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ABSTRACT

The research develops a simplified heat transfer model that allows prediction of the temperature response of
the radioactive contents of the buffer storage tank at Sellafield. The model emanates from an energy balance
around a singular tank with comprehensive analysis of the heat transfer phenomena. A converged solution has
been demonstrated by comparing different numerical solution techniques. The model has been validated using
measurements made at Sellafield indicating strong agreement in trends. The results indicate, whilst storing a
full tank of radioactive liquor the vessel contents will not reach its boiling point of 95°C but will instead reach
an equilibrium temperature of 89°C. The results also indicate that the model provides more accurate predictions
compared with initial research at Sellafield. Simulations from the model revealed the tanks can safely store
material for approximately 67% longer than is predicted by current practice. The model has been developed in
Microsoft Excel ® and can be run with minimal computational power on any machine. It includes a user-friendly
interface allowing operators to generate results from a range of scenarios by running simulations within minutes.
The results generated from this model provide operations personnel with more information to influence
decisions surrounding industrial-scale problems.

Keywords: Heat transfer; High-level waste management; Nuclear; Simplified heat transfer model; Highly

active raffinate; Buffer storage
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1. INTRODUCTION

This paper presents a simplified method for the prediction of the temperature response of holding
tanks within a nuclear high level waste (HLW) buffer storage facility, specifically at Sellafield in the
UK (formerly Europe’s largest fuel reprocessing facility). Here buffer tanks accept highly active
raffinate (HAR) liquid from reprocessing operations for storage, prior to being sent for further
processing by evaporation and, eventually, vitrification. The buffer storage facility is part of the HLW
management treatment process at Sellafield. HLW management refers to the treatment of a toxic,
radioactive side-stream generated during the reprocessing of spent fuel from nuclear reactors. The HLW

management process at Sellafield is presented in Fig. 1.

Spent nuclear fuel is reprocessed in the thermal oxide reprocessing plant (THORP). This generates
recycled plutonium (Pu) and uranium (U) oxides, which can re-enter the fuel cycle, and an effluent
stream of HAR). This is concentrated in evaporator vessels in the high active liquor evaporation and
storage plant (HALES) (Shiels er al. 2018; Bux et al. 2017). This plant converts the stream into
concentrated high activity liquor (HAL), which can then be processed in the waste vitrification plant

(WVP) to produce a stable glass product more suitable for long-term storage.

HIGH LEVEL WASTE (HLW)

e Y A . i
RECYCLED Pu/ U Oxid
N u xides / \\\// \ / \

Highly Active Raffinate Highly Active Liquor

PUREX (HAR) (HAL) , LE
SPENT REPROCESSING | | HALES bk
NUCLEAR FUEL THORP PRODUCT VD)

Figure 1. Schematic depicting the HLW management process for reprocessing liquors.

In order to maintain compliance with the Paris agreement, the world needs to eradicate its
dependence on fossil fuels as an energy source (United Nations 2015). From the remaining energy
options, nuclear remains one of the most accessible and low carbon power sources to date. As stipulated
by many researchers in the sector, growth of the nuclear power industry relies on improvement in the
understanding of nuclear legacy waste treatment mechanisms that allow safe disposal of radioactive
material (Turvey and Hone 2000, Hanson 2014 and 2015). This research aims to enhance current
understanding of the behaviour of legacy waste and provide information that contributes to the design
of future HLW management facilities. The presented work addresses nuclear regulator
recommendations for improved data on safety critical equipment on the site, and the information

provided can inform and aid decisions regarding safety operations on the plant.
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Both the evaporation and vitrification procedures have been well-researched throughout the
literature to date (Panesar 2016; Alane and Heggs 2011; Barth et al. 2020). In particular, Panesar (2016)
published an extensive analysis on the heat transfer mechanisms occurring within the Sellafield
evaporators using computational fluid dynamics (CFD) software. Alane and Heggs (2011) examined the
two-phase instabilities that exist during start-up of thermosyphon evaporators commonly employed in
the nuclear industry. Barth et al. (2020) have developed a numerical model that can be applied to HLW
vitrification processes. There have also been attempts to model the heat transfer mechanisms associated
with long-term storage of solid HLW in a geological disposal facility. Zhou et al. (2020) present a
layered three-dimensional heat conduction model that predicts the temperature at any point in the rock
surrounding a single nuclear waste canister, while Case et al. (2020) proposed an analytical temperature

solution satisfying the exponentially decaying boundary condition.

As indicated by the quoted literature, the science behind these operations on the Sellafield site is
established and well understood. However, whilst the evaporation and vitrification plants have been
thoroughly studied, there has been less interest throughout the literature in the temporary storage of
nuclear effluent prior to evaporation. There have been some initial investigations on the temporary
storage of nuclear effluent, where for example, Turvey and Hone (2000) discussed the heat transfer
phenomena occurring in the Highly Active Storage Tanks (HASTs) as part of a safety assessment for
the Radiological Protection Institute of Ireland. These tanks receive High Activity Liquor (HAL) that
has been concentrated in the evaporators. In the analysis, Turvey and Hone reveal the structure of the
heat loading for the HAST vessels as built in 1996. Each of the tanks have been designed such that,
when active, heat loss through the cooling coils is the dominant mechanism in the HASTs. When the
cooling coils are inactive, evaporative mechanisms begins to become the major contributor to heat loss
and their impact is exacerbated as the temperature of the contents rises. At lower temperatures
convective and thermal radiation heat losses can be considered significant in combination with the
evaporative heat losses. Alternatively, this paper investigates heat transfer in buffer holding tanks for
the effluent side-stream that is generated during the reprocessing of spent fuel prior to concentration,
where the contained aqueous liquid is referred to as Highly Active Raffinate (HAR). Concentrated
effluent which is received by the HASTS post evaporation is referred to as High Activity Liquor (HAL).

