UNIVERSITY OF LEEDS

This is a repository copy of Predictions of Heat Transfer and Flow Circulations in
Differentially Heated Liquid Columns With Applications to Low-Pressure Evaporators.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/85931/

Version: Accepted Version

Article:

Panesar, JS, Heggs, PJ, Burns, AD et al. (2 more authors) (2015) Predictions of Heat
Transfer and Flow Circulations in Differentially Heated Liquid Columns With Applications to
Low-Pressure Evaporators. Heat Transfer Engineering, 36 (14-15). 1177 - 1191. ISSN
0145-7632

https://doi.org/10.1080/01457632.2015.994459

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Predictions of Heat Transfer and Flow Circulations in Differentially Heated Liquid

Columns with Applications to Low Pressure Evaporators

Jujar S. Panesar, Peter J. Hegg$ Alan D. Burns', Lin Ma*, Stephen J. Grahan

! Energy Technology Innovation Initiative, University of Leeds, Leeds, LS2 9JT
2 School of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9JT

® National Nuclear Laboratory Ltd, Chadwick House, Warrington Road, Warrington, WA3

6AE

Address correspondence to Professor Peter Heggs, School of Chemical and Process

Engineering, University of Leeds, Leeds, LS2 9JT. E-mail: P.J.Heggs@leeds.ac.uk



ABSTRACT

Numerical computations are presented for the temperature and velocity distributions of two
differentially heated liquid columns with liquor depths of 0.1 m and 2.215 m respectively. The
temperatures in the liquid columns vary considerably with respect to position for pure
conduction, free convection and nucleate boiling cases using 1D thermal resistance
networks. In the thermal resistance networks the solutions are not sensitive to the type of
condensing and boiling heat transfer coefficients used. However these networks are limited
and give no indication of velocity distributions occurring within the liquor. To alleviate this
issue, 2D axisymmetric and 3D CFD simulations of the test rigs have been perféh@ed.
axisymmetric conditions of the 2D simulations produce unphysical solutions; however the full
3D simulations do not exhibit these behaviours. There is reasonable agreement for the
predicted temperatures, heat fluxes and heat transfer coefficients when comparing the boiling

case of the 1D thermal resistance networks and the CFD simulations.

This work was undertaken by the University of Leeds and National Nuclear Labot#dory
as part of our ogoing support of Sellafield Ltd’s operations. The work was funded by the
EPSRC, National Nuclear Laboratory Ltd and Sellafield Ltd/NDA through an EPSRE CAS

award.



INTRODUCTION

In the UK, during refuelling of nuclear reactors, fuel bundles are removed and stored
in spent fuel ponds to allow short lived fission products to decay. After a suitable length of
storage, the fuel bundles are sent to the Magnox or Thorp facilities at the Sellafield nuclear
reprocessing site (hereinafter referred to as Sellafield), depending on the typetaffrean
which they originate. The spent fuel is dissolved in nitric acid where solvent extraction and
other processes occur [Epr further details of highly active waste management at Setlafiel
the reader is referred to Upson [2]). One of the products of this process is highly active liquor
which is sent to several low pressure (0.1 bar) kettle type evaporators currently in operation at
Sellafield. The purpose of the evaporators is to boil the highly active liquor, thus reducing its
water content and causing it to become more concentrated with a much lower volume. The
evaporation of highly active liquor occurs prior to vitrification into solid glass and long term
storage. The Sellafield evaporators depicted in Figure 1 operate by condensing dry saturated
steam inside an external heating jacket and inside a number of helical coils which are

submerged within the highly active liquor.

