that actually agrees with the polonium 

concentration measurements inferred from Borexino data, whereas the bottom part of the IV is affected 

by significant transport. However, if we consider that polonium is mainly brought into the fiducial 

volume from the vessel surface, the stream function cannot qualitatively describe its behaviour, and, 

therefore a detailed transport model is required for a better understanding and simulation of the polonium 425 

migration inside Borexino (see next section). 

 

Figure 17: Stream function vertical profiles for the different analysed periods (colour on-line). 
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7. Transport modelling and Po predictions 

 430 

In order to investigate the polonium migration inside the inner vessel a simplified transport model has 

been developed.  

Since there is no experimental evidence indicating that 210Bi and 210Pb are able to migrate inside the inner 

vessel from the nylon sphere, they do not need to be treated in the present analysis. Although this 

hypothesis is still under discussion, they are assumed to be completely mixed inside the IV volume with 435 

a uniform concentration. In fact, the main chain progenitor 210Pb (t1/2 = 22.3 y) constitutes an 

“inexhaustible” (from the point of view of detector operations) source of 210Bi/Po, and would impede 

reaching a baseline equilibrium level of 210Po if mobile, for any physical flow speed. However,  it is clear 

this is not the case from the past out-of-equilibrium 210Po decay events, and 210Pb can be considered to 

be adsorbed on the vessel nylon material. This hypothesis is also strengthened by knowledge gained 440 

during the fabrication of Borexino’s vessels and their chemical analysis. This means 210Pb can be safely 

ignored in the migration simulation. On the other hand, polonium is extremely mobile and can diffuse 

through the nylon sphere being transported inside the vessel by convective currents [21][22].  

In order to model the transport phenomenon described above the convection-diffusion equation is 

considered for 210Po only, as follows: 445 

 
#IJK

#%
+ ∇ ∙ (−L∇<=M) + u∇<=M = −N=M<=M (9) 

 

where cPo is the Po concentration, D the diffusion coefficient (⁓ 10-9 m2/s), u the fluid velocity vector and 

λPo the Po decay constant. The transport equation has been solved by means of the finite-element 450 

commercial software COMSOL Multiphysics [23], adopting the same spatial discretization of the Fluent 

CFD calculations. 

As far as the boundary condition to the above equation is concerned, the 210Po concentration at the IV 

surface is assumed to be uniform and constant. The velocity field is taken from the CFD solution 

described in the previous section, assuming a constant velocity map over time for each considered period 455 

of interest. This is a reasonable approximation as demonstrated by the CFD analyses, and it allows to 

greatly simplify the numerical burden by decoupling the CFD problem from the transport analysis. 

The typical calculated 210Po activity (stationary solution) is reported in Figure 18, whereas the 

comparison with the measured rates is reported in Figure 10 and Figure 11 for the analysed periods. In 
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addition, a control case with a perfect side-to-side stratification (horizontal isotherms) has been 460 

developed in order to check the transport mechanism in a case where little convection should occur. 

 

Figure 18: Calculated 210Po activity in the inner vessel for the reference period (colour on-line). 
 

 465 

Figure 19: Calculated vs. measured Po rate along the IV vertical position (from the IV bottom) 
inside a r < 2.25 m FV during “Feb2017” and “AugSep2017” periods (colour on-line). 

 

 

Figure 20: Calculated vs. measured Po rate along the IV vertical position (from the IV bottom) 470 

inside a r < 2.25 m FV during “Apr2018” and “Oct2018” periods (colour on-line). 
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Results clearly indicate that the temperature-induced convective currents produce a region of lower 210Po 

concentration consistently with experimental findings. Such currents are mainly driven by the north-

south temperature asymmetries, characteristic of Borexino Hall C environment. This is indicated by the 

very low polonium activity calculated in the control case of equal north-south temperatures at the same 475 

height levels.  

The agreement with the experimental data is very good concerning the winter periods (especially for 

“Apr2018”) and for the top part of the fiducial volume. However, the calculated concentration presents 

some discrepancies compared with the measured data. In particular, the 210Po concentration is 

underestimated at the very bottom FV, whereas it shows a slight overestimation at the top part for the 480 

2017 periods. In addition, the seasonal variations are not well reproduced by the calculations, showing 

an overestimation of the 210Po activity for both the summer periods. Such discrepancies are probably due 

to the temperature boundary conditions imposed to the CFD analysis. Despite the general good agreement 

shown in Figure 10, the temperature profile over the whole IV height is approximated by only 3 point-

like measurements of the corresponding LTPS sensors available for that region, which induces a large 485 

interpolation uncertainty. Moreover, there is also a large uncertainty in the position of some of the probes 

(S1, S2, S4, S6), since it was never accurately measured in the past, therefore increasing the uncertainty 

on the overall temperature profile of the inner vessel. A possible way to reduce this uncertainty would 

involve an external calibration like that performed in 2011-12 [9] - at that time, some re-entrant tube 

positions were left unused since precision determination of all tubes was not a requirement. 490 

With the above caveats, the results presented in this section provide important indications about the 210Po 

behaviour and indicate that 210Po concentration asymmetries between the top and the bottom of the 

fiducial volume are mainly determined by the convective pattern inside the detector IV.  
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8. Conclusions 

 495 

This paper investigated the fluid dynamics behaviour of the Borexino neutrino detector and the polonium 

background transport phenomenon by means of detailed CFD analyses. Two combined models have been 

developed in order to obtain a satisfactory accuracy in the velocity pattern results. Due to the nature of 

the convective currents and the size of the detector, the computational requirements are significant. The 

2D water ring model, that was adopted to perform the thermal analysis, is in a very good agreement with 500 

the measured temperatures inside the detector, thereby further strengthening a working, precise thermal 

transport model. The calculated temperatures are applied as boundary conditions to the inner vessel 

model which is adopted to calculate the flow field. The results indicate that the convective currents 

mainly develop horizontally and are basically driven by the temperature difference between the north 

and the south side of the IV due to the stratified structure of the flow. The stream function profiles are 505 

qualitatively in agreement with the measured polonium concentration, but a detailed transport analysis is 

required to analyse the 210Po convection. To this purpose, a transport model has been specifically 

developed in which the IV velocity map is imported from the CFD calculations. The results are very 

promising showing a general good agreement between measured and calculated 210Po activity in the 

fiducial volume. However, some discrepancies have been encountered such as the fact that the model is 510 

not able to reproduce the seasonal 210Po variation in the FV bottom, that are likely due to the uncertainties 

on the temperature boundary conditions. In order to improve the current status, a more accurate 

temperature profile is required. A full 3D CFD model of the IV is also being developed in order to gain 

a better understanding of the convective currents, considering eventual azimuthal effects. These 

simulations are fundamental for the comprehension of the general fluid-dynamics inside Borexino as 515 

well as for the final CNO strategy. 
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