Temporary storage of HAR on the Sellafield site occurs in the buffer storage facility. The buffer
facility was built for the purposes of in-tank evaporation of fission product raffinate from the original
reprocessing plant at Sellafield. However, during times of high demand, the BSTs also act as buffer

facilities for temporary storage of HAR until further evaporative capacity becomes available.

In addition to the stated literature concerning the simulation of heat transfer mechanisms occurring

in nuclear processes, there is also a variety of publications that focus on the heat transfer occurring in

4
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other more traditional industrial chemical processes and storage tanks. Dakkoune er al. (2020)
investigated the temperature response behaviour of batch reactor systems, validating their simplified
model against experimental measurements taken from a vessel hosting the perhydrolysis of formic acid.
Johnson et al. (2021) presented a non-adiabatic model for jacketed agitated batch reactors experiencing
thermal losses that does not require complex CFD software, while Ali ef al. (2020) have published a
simple 1-dimensional approach to the modelling of an industrial spray drying tower. Here, their work
predicts the temperature of droplets within the tower as a function of the vertical position by formation
of an energy balance equation. Collectively, this cited literature (Dakkoun et al. 2020; Johnson et al.
2021; Ali et al. 2020) presents modelling techniques for industrial chemical processes using a simplified
approach that does not rely on complex CFD. There are many advantages to similar simplified
approaches to modelling: The models developed produce fast simulations that can be used to collect
data for a variety of applications and scenarios, and it leads to the production of user-friendly models
that can be used without acquiring technical expertise in CFD. It also does not require expensive
software and can be run on standard data handling software packages (e.g., MS Excel™) while they do

not require large amounts of computational power.

There is a demand for improved data from, and simulation of, existing equipment that impinge on
the safety of HLW treatment plants. These data and simulations can aid the design of future HLW plants,
as well as allow for the safe operation of current facilities. In contrast to established simulations of
evaporation operations on the Sellafield site, none exist for the buffer storage plant. The general
approach to modelling in academia involves the generation of complex CFD models, which require
expensive computational power and long simulation times. By contrast, there is a need for the
development of relatively simplified and accurate models requiring little computational power and is

the focus of investigation in this paper.

The HAR is an effluent stream consisting of concentrated acid with dissolved fission products and
has self-heating properties. The basis for safe operation of the BSTs is to control the temperature of the
contents below the bubble point of 95°C to avoid potential release of toxic vapours into the atmosphere.
Whilst the primary reason for temperature control is to prevent generating radioactive vapor, there is
also a secondary reason to control temperature below a certain temperature to avoid accelerating
equipment corrosion rates (Grosse, 2012; Cattant et al., 2008). The BSTs at Sellafield currently fulfill a
purpose different to the intended design. Previous plant data from the BSTs is not useful for the new
operational use. Presently it is assumed the BSTs operate adiabatically and so the prediction of a
temperature response is considerably faster than that experienced on the plant. Hence, there is an urgent
requirement to improve the current predictions by using a simplified and relatively accurate heat transfer

model for the prediction of the temperature response of the BSTs. This will allow more efficient
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operation of the buffer storage plant and save operations staff time and resources. Therefore, this
discourse presents a heat transfer model that provides the prediction of the temperature response of the

contents of BSTs containing HAR at Sellafield without relying on complex CFD simulations.

2. MODEL PARAMETERS
2.1 BST Dimensions

Sellafield Ltd have provided details on the dimensions and details of a single BST vessel, cooling

coils and cell to allow development of a thermal model.

There are six 1200 m* BSTs, each weighing approximately 52 tonnes empty. A full batch of liquor
increases this by approximately 1200 tonnes. Each tank is constructed from 304L stainless steel with a
thickness of 9.50 mm, outer diameter of 13.72 m and height of 9.14 m. All the tanks had been fitted with
two 304L stainless steel steam coils for in-tank evaporation, however, evaporation procedures are now
no longer carried out and these coils have since been converted to cooling coils. An additional 304L
stainless steel helical cooling coil has also now been installed which traverses the tank periphery (5
turns, 1.52 m per turn). The tanks are un-jacketed. The dimensional details of the coils are listed in Table

1.

Table 1 Cooling coils details and dimensions.

Cooling Coil Details
Helical Cooling Coil (50 mm NB) Base Cooling Coils (2 sets per Tank)
(80 mm NB)
Coil Tube Outside Diameter (m) 0.06144 0.08766
Coil Tube Thickness (m) 0.00447 0.00488
Coil Tube Inside Diameter (m) 0.0525 0.0779
Total Length of Coils (m) 216.69 79.09
Cooling Water Flow (normal ops) 0.5 0.5
(m*/h)

Each tank is located inside its own separate cell which has an internal cuboid structure of 15.24 m x
15.24 m x 10.97 m and external structure of 17.38 m x 17.38 m x 13.11 m. The cell is constructed from
concrete and has a wall thickness of 2.14 m to provide shielding from the radioactive contents of the

BST.

2.2 Thermophysical Properties
The relevant thermophysical properties used in the model have been evaluated at standard

temperatures and pressure, and it is assumed that they remain independent of temperature, within the
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operational range studied. The key thermophysical properties used in the model are presented in table

2.

Table 2 Thermophysical properties of the HAR, air and stainless steel used in the model evaluated

at standard temperature and pressure.

S v g :
HAL (40H531t§i§/i§i\il£:§ gcld with Air (25°C) 304Lsiziinless

Dynamic Viscosity, p 0.0006 1.84E-05 - kg/ms
Density, p 1090.00 1.17 - kg/m?

Specific Heat Capacity, Cp 3480.00 1006.96 - J/kgK

Thermal Conductivity, k 0.26 0.03 16.00 W/mK
Kinematic Viscosity, v 5.66E-07 1.57E-05 - m%/s
Thermal Diffusivity, o 1.51E-07 2.22E-06 - m?s
Thermal Expansivity 4.00E-04 0.003 - 1/K

Due to the radioactive nature of the HAR material, the thermophysical properties remain unknown.

In the absence of this data, it has been assumed that the HAR behaves as 3M concentrated nitric acid.