The liquor fill height of the Sellafield evaporators is approximately 2 m from the base
The saturation temperature of the liqu®igreatest at the base of the evaporator due to the
contribution of the hydrostatic head, and lowassihe free surface. Hence it is hypothesised
that a subcooled boiling region may exist with respect to liquor depth inside the Sellafield
evaporators as shown in Figure 1. In region A, sensible heating increases the temperature of
the bulk liquor whichapproactesthe saturation temperature. In this region liquor circulations
are prevalent due to natural convection. In region B, the conditions are met for the onset of
nucleate boiling. The local wall superheat produces vapour bubbles at nucleation sites which
will condense back into the liquor; or detach and become carried away with the circulations

of the liquor where it will grow in size and escape at the free surface. In region C, the wall



and bulk liquor are at saturated conditions where boiling takes place. At the walls, vapour
bubbles are continuously formed and detached which escape at the free surface. At the free

surface flashing occurs which contributes to the generation of vapour.

During the evaporation process crystalline salt solids are formed which may settle on
the bed of the evaporator or stay in suspension due to the density variations within the liquor.
The presence of these crystalline salt solids may affect the position of boiling and circulations

within the liquor.

The highly active liquor is highly corrosive. The lifetime of the various heating
components are limited by the rate of corrosion of the heat transfer surfaces, which is
function of the temperature at the heat transfer surface [3]. Hence accurate predictions of

temperature and flow distributions inside the Sellafield evaporators are highly desirable.

It is difficult to monitor heat transfer, boiling and multiphase flow components of the
Sellafield evaporators and to directly relate the results to the predictions of internal surface
temperatures and flows. To address this issue National Nuclear Laboratory Ltd have
commissioned two small scale non-radioactive test rigs to characterise the transport
phenomena occurring within the Sellafield evaporators, illustiatédgure 2. The two test
rigs have a diameter of 0.1 m and metal base plate thickness of 0.02 m, but different fill
heights of 0.1 and 2.215 m (hereinafter referred to as the short and tall test rigs respectively).
The fill height for the short test rig has a 1:1 ratio between the fill height and vessel width,
which is close to the aspect ratio found in the Sellafield evaporators. The fill height of the tall
test rig is similar to that found in the Sellafield evaporators, astdéen chosen such that the
hydrostatic pressure dependence of heat transfer and the fluid circulations occurring in the
tall test rig @nbe studied. The tall test rig also has two features not found in the short test rig:

(i) a central draught tube to provide a similar core to annulus ratio as found in the Sellafield



evaporators; (ii) three circumferential heating jackets which provide additional heating to the

liquor.

The test rigs operate by condensing saturated steam on the lower surface of the
stainless steel base plate, where the upper surface of the base plate is in contact with the
liquid column. In addition, for the tall test rig, the three heating jackets are set to temperatures
of 50, 60 and 70 °C for the upper, middle and lower heating jackets respectively. The ullage
pressure and temperature is maintained at a saturation pressure and temperaturerof 0.1 ba

and 45.8 °C respectively.

Heat transfer across the boundaries of the liquid column causes density variations in
the liquid which lead to flow circulations. The position of the boiling within the liquid
column greatly affects the circulations. Depending upon the pressure head of the liquid
column, boiling can occur on the top surface of the base plate, or close to the free surface of
the liquid column. In the latter case, the internal circulation will be equivalent to an
unconstrained thermosyphon reboiler situation [4], with the generation of vapour greatly
increasing the circulation. The temperature distributions within the liquid column will
significantly affect the temperatures of the heat transfer surfaces, which are essential
requirements for the estimation of rates of corrosion of the surfaces. It is an essential

requirement to understand where boiling will occur with respect to liquor depth.
Previous Studies

Previous studies have been conducted to obtain a more accurate understanding of free
convection, boiling and condensation inside the test rigs. Geddes et al. [3] performed an
iterative calculation procedure based on the precedence ordering technique [5] to estimate the
heat flux and temperature distribution over the length of the internal coils of the Sellafield

evaporators. They assumed boiling did occur at the coil surface, and tested and compared a



number of correlations for the boiling heat transfer coefficient. The largest disagreement for
the coil surface was 9°C when using different correlations for the boiling heat transfer

coefficient.