3. MODELLING HEAT TRANSFER IN THE BST BY AN ENERGY BALANCE

The model presented herein has been derived from first principles by performing an energy balance
across a single BST. Fig. 2 is a schematic of the various heat flows occurring within the BST. There is
a single flow of energy which leads to the generation of heat. This is the heat generated from the
decaying of fission products which have been dissolved in the HAR mixture. This single heat flow is
indicated by the red arrow in Fig. 2. There are 3 separate flows through which heat is removed. These
include: heat loss through the 3 sets of cooling coils, heat loss through the mechanical cooling vent and
natural heat losses to the surroundings (natural heat losses are modelled as losses by 2 separate avenues;

losses from the liquid space and losses from the ullage space).

Heat generated within the BST, Q 4z, occurs due to the presence of decaying radioactive isotopes
dissolved in the HAR mixture, as stated. Within the industry, this heat is characterised by assigning the
material with a heat rating value that depends on the origin, the type of isotopes present and the age of
the liquor. This rating, gy 4r, 1S a specific quantity of heat generated per unit volume and, for standard

HAR reprocessed from THORP, the heat rating is 235 W/m”.
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Figure 2. Schematic highlighting the contributing terms to the energy balance over a single BST.

Hence, the time variation of the temperature of the HAR depends upon a number of listed

parameters:
- The heat generated from the volume of HAR V4 deposited in the BST

- The thermal inertia of the quantity of HAR in the vessel and that of the vessel and coils

[(’DVCP)HAR + (pvcp)steel]

- The flow and inlet temperature of water travelling through the cooling coils.
- The flow and inlet temperature of air traveling through the mechanical cooling vent.
- The thermal resistances for the natural heat loss and temperature of the ambient air .

The following expression Eq. (1) represents the response of the HAR temperature, Ty 4z [t], within
the vessel due to the heat evolved, gy arVyag » minus the summation of the enthalpy losses depicted

in Fig. 2 (energy balance):

3
dTy 4p[t] . .
[(PVCp)HAR + (PVCp)Steel] % = quarVuar — Z(Mcp)cli(THAR[t] - Tc,i,l) E.; [t]

i=1

(D
_(Mcp)v(THAR [t] - Tv,l) - ([Ul[t] ) Al,ves]ll-q + [Ul[t] ' Al,ves]u”) (THAR - Tl,cell)

With initial conditions:

Fort <0, Tyar = Thar,0
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Fort = 0,V = constant = Vyp

Here, the volume of HAR is Vy4g, while E_ ;[t] are the thermal effectiveness values obtained from
the relationship, E;[t] = 1 —exp (—(U [t]A/M Cp)c i). Additionally, U, ;[t] are the Overall Heat

Transfer Coefficients (OHTCs), A.; are inner surface areas of the three cooling coils, while Mc,i are
the mass flows and C, .; are the specific heats of the cooling water respectively. The last two terms on

the right-hand side of the equation are the heat losses by the vent gas flow and those combined from the

vessel liquor and ullage volumes to the cell vent gas respectively.

Note, all of the OHTCs in Eq. (1) are time dependent, due to various individual film heat transfer
coefficients being dependent upon non-linear temperature differences. This creates a non-linear
expression overall with respect to the temperature T4z [t]. In addition, this expression includes the
impact of the thermal inertia of the steel contents of the BST; as adopted in the work of Johnson et al.

(2021).

The largest contribution to heat losses is due to the 3 cooling coils in the vessel, Q'C,l-, and is around
85% of the total (see Fig 8c.). The OHTCs U|[t] ; for the coiling coils, based on the outside surface area

of each coil (2mdg ;L. ;), are obtained from following expression:

dO,c,i
1 1 4 do.ciln { dic,i } 4 do,c,i
Ultloci hltloec, 2k c,; dycihic, )

The time dependency emanates from the outside film heat transfer coefficient h[t]o .; of the coils
in Eq. (2), because the value at any point in time depends upon the difference between the HAR Ty 4z [t]
and the outside coil surface Ty .; temperatures. This coefficient is calculated from the turbulent free

convection correlation provided by Eq. (3a) as follows:

Ao = 0.0 GrPr)s = 0.0 X (9 (Tyanle] = To i)/ v0?) Ga)

(Incropera, 2007)

The other two terms in Eq. (2) represent the conduction across the wall of the coil and the forced
convection coefficient, hy . ;, of the cooling water flow within the coil. The forced convection coefficient

is calculated using the forced convection in pipes correlation provided by Incropera (2007), Eq (3b):
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_hicidog, (3b)

1
Nu = ——— = 0.023Re’8Pr3
kc,i

3.1 Modelling Natural Heat Losses
The BST also suffers natural heat losses to the surroundings from the HAR in the vessel and the ullage
region above the HAR. Far more complex expressions are required due to the multiple heat transfer
mechanisms occurring both in parallel and series. These are highlighted by the resistance network in

Fig. 3.

Within the liquid HAR, the heat transfer occurs by free convection currents. However, in the ullage
region, heat transfers by dropwise condensation of the vapours from the vent gases, which are saturated
at the same temperature as the HAR. The amount of condensation is assumed equivalent to the
evaporation from the HAR surface. Having travelled from within the liquor or from the vapor in the
ullage, the heat flow then transfers by conduction through the wall of the BST. At the outside wall of
the vessel the heat transfer mechanism is by free convection to the cell vent gas, and also, by radiation
to the inside cell wall. Then, there is next a further transfer of heat by free convection at the inside
surface of the cell from the bulk cell vent gas. Heat transfer by free convection at the outside vessel wall
and free convection at the inside cell wall occur in series relative to one another but both transfer
mechanisms occur in parallel to the transfer of heat by radiation from the outside vessel wall to the
inside cell wall (indicated in Fig 3.). The thick concrete cell wall then provides an additional resistance
to heat flow. Following this, heat flows from the outside surface of the cell by free convection and

radiation in parallel to the ambient surroundings.

s‘su;a
.\'sa]{;l}

b
wi

=
™

Figure 3. Resistance network for the natural heat losses from the BST to the surroundings.
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The network presented in Fig 3. can be summarised as a system of 8 resistances in total with 2 of the
radiation resistances occurring in parallel. Fig 3. can be represented as a system of 6 equations with 6

unknowns (as shown in Egs. (4)-(9)).

Q
22 = hyves(Trar — Tives) 4)
AI,ves
Q, 2k,
=5 . iies (Tl,ves - TO,ves) 5)
AI,ves d l { O,Ues}
Lves n d
Lves
Qloss _
A - hO,ves (TO,ves - cell,B) + hO,vesr (TO,ves - TI,cell) (6)
O,ves
Qloss = hI,cellAI,cell(Tcell,ﬁ - TI,cell) + hO,vesrAO,ves (TO,ves - TI,cell) (7)
Qloss kw cell(LlHZ - HlLZ)
=— T — T
Arcr o {laz) (Ticen = To.cen) ®)
H,L,
Qloss _ 9
T (ho,cen + hocewr,) (To,cetr — Tamp) )
O,cell

The free convection film coefficient inside the vessel, hj,,s, is dependent upon the temperature
difference between the HAR liquor and the inner vessel surface, and the free convection coefficients,
hoyes and hy ey, depend upon differences between the outer vessel surface and the bulk cell
temperatures, and between the bulk cell and the inner cell surface temperatures respectively.
Additionally, hg cey; is dependent on the temperature difference between the outside surface temperature
of the cell and the ambient temperature of the surroundings. These coefficients are obtained using an
identical correlation to that presented in Eq (3) but using the relevant properties depending upon the

fluid through which heat is being transferred.

The radiation heat transfer coefficients, hgyes, and hog ey, have been calculated based on the

correlation provided in Eq (10) and Eq (11) respectively.

-1 4 4
hoves, = 0'< ! + Aves { ! — 1}) <TO,V€S Ticenn ) (10)
Eves Acell Ecell TO,ves _ TI,cell

11
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TO,cell4 - Tamb4> (1 1)

ho,ceu, = gcella<
’ r TO,cell - Tamb

Each of Eqs (4)-(9) is highly non-linear with respect to temperature differences, making solution very
difficult. A numerical solution procedure has been undertaken to simultaneously solve this system of
equations using built-in Microsoft Excel® GOALSEEK™ algorithms. The solution technique is best
represented by the logic flow diagram provided in Fig 4. The method outlined by figure has been
developed using precedence ordering techniques as deployed in the work of Heggs and Walton (1998).

The results from a full solution to the system of Eqs (4)-(9), for a range of Ty 4g, is presented within the

Electronic Supplementary Materials (ESM) in table S1 and Fig. S1.

The solution to the system of Eqs (4)-(9) indicates that the resistance to heat transfer across the
network (Fig 3.) is completely dominated by the conduction resistance of the concrete walls of the cell,
which are approximately 2 metres thick. This is indicated by the large drop in temperature across the
cell wall (see data in ESM table S1) compared with the temperature drop across the other heat transfer
resistances. Hence, the cell can be considered to act adiabatically, that is, a perfect insulating material.
Therefore, in order to avoid an excessively pessimistic approach, the overall resistance network
illustrated in Figure 3 is only evaluated up to the inner cell wall temperature, Tj ¢, to capture the heat
losses from the liquid contents of the BST to the inside surface of the cell wall. Tj e has then been
evaluated using the correlation depicted in Eq (12) which was developed from the solution to the full

problem (see the data presented in Fig. S2 of the ESM).
TI,cell = (075 ' THAR) + 75.55 (12)

The OHTC U ;4[t] in Eq. (1), is based on the inside surface area, (Ajyes),. , of the vessel in contact

lig
with the HAR liquor and is evaluated by the expression detailed in Eq. (13), which contains individual

film coefficients for free convection and radiation.

The OHTC U, [t] in Eq.(1), is based upon the inside surface area of the ullage region, (A1 pes)

ull’

and is obtained from an identical expression to Eq. (13). The only difference being the evaluation of the
heat transfer coefficient for the inside vessel surface. During calculation of U, [t], the heat transfer
coefficient for the inside vessel surface is evaluated using a dropwise condensation correlation provided
by Rose (1994) (Eq. (14)) which depends upon the difference between the temperature of the saturated

gas in the ullage volume and the inner vessel surface temperature.

12
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START
¥

‘ 1. Guess a value for Ty ..y and Ty I

Y

‘ 2. Calculate Q55 using Eq (9) ‘
|

h i

‘ 3. Calculate T, using Eq (8) and Q055 Obtained in step 2.

i J

‘ 4. Calculate T, using Eq (4) and 0,05+ Obtained in step 2. ‘

ing Eq (5) and ;s obtained in step 2.

‘ 5. Calculate Ty, us

6a. Calculate new Qyo5susing Eq (6], To,ves (from
step 5), Ty (from step 3) and T,z (from step 1).

6h. Calculate new Q5 using Eq (7), Ty (from
step 5), Ty .y (from step 3) and Teeg (from step 1).

¥

1

7a. Use Excel GOALSEEK function to make the
tolerance between @, calculated from step
2 and the @y, calculated from step 6a zero

7b. Use Excel GOALSEEK function to make the
tolerance between Q;,, calculated from step
2 and the @), calculated from step 6b zero
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Teenp(70) - Tearpl7b) = 0
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for Quosss Tt Trcett
Tcei!& TIV il and TU VES

—

8. Compare the two values of T,,;; obtained
from steps 7a and 7b.

by changing the guessed T, ¢ (from step 1).