Wakem et al. [1] presented an overview of the heat transfer modelling work that was
undertaken between National Nuclear Laboratory Ltd and Sellafield Ltd to remove
conservative predictions on the condition of the Sellafield evaporators. The paper presents a
thermal resistance methodology to estimate the wall superheat. It was estimated that surface
temperatures were high enough to initiate nucleate boiling at the heat transfer surface that
was under investigation. A CFD investigation was also conducted, modelling one of their
experimental test rigs as a 2D rectangular slice through the centre, and using water as the
liquor in a single phase convection simulation. The velocity and circulatory behaviour of the
simulated liquor was a function of plate and wall temperatures. In addition to the simulation
of the experimental test rigs, a preliminary CFD investigation of heat and fluid flow localised

atthe base of the Sellafield evaporators was conducted.

Perry and Geddes [@ked Nusselt’s analytical approach of condensation on a vertical
flat surface [7] and extended it to account for the condensation on the outer surface of the
toroidal section of the Sellafield evaporators (i.e. the external heating jacket as shown in
Figure 1). Using the same assumptions as those used by Nusselt [7], the analytical
condensation model by Perry and Geddes [6] attempts to account for increasing condensate
thickness down the walls. The model was presented in terms of a local heat transfer
coefficient. The model was compared to a mean condensation heat transfer coefficient and

showed general agreement.

Aims



The aims of this paper are to provide a greater understanding of the heat transfer and
fluid circulations in the test rigs, and to develop simple numerical models to predict these
behaviours. As CFD simulations can become computationally prohibitive with respect to
complexity, available resources and time, a simple technique is desirable to estimate the
temperatures and heat fluxes occurring in the test rigs without using CFD. The temperatures
and heat fluxes can be compared to CFD models to ascertain if agreement between the two
methods exists. Additionally fluid circulations are difficult to monitor directly inside the test
rigs when using experimental methods. CFD simulations are used to estimate the fluid
circulations occurring inside the test rigs. Furthermore this paper aims to clarify if symmetry

boundary conditions can be used to model buoyancy driven flow within the test rigs.

THERMAL RESISTANCE INVESTIGATION

The temperatures and heat fluxes in the test rigs are predicted by thermal resistance
networks which accommodate condensation below the base plate and conduction through the
base plate, and three conditions in the liquor above the base plate by pure conduction, free
convection and nucleate boiling. This involved generating a system of equations which

describes the transport of heat through thermal resistances.

Several assumptions have been included in the thermal resistance investigation: the heat
transfer analysis is 1D in the vertical y direction; two temperatures in the system are known
(Dirichlet boundary conditions) which are the steam and ullage temperatures, or the steam
and liquor saturation temperatures. For all three cases the common steam temperature is
126.9°C, and for the pure conduction and free convection cases the ullage temperature is
45.8 °C corresponding to the ullage saturation pressure of 0.1 bar. For the nucleate boiling

cases the saturation temperatures of the liquor are 51.7 and 70.4 °C for the short and tall test



rigs respectively. The liquor is water and no fouling exists on the heat transfer surfaces. For
the pure conduction case for the liquor, the thermal conductivity of water is constant

throughout the liquid column. For the free convection case it is assumed that no boiling

occurs, and the liquor is divided by two rotating convection cells between the upper plate and
free surface. For the boiling case it is assumed that nucleate boiling occurs at the heat transf

suface. Radiation heat transfer is ignored and the side walls are adiabatic. The thermal
resistance networks of the three cases are illustrated in Figure 3. Due to the non-linear
correlations for the condensation, convection and boiling heat transfer coefficients that are
used the values of the unknowns are solved for iterafiuslgg a numerical program written

in MatLab which used the Newton Raphson iterative technique. Curve fitted correlations are

used for the thermophysical properties of water and steam as a function of temperature [8].
Test Case (a)Pure Conduction Through The Liquor

Figure 3 (a) represents the thermal resistance network diagram for the pure
conduction through the liquor. There are four resistances in sequence described by equations
(1) to (4). Equation (1) describes the condensation resistance underneath the base plate.
Equations (2) and (3) describe the conduction resistances through the base plate and liquor
respectively. Equation (4) describes the free convection resistance in the ullage region. The
four unknown values to be determined are the heat flux, lower plate temperature, upper plate

temperature and free surface temperature.