Tceibﬁ(7a} - Tcefl.ﬁ{?b} #0

END

10. Repeat steps 1-8 with
new guess for Ty .y

Figure 4. Logic flow diagram demonstrating the method used to solve the simultaneous set of non-

linear equations (4)-(9).

h[,ves = TIIIARO'S(5 + 0-3{THAR - Tl,ves})

do
a2
1 _ 1 Lves dI,ves + AI,liq,ves
UI,liq hI,ves 27Tkw,ves

1

(hl,cellAI,cell) + (

hO,vesA O,ves

hO,ves,rAO,ves

(14)

(13)

The time variations of the values of Uj;q[t] and Ujy[t] emanate from the varying HAR

temperatures, which causes all the film coefficients and all surface temperatures to also vary with time.

Hence, the evaluation of all these coefficients requires a solution to sets of simultaneous non-linear

algebraic equations (Eq (4)-(9)) which represent the heat flow from the vessel to the surroundings. The

residence time of the vent gases in the cell is a matter of hours and so it is assumed that the temperature

is uniform throughout the cell.

3.2 Model Assumptions

The assumptions associated with the model are outlined as follows:

13
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1-dimensional conduction of heat flow. Whilst modelling in 2 or potentially 3 dimensions could
have more accurately reflect the actual temperature response in the BST, this would have added
significant complexity to the model with seriously increasing the computational requirements.
The aim of this research is to develop a simplified heat transfer model that is used provide trends
in how temperature will vary as a function of some key parameters, therefore it is considered
satisfactory to assume 1-dimensional conduction of heat flow to avoid development of a

complex CFD model

The thermophysical properties are independent of temperature., Some of thermophysical
properties in reality will vary with temperature to some degree. However again, maintaining the
idea that the model developed is a simplified approach, it is concluded that the variation in
thermophysical properties with temperature is not warranted and will not have a significant

impact on predictions. This is further confirmed by the validation results depicted in Fig. 6 (b).
The thermophysical properties of HAR assumed to be equal to 3M concentrated nitric acid.

The HAR is well mixed and so the temperature is the same everywhere in the vessel. This
assumption may not entirely reflect what happens in reality. During this research the authors
speculated that the existence of a temperature gradient within the vessel may be a more likely
occurrence. It is anticipated that, because the vessel cooling coils run along the bottom of the
vessel, and also, traverse the tank periphery, the contents of the vessel are likely to exhibit the
effects of a reverse unconstrained thermosyphon situation. Panesar (2016) revealed by a CFD
simulation that an unconstrained thermosyphon occurs in the evaporators at Sellafield, which
leads to are relatively small temperature variation throughout the vessel contents. However,
modelling this situation for a BST would require the use of expensive and computationally
intensive CFD software, which is not what the authors desire to achieve with this research. The
idea behind this research is to develop a simple, low cost and fast model that can provide staff
with trend predictions to make operational decisions about the plant. Investigation of the
presence of temperature gradients due to a reverse unconstrained thermosyphon effect using
complex CFD analysis is suggested as a potential avenue for future work in this subject area. In

accordance with the aims of this research this assumption is confirmed by Fig. 6 (b).

The vapour in the ullage region is in thermal equilibrium with the HAR. This assumption is
expected to reflect reality because the vessel ventilation is low enough to assume heat transfer

by free convection at the liquor surface (Gr/Re* >> 1) (Incropera 2007).
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- The heat loss from the inside surface of the ullage region is caused by dropwise condensation
of water. This is justified based on the work of Rose (1994) who developed the correlation used

to model condensation at the inside surface of the vessel in the ullage region.

- The condensed water flows back into the HAR and is equal to the heat lost from evaporation of
water from the HAR surface. In reality this may not be case and there may further heat loss
through evaporated liquor. However, previously it is assumed that the vessel vent flow is not
sufficient to disrupt any thermal equilibrium between the vapour in the ullage region and the
liquid HAR. To maintain consistency, it remains justified to assume that the vessel vent flow is
not significant to allow any further heat losses due to evaporation. Again, this is further

confirmed by the validation result depicted in Fig. 6 (b).

- The temperature throughout the cell is uniform. This is considered a reasonable assumption,
because the cell vent flow is low through a large cell volume and with a significant residence

time of xxx mins so that the air is effectively stagnant and heat transfer is by free convection.

- The concrete cell wall acts as a perfect insulator. Table S.1, Fig S.1 and Fig S.2 present the
results from solution to the full natural heat loss problem. These results indicate a significant
drop in temperature across the cell wall (see data in ESM table S1) compared with the
temperature drop across the other heat transfer resistances. Hence, the cell can be considered to
act adiabatically, that is, a perfect insulating material. Therefore, it is assumed there is no further
heat loss beyond the cell wall and the overall resistance network presented in Fig. 3 is only
evaluated up to the inside cell wall during evaluation of the OHTC for natural heat loss. This
means the inner cell surface temperature must be known to allow the OHTC for heat loss to the
surroundings to be evaluated. The temperature of cell inner surface is related to the temperature
of the HAR as indicated by Eq (12). Eq 12 has been developed from the data presented in the
Fig. S2 of ESM.

3.3 Solution methodology
A numerical solution of Eq. (1) provides a prediction for the temperature response of the contents
of the BST. Having established an appropriate time interval, it is possible to numerically determine the

change in the temperature of the BST contents, using Euler’s approximation formula, Eq. (15).

dTyar (15)
dt

The solution procedure adopted to solve Eq (1) using Euler’s approximation formula can be

X At

Tyarltn+1] = Tyarlta] +

summarized by Fig 5. Note that this figure makes reference to the flow logic diagram depicted in Fig 4;

that is, the flow diagram presented in Fig 4 is embedded within the flow diagram displayed in Fig 5.
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START

1. Define variables, initial values and constants based on user inputs; for t < 0,
Tuar = Thage for t = 0, Vygg, Tgp i, Tyt Moy, My, N, At are constants

+

Notify user BST contents |, YES
have reached boiling point.

—{ 2. Compare Tyq[t,] > 368 K ‘
NO |
3. Solves simultaneous non-linear equations for
base and helical cooling coils using GOALSEEK

4. Completes the solution procedure outlined in figure 3 to solve the simultaneous non-linear
equations for natural heat losses using GOALSEEK.