q= (Tstm - Tpl)/Rl = acsn(Tstm - Tpl) (l)
q= (Tpl - Tpu)/RZ = (é)plate (Tpl - Tpu) (2
q= (Tpu - Tfs)/R3 = (;_y)liq (Tpu - Tfs) 3

q= (Tfs - Tulg)/R4 = acvn(Tfs - Tulg) (4)



Two correlations for the condensation heat transfer coefficient in equation (1) are used
independently of each other: (i) the analytical Nusselt [7] heat transfer coefficient for the
condensation of vapours on vertical flat plates; and (ii) the empirical Gerstmann and Griffith
[9] heat transfer coefficient for the condensation of vapours underneath downward facing

surfaces. The Nusselt heat transfer coefficierggthle form as shown in equation (5).

1/4
pi(pi—pg)ghy4L® /

tiA(Tsem=Tp1)

QAcsnL

Nu = Tl: 0943[

(5)

The enthalpy of vaporisation inukelt’s correlation is replaced with an augmented enthalpy

of vaporisation [10] which takes into effect the condensate subcooling as shown in equation
(6).

hig = hyg+0.68C,(Tstm — Tp1) (6)
The Gerstmann and Griffith [9] condensation heat transfer coefficient is formulated in terms

of a Rayleigh number in the following equation:

u= {O.69RaO'20 106 < Ra< 108 (7)
0.81Ra%1?? 108 < Ra < 10%°

The Nusselt and Rayleigh numbers in equation (7) are defined as follows:

N Toon - 0.5 3

u= A (g(Pz—Pg)> ®

Ra = gpl(Pl_Pg)hl,g ( g )3/2 (9)
Hl(Tstm_Tpl)/ll g(Pl_pg)

The free convection heat transfer coefficianthe ullage region in equation (4 i
treated as a hot surface facing upward from the free surface (or a cold surface facing

downward) [11] as shown in equation (10).

aoml _ 0.54Ra'/* 10* <Ra<10” Pr=>0.7 (10)

Nu = =
A 0.15Ra'’3 107 <Ra< 10 allPr
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The Rayleigh number is defined as:

gBATL3

Ra = GrPr = —

(11)
Test Case (b): Free Convection In The Liquor

The network for free convection in Figure 3 (b) has five sequential thermal resistances.
The bottom two are identical to the previous case which are condensation on the lower
surface of the base plate and conduction through the base plate described by equations (1)
and (2) respectively. The next two resistances in Figure 3 (b) represent free convection in the
liquor. It is assumed there are two rotating convection cells inside the liquid column which
are treated as a hot surface facing upward from the upper plate as shown in equation (12), and
a cold surface facing downward from the free surface as shown in equation (13) [11], and
hence the heat transfer coefficients are treated by equation (10). The free convection
resistance in the ullage region is also identical to the previous case described by equation (4).
Hence the governing equations for the free convection case are equations (1), (2)) (4), (12
and (13), and the five unknown values thatta be determined are the heat flux, lower plate

temperature, upper plate temperature, mid liquor temperature and free surface temperature.
q = (Tpu = Tiig)/Rs = @eon(Tou — Tuiq) (12)
q = (Tug — Tys)/Ra = con(Tiiq — Trs) (13)

Test Case 3: Nucleate Boiling In The Liquor

The network diagram for nucleate boiling in Figure 3 (c) has only three resistances. The
thermal resistances described by equations (1) and (2) in the pure conduction case remain
applicable for the nucleate boiling case. Equation (14) describes nucleate boiling occurring at

the upper plate surface. Hence the governing equations for the nucleate boiling case are
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equations (1), (2) and4), and the three unknown values to be determined are the heat flux,

lower plate temperature and upper plate temperature.

q= (Tpl - Tsat)/R3 = aboil(Tpl - Tsat) (14)

It is assumed that nucleate boiling occurs at the upper plate surface, where the
saturation temperature corresponds to the liquor depth. The saturation tempesature i
determined using\ntoine’s vapour pressure correlation as shown in equation (15), using the
constants by Linstrom and Mallard [12], which are 5.20389 bar, 1733.926 °C and -39.485 °C
for A, B and C respectively. The saturation temperatures are 51.7 and 70.4 °C dbotthe
and tall test rigs respectively, corresponding to 0.1 bar ullage pressure and the liquid column

hydrostatic pressure head. At the free surface it is assumed the liquor flashes to vapour.

B
C+Tsat

logyo Psar = loglO(Pulg + pgAh) =A- (15)

Six individual correlations for the nucleate boiling heat transfer coefficrentsed in
equation (14). The first correlation used for the boiling heat transfer coefficient is the Forster

and Zuber [13] correlation defined as:

0.24 0.75
0.00122(Tpi~Tsar) ~ (Ppr—Psar)  Cpi**pf*°207° .
Tboil = G0 R0 23 28 (16)

The second and third correlations used are the Mostinskii [14] and Bier et al. [15]
correlations, which share the same expression for heat transfer coefficient shown onequati
(17), however differ by their definition for the pressure correction factor as shown in

eqguations (18) and (19) respectively.
apoi = 0.00417P2%%¢%7F, (17)
Fp = 1.8P2Y + 4P3? + 10P3° (18)

Fp = 21P2%7 +[9 + (1 — P3)~'|P? (19)
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The fourth and fifth correlations used are the Cooper [16] and Rohsenow [17] boiling heat

transfer coefficients, shown in equations (20) and (21) respectively.
Apoii = 556-10.67P1?-12_0-2103RP (_ IOg PR)—O.SSM—O.S (20)
Apoil = c1/033 (21)

In the Rohsenow correlation in equation (21) C is defined as:

Csrhig Al Uihyg 9(pi-rg)

-0.33
C= Cp(Tpi—Tsat) (Cpﬂz)_n (aboil(sz—Tsat) o ) (22)

The exponent n is taken as unity, which is valid for boiling water (and 1.7 for othe)) fluids
[18]. The value of the surface finish is dimensionless, and values can be obtained from
Collier and Thome [19]. For this investigation its value is taken as 0.0080. The sixth

correlation used is that by Gorenflo and Kenning [20] as shown in equatijon (23

\n /g 0133
abouzaon (i) (_p) (23)

do Rpo

For boiling water, the pressure correction factor is calculated using equatjon (24

F, = 1.73P3%" + (6.1 + =) PZ (24)

0.6
1-Pg
The exponent n for boiling water is determined as follows:
n=09-03P3" (25)

The values for the reference heat transfer coefficient, surface roughness and heat flux are
5600 W/nf-°C, 0.4 um, and 20,000 W/m? respectively. Hewitt et al. [18] report that there are
large deviations between the boiling heat transfer coefficients, and no general guidelines can
be provided on the boiling correlation that should be used. The wall superheat required to
initiate nucleate boiling for each test case is calculated using the Davis and Anderson

correlation as shown in equation (26).
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80TsqtVq
ATong = Tpu — Tsar = (JhT;l/q> (26)

Thermal Resistance Investigation Results

The results from the thermal resistance investigation for the three cases (case (a) pure
conduction through the liquor, case (b) free convection in the liquor and case (cYenuclea
boiling in the liquor) are tabulated in Tables 1, 2 and 3 respectiVké/overall heat transfer
coefficients are orders of magnitude lower in cases (a) and (b) than in case (c). This is
because the values of the free convection heat transfer coefficient in the ullage region are
small which reduces the overall heat transfer coefficient. Hence the free convectiorl therma
resistance in the ullage region is the limiting resistance in cases (a) and (b). In case (c) the
limiting thermal resistance is conduction heat transfer through the base plate. However all
three cases share the same conduction thermal resistance through the base plate, and in all
three cases their resistance values are the same. To reduce the conduction thermal resistance,
and consequently increase the heat flux through the system the thickness of the base plate
should be reduced, or alternatively a base plate material with a higher thermal conductivity

should be used.