¥
| 5. Calculates OHTCs, U,,[t,], U,[t,] and Uj[t,] using solutions generated in steps 3 and 4. ‘

v
6. Based on data generated in step 5 evaluate
AThar

dt

the gradient

v
7. Based on data generated in step 6 calculates Ty,g[t,] using Euler approximation formula:

dr,
Tuarltn+1] = Tuarltal + % - At

¥

‘ 8. Populate calculated data into excel table

and chart.
¥ 10. Reset variables Ty, and t, repeat
YES 9. Is the iteration number equal to the total NO procedure for the next iteration
END number of iterations Taarlto+1] = Taar[tal
N=N? b1 =1q

Fig 5. Logic flow diagram demonstrating the method used to solve the non-linear ODE, Eq. (1).

The temperature profile generated from the Euler approximation is first order accurate with the size
of the step. In order to be confident of convergence, a predictor-corrector numerical solution procedure
is also used - the trapezoidal formulation, Eq. (16). Provided the results from Euler’s approximation are
within the tolerance specified for the trapezoidal predictor-corrector (TPC) technique, convergence can

be assumed.

dT, A dT, A At (16)
Tharltni1] = Tparlta] + ( (;It : n c;It - n+1) 8 ?

Both numerical solutions require iterations for each time step due the evaluations of the OHTCs

and the various film heat transfer coefficients. These sets of equations are re-arranged by the precedence
ordering technique to facilitate robust solution algorithms for each OHTC. The predictions by both
techniques have been developed as a VBA code for solution in Microsoft Excel®. An example

screenshot of the Excel® model interface is presented within the ESM (Fig. S3).

4. RESULTS & DISCUSSION

Table 3 provides a summary of the computational experiments that have been undertaken and
discussed as part of this research. In this study, the convergence of the Euler solution is investigated by
comparison with a solution using the trapezoidal predictor-corrector technique. This highlights whether
the time step being used is small enough to obtain a converged solution. This was achieved by running
identical simulations, but using different solution techniques once via Euler’s approximation and once
via the trapezoidal predictor-corrector technique. Fig. 6 (a) presents the temperature response prediction

from simulation of a full tank of HAR with a heat rating of 235 W/m3. The cooling water flow to all the
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coils is 0.5 m3/h per coil. Fig. 6 (a) confirms convergence has been achieved; both plots almost directly
overlap one another. The proposed model predicts that, under the conditions outlined above the tank’s
contents will reach a temperature of approximately 70°C over the course of approximately 30 days
regardless of the solution procedure (Euler, trapezoidal) adopted. The conclusions drawn from Fig. 6 (a)

highlight that Euler’s approximation, using a time step, At = 5000 s, provides an adequate converged

Table 3 Summary of computational experiments and simulations undertaken in this research. For

each experiment the volume, heat loading, cooling water flow and vessel vent status are defined.

Cooling
HAR Hear Vessel Numerical
Computational Run  BST contents Water Flow
Rating Venr Solution
Expertment Title No. Volume (nr’) (n°/Tr per
(Pmd) {ON/OFF) Procedure
coil)
Investigation for 1171 (full
la 235 0.5 ON Euler
Convergence tank)
1b 1171 235 05 ON TPC
Validation with Plant
Data
2 810 70 0.5 ON Euler
Varying volume upon ia 200 235 0 ON Euler
loss of cooling and loss | 3.b 400 235 0 ON Euler
af vent supply ic 600 235 0 ON Euler
3.d 200 235 0 ON Euler
e 1000 235 0 ON Euler
3 f 1171 235 0 ON Euler
l.g 1171 233 0 OFF Euler
Misroute of HAL 4 1171 3500 0.5 ON Euler
Varied Cooling Warter 3 a 1171 235 0 OFF Euler
Flow 5b 1171 235 03 OFF Euler
3c 1171 235 0.6 OFF Euler
5.d 1171 235 09 OFF Euler
5.e 1171 233 12 OFF Euler
Comparing Fropased. | gy 1171 235 0.5 ON Euler
Model with
erTEnt: qpproaGh 6.b 1171 3500 0.5 ON Euler
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solution of sufficient accuracy. Therefore, this justifies use of Euler’s solution technique and there is no
requirement to investigate solution convergence by reducing the time step. Future simulations are

computed using Euler’s method with time step, At = 5000 s.

Fig. 6 (b) presents predictions of measured site data from an actual large-scale BST containing
810 m® of HAR material with a heat rating at 70 W/m® and with an equilibrium temperature of 23.4°C,
which is slightly lower than the measured equilibrium temperature of 22.5°C. This model overprediction
provides an acceptable conservative projection, without the recourse of adopting expensive CFD
simulations. It is also noted that there is a considerable level of scatter within the tank temperature
measurements (although both model prediction and experimental data are within acceptable levels of
variation). Fig. 6 (c) provides the temperature response predictions for varying volumes of HAR with
loss of the cooling water supply for a HAR rating of 235 W/m®. A HAR volume of approximately 200 m*
will barely the change temperature. However, with increasing volumes, higher equilibrium temperatures
occur and the highest is around 87°C for a volume of 1171 m®. Such predictions highlight the powerful
advantage of using simplified 1D models for analysis. These predictions are computationally easy to
complete and will give plant operators important insight into expected temperature variations as fill

levels vary, leading to safe low-risk operations.

26.0 90.0
24.0 80.0
22.0 70.0
S 200 S 600
S5 9
Plant Data
Euler E 18.0 E 50.0
= —Model Data =
—Trapezoidal 16.0 400 /
Predictor-Corrector '
14.0
30.0
0 5 10 15 20 25 12.0 0 10 20 30 40 50
0 5 10 15 20 25 Time (days)
Time (days
(days) (b) Time (days) © —V=1171 m3 V = 1000 m3
V =800 m3 V =600 m3
—V =400 m3 V =200 m3

Figure 6 . (a) Temperature-time profiles for a full tank of HAR rated at 235 W/m? by both solutions
at a At of 5000 s. (b) Temperature-time profiles from measured real plant data and model predictions.
(c) Temperature-time predicted profiles for varying HAR volumes and loss of cooling water flow at a

heat rating of 235 W/m®. Colour required for this figure.

The current approach to operations on the Sellafield site is to use the zero-heat loss (ZHL) method,
which results in a linear temperature-time relationship (Sellafield Ltd 2020). Fig. 7 (a) is a plot of
temperature responses by the ZHL and model predictions for a full tank of HAR rated at 235 W/m® with

the cooling water flow active at 0.5 m*/h per coil and with the vessel and cell vent flows active. The

18



Author Accepted Manuscript Chemical Engineering Research and Design 2023

linearity of the ZHL relationship diminishes when allowing for heat losses and reveals the significant
conservation associated with the ZHL assumption. The bubble point of 95°C is reached after
approximately 11 days by the ZHL approach, whereas the model prediction reaches an equilibrium
temperature of 70.4°C after approximately 35 days. A further operational parameter is the ejector strike
temperature, which is 67°C. The ejector strike temperature is the maximum temperature the motive fluid
(steam) can reach in an ejector device. If steam exceeds this temperature this causes low motive flow
and a phenomenon known as breaking the shockwave (striking) occurs. This deteriorates the ejector

performance and can lead to wastage of steam and reduction in operation efficiency.

The ZHL method predicts that the ejector strike temperature will be reached in approximately 6
days. However, the proposed model predicts over double this time (67% longer, approximately 15 days).
Therefore, it appears that the current linear ZHL approach can be significantly overconservative, in
terms of predicted temperature rises. While, such conservatism is clearly beneficial from a standpoint
of risk, the improved modelling with the current approach will allow for a larger envelope of operational
conditions and will reduce costs. Also plotted in Fig. 7 (a) are the predictions of the cascade of
temperatures through the BST system with time; the outside surface of the vessel, the bulk cell and the
inside of the cell temperatures. These data cannot be predicted by the fundamental ZHL approach,

evidencing the greater predictive function of the new model.
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Figure 7 (a) Temperature-time plots predicted by the proposed model and the ZHL approach used in
current operations. b) Plots predicted at higher heat loading by both ZHL and the model. Colour required
for this figure.
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Fig. 7 (b) is a plot of temperatures for a full BST of 1171 m® of HAR, a heating rate of 3500 W/m®
and a cooling water flow of 0.5 m*/h per coil with both vent and cell flows activated. At this higher heat
loading, the temperature-time plot predicted by the proposed model exhibits linearity and follows
closely the ZHL profile. The similarity in predictions is caused by the heat released by the HAR being
orders of magnitude larger than the amount removed by the various heat losses. At lower heat loadings,
the difference in magnitude between the heat generated by the HAR and the heat removal is not so large
and the ZHL is no longer valid. In summary, it becomes clear that at low to medium heat loadings of
HAR, the proposed model provides a useful predictor of the temperature response behaviour of the
contents of the BST. In addition, the ZHL approach fails to provide details of intermediate temperatures,
Q-values and overall heat transfer coefficients, which can all be extracted from the output of the

proposed model.

The cooling impact from the coils in a full tank of HAR rated at 235 W/m® was assessed by
simulations with varied cooling water flows. Fig. 8(a) presents the predicted temperature response for
various cooling water flows. In each simulation, the vessel vent status was switched to “OFF” to isolate
the impact of the coils. Observation of Fig. 8(a) highlights that, as the cooling water flow increases the
impact of the cooling coils becomes less marked. In other words, as the flow is raised the reduction in
equilibrium temperature that is reached becomes smaller. This change can be explained by observation
of the behaviour of the overall heat transfer coefficient with varying cooling water flow as projected by
Fig. 8(b). Fig 8(b) indicates that, as the cooling water flow increases, the coefficient also increases, but
begins to approach a constant value of around 200 W/m? K. This behaviour limits the heat that can be
removed by the cooling coils, and explains the temperature responses exhibited in Fig. 8(a), which
indicates there is a specific point beyond which increasing the cooling water flow will not result in any

further cooling impacts.
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Figure 8 (a) Temperature-time plots predicted by the proposed model (b) Variation of the overall heat
transfer coefficient for the helical cooling water coil with increasing cooling water flows from 0 m*/h
per coil to 1.2 m*/h per coil increasing in increments of 0.3 m*/h per coil. (c) Distribution of heat via the

proposed heat loss mechanisms, cooling water flow 0.5 m*/h per coil. Colour required for this figure.

The impact of the cooling coils relative to the other heat loss mechanisms is presented in Fig. 8(c),
showing the distribution of heat loss via the proposed mechanisms in the BST. Fig. 8(c) indicates the
major heat loss mechanism is via the cooling coils. This agrees with discussion from Turvey and Hone
(2000) during safety examination of the HAST vessels, where the major contributor to heat loss
mechanisms is also suggested to be through the cooling coils (when they are active). This result is to be
expected because the HASTs are also designed for the purpose of storing self-heating liquor. The HASTs
differ only in that they have been designed to handle post evaporative concentrated HAL with
significantly higher heat loading. This reveals that the most effective method for temperature control in

the BSTs is through operation of the cooling coils.
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Figure 9 presents the temperature response upon combined loss of cooling water and vent supply, a
critical safety concern in operation. The data indicate that in this worst-case scenario, the contents will
reach an equilibrium temperature of approximately 89°C, approximately 3°C higher than is predicted if
cooling water supply alone was lost. From an operational stand-point, temperatures are predicted to
remain below the bubble point (95°C), but exceed the ejector strike temperature (67°C). Importantly, the
simulations suggest that cooling from the vent system also has a small, but measurable, impact the
temperature response of the BSTs, and therefore, it is recommended that the cooling vents continue to

be considered in heat transfer assessments of the buffer tanks.
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Figure 9. Temperature-time plots predicted by the proposed model with mechanical cooling vent “ON”

compared to predictions when the mechanical cooling vent is turned “OFF”. Cooling water flows are

turned “OFF” during both simulations. Colour required for this figure.