In case (c) with the exception of the Cooper correlation, all boiling heat transfer
coefficients are in agreement, despite their very diverse formulations. Rohsenow et al. [20]
report that the square root of the molecular weight in the Cooper correlation is an
oversimplification which can yield significant errors in the value of the boiling heat transfer

coefficient.

Figures 4 and 5 are plots of the temperature variation with height, starting at the lower
plate surface up to the free surface for cases (a) and (b), and up to the upper plate surface for
case (c)- boiling of the liquor. For case (c) the temperature difference between the lower and

upper base plate surfaces are in agreement despite the very diverse boiling and condensation
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correlations used. For all boiling heat transfer coefficients, the temperature difference
between the upper plate surface and liquor saturation exceeds the calculated wall superheat

required to initiate nucleate boiling when calculated using equation (26).

There is very little variation in the solutions when using either the Nusselt or
Gerstmann and Griffith condensing correlations on both test rigs. This is because the thermal
resistance due to conduction in the baseplate removes any sensitivity of the solution to using

different condensation or boiling heat transfer coefficients.

CFD INVESTIGATION

A limitation of the thermal resistance investigation is that it does not provide
information regarding the circulation of liquor, such as liquor velocities and direction.
Instead, assumptions had to be made based on the number of convection cells occurring
within the liquid column (free convection cases) or the position of boiling inside the system
(nucleate boiling cases). Furthermore the thermal resistance investigation was only 1D hence

further information is required of the heat transfer and circulations inside the test rigs.

CFD simulations are performed of the two test rigs and their results compared to the
results from the thermal resistance investigation. For the short test rig, simulations on 2D
axisymmetric and a full 3D geometry is performed to ascertain if axisymmetric conditons ar
a viable alternative to a full 3D simulation. Furthermore a full 3D simulation is performed on
the tall test rig. The commercial code Ansys CFX v14.0 is used to perform the CFD

simulations.

Upon start-up the thermal behaviour of the liquor in the test rigs will be dominated by
pure conduction for a finite time, until a critical Rayleigh number is achieved wherein free

convection will dominate until phase change takes place. The primary time of intetést for
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CFD cases is when phase change occurs in the bulk liquor. During this time a pseydo stead

state condition may exist where flow features may repeat periodically.
Boundary Conditions

The free surface and ullage region is modelled as an opening with pressure and
temperature equal to the ullage pressure and temperature which are 0.1 bar and 45.8 °C
respectively. In the short and tall test rigs, ambient heat loss from the non-jacketed side walls
and from the non-insulated sides of the base datgken into consideration. At the vertical
sides of the baseplate, the correlation recommended by Churchill and Chu [22] as shown in

equation (27) is used. The ambient outside temperature is taken as 26.9 °C.

1/6
Nu = et — (0.825 4 — 223782 27
A ( [1+(0.492/Pr)9/16]% % @)

At the non-jacketed walls of the liquid columns an average heat transfer coefficient is used

which takes the wall glass thickness,into consideration as shown in equation)(28

Awa = (zS_x);l (28)

A

glass @%cvn

In the tall test rig the top, middle and bottom heating jackets are set to fixed wall
temperatures of 50, 60 and 70 °C respectively. In both test rigs, condensation underneath the
baseplate is not directly modelled; instead the Nusselt [7] heat transfer coefficient described

by equation (5) is applied with an outside steam temperature of 126.9 °C.

Within the liquid column, the IAPWS IF97 formulation is used to model the fluid to
capture the pressure dependence of the thermophysical properties of water. With this an
implicit method of detecting phase change is used by defining a new variable Ttakead
defined by equation (29). Using this definition[Tif is more than 0 then boiling may occur,

and if T* is less than 0 boiling may not occur. The saturation temperature is not provided
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directly by the CFD solver. This is defined by using the Antoine’s vapour pressure equation

as shown in equation (15) which is inputted as a user expression, as shown in equation (29).