These findings play an important role in the wider context of nuclear engineering. Staff can use
specific model simulations and results to provide more information from which they can make informed
decisions around plant operations. This will lead to improved efficiency of operations; the plant
operators will have a greater understanding of the length of time they safely store material in the tank
without reaching temperatures outside of the operational envelope. In addition to this, the research
undertaken as part of the development of this model (outlined in detail in section 3 and section 3.1) has
led to an improved understanding of the physical and heat transfer phenomenon occurring in high-level
nuclear waste storage processes. This contributes to the requirement for an improved understanding of
nuclear legacy waste treatment mechanisms that allow safe disposal of radioactive material (Turvey and

Hone 2000, Hanson 2014 and 2015).
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5. CONCLUSIONS
1. A simplified heat transfer model is presented that predicts the temperature response of the

contents of BSTs containing HAR at Sellafield.

2. Expressions for the non-linear overall heat transfer coefficients were derived and solved using

precedence ordering techniques at each time interval (Heggs and Walton, 1998).

3. The solutions presented herein have been generated by 2 separate numerical procedures with

results within + 0.1% of one another, which demonstrate numerical convergence.

4. Results have been demonstrated to show strong agreement with plant temperature

measurements.

5. The results from the model highlight that, in certain scenarios, the BSTs can safely store material
without reaching the ejector strike temperature for approximately 67% longer than is predicted

by current practice (which ignores heat loss).

6. Overall, the greatest contribution to heat loss was through the sets of cooling coils
(approximately 85% of total heat loss) with similar trends having been reported in other

published literature.

7. The simulation results also indicated that the mechanical vent had a notable impact on cooling
the BST vessels; the BSTs reached an equilibrium temperature approximately 3°C higher when

the vessel vent status was switched to “OFF”.
8. The simulation run time for model described in this paper is approximately 20 minutes.

9. Non-specialist operations staff can both access and operate the model to produce results from a
range of scenarios in a short amount of time. This model provides operations staff on the plant
more information from which they can make more informed decisions on how to operate the

facility.
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ELECTRONIC SUPPLEMENTARY MATERIAL (ESM)

RESULTS FROM SIMULTANEOUS SOLUTION OF EQS (4) — (9) FOR A RANGE

OF Tuar = 35°C - 90°C.

Table S.1 — Calculated intermediate temperatures, individual and overall heat transfer coefficients from

simultaneous solution of Eq (4) — (9). The solution procedure is outlined in in figure 3.
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Figure S.1 — Plots of (a) inside vessel heat transfer coefficient (b) outside vessel, inside cell, outside

vessel radiative and outside cell radiative heat transfer coefficient (c) Overall natural heat loss heat

transfer coefficient.
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SCHEMATIC REPRESENTING EXCEL SOLUTION TOOL
The model can be run using an excel solution tool which has a user-friendly interface so that even
those without the required technical expertise can operate the model. Figure S.3 presents a screenshot

of the excel solution tool interface

INPUT VALUES Run Reset ‘ Equibrium Temperature: o
HAR Volume, m” 1171
: ry AR o oo
HAR Heat Rating, Wim 235 Instructions for Model Use = dr 2 Ml HAR
v B 050
Helical Cooling Water Flow, m in per coil The user can create the desired scenario using the Input Values section on the lef. Ifthe user wishes to Based
Vessel Vet (ONJ OFF) on express a scenrio where tnere is a volume adaiton of HAR liquorto the tank of difering heat rating to that Tuan €1 Time () e L. (Wi
existing in the tank, the Volume Additions section ean be used to calculate the new overall HAR rating. 0 25
Time Step, s 5000 This new HAR rating must then be speciied in the user inputs. ko)
) o0 | pwoes | ponzr | ao: 2550
Inifial Temperature, K 308 ] 20000 | 29856 p=) i) So001
ET] FE ST =3 £ E
| Helcal Coil Temperature, k 203 21 e 2 e o
Base Call Temporature, K. 293 The model salufion can then be generated by clicking the "Run’ buton abave. This will begin an 35000 2 ER ETES
of code (see Visual Basic Application Hodule1) which Soives the equation by 02, 30045
Vessel Vent Temperature, K- 203 Eulers method populating tne table to the right and graph below. This data i a plot of the variation of the g 0 S0 | zsoee 2 kS e
temperature of the HAR liquar in rafinate tanks with time based on the user specified conditions. 2 i M- mmm e
7 ] oooo0 | zesre | omeoe | aw 050
The development of the equation, as well as the theory upon which the model is based is detailed in the E] il = N N 12 it}
‘Calc Theory” Sheet of this excel file 35:1 g: 70000 29995 299, igg :fctulw‘;z
Base Coaling Water Flow, mhr per coil 3 e 20 Sne
7 06 i 305 EGET)
— 350 i a0 Soist
— 532 S g Smes
0 ET] F 30 EGi
- ET 51 i) ENE3
— T ] 300 ERES
w0 400 i o, 007
tbous sansaris salsulsrsdasedon e ualess o0 0z 5t 300 0217
40 K] 300 £k eIl
5 06 S 300 S5 Tz
e 405 i3 300 0248 Tt
VOLUME ADDITIONS - E K= e
s 5 a1z 515
Start HAL Volume, m 500 2 e EiH 15000 ke
9 g 46 ki 5000 T
Wim s
Starling HAL Heat Rating, Wim 235 H i i 500 i
T B I A 11 T2
Added HAL Volume, m3 100 § =0 =2 H3 Tic000 T
— 424 i 000 i
Added HAL Heat Raling, Wim 3500 T50m I
[ esono | )

Eq. (1) to generate a temperate profile for the contents of the BST. The interface is suer friendly so that

even those which lack the required technical expertise can operate the model.
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