T* — Tiocat—Tsat (29)

Tsat

The CFD simulations are based on single phase, transient turbulent flow uding the
o SST turbulence model [21]. This generally provides good predictions to flows which
involve strong streamline curvature, adverse pressure gradients, wall bounded flows and flow
separations. This is achieved by switching betweemnde¢ formulations near and far from
the wall respectively. Furthermore thke @ SST model has the added benefit of accounting

for the transport of turbulent shear stress.
Convergence Strategy

A pseudo steady state condition may exist in the bulk liquor. A steady state analysis is
first performed to achieve as close to a steady state solution as possible. Then to achieve final
convergence the steady state remulised as the initial condition for a transient simulation.

The convergence strategy used is to first solve a pure conduction simulation (no flow, no
turbulence modelling) with a large false time step for the fluidsaid domains shown in
equation (30). The thermal diffusivity term in equation (¥¢alculated independently for

the solid (baseplate) and fluid (liquor) domains.

L2

5t ~ = (30)

The result for the pure conduction casehien used as the initial guess for a free
convection steady state simulation using first order upwind schemes for the advection
numerics. This in turn is used as the initial guess for a more accurate simulation using high

resolution schemes for the advection numerics. The false time step for the steady state
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simulations in the fluid domain is determined by using the relationship shown in equation

(31) [23].

D

ot ~ BgAT

(31)

All of the measures up to this poiate to ensure a suitable initial guess for a final
transient simulation which is computed for 30 s for the short and tall test rigs. 30 s simulation

time is arbitrarily chosen to ascertain if periodic flow features occur within this window.

In the transient simulations high resolution numerics for the advection scheme and a
second order backward Euler method for the transient scheme are used. An adaptive time
stepping approach is taken which allows the solver to select a suitable time step for
convergence. For the adaptive time stepping configuration, the minimum and maximum time
steps chosen are 0.01 and 29 s respectively. The minimum and maximum number of
coefficient loops is 1 and 6 respectively. Lastly the time step decrease and increase factors are

0.75 and 1.1 respectively.

Convergence of each simulation is ensured by letting the root mean square and
maximum non-dimensionalised residuals of the momentum, mass, energy and turbulence
equations fall to at least 0 Additionally to ensure conservation of the solved equations
domain imbalances are monitored at the end of every simulation to ensure that they are less
than 0.01 % of the maximum imbalance over the entire domain. For the transient simulations
using the adaptive time stepping approach, the solver computes a suitable time step within the
minimum and maximum range of time steps and coefficient loops. The time step is computed
based on the convergence criteria. The solver attempts to increase or decrease the time steps
using the increaser decrease factors, which are used based on successful convergence of

each equation per coefficient loop calculation. Lastly the values of temperature and velocity
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at selected monitor points inside the domain are recorded during the simulation to monitor for

pseudo steady state periodic flow features.

Mesh Resolution

All of the geometries conform to a standard coordinate system as shown in Figure 6
(a). Hexahedral elements are used in all of the meshes for all of the geometries. Pertinent
flow features are well resolved such as near wall inflation as shown in Figure 6 (b). Near wall
inflation is used to ensure that the dimensionless wall distgfice less than 1 during the
simulations in order to capture the boundary layer resolution. This allows the full benefit of
thek - w SST turbulence model to be harnessed since a low Reynolds number formulation
can be achieved inside the boundary layer. To minimise numerical diffusion, structured
meshes are generated, where the elements are positioned in the general direction of flow as
shown in Figure 6 (c - f). To minimise discretisation error the mesh quality, element
skewness and element orthogonally for every mesh is checked, and significant errors in the

mesh are rectified.

Mesh independence studies are conducted on all of the simulations presented in this
paper. The variables that are ensured to be mesh independent are the wall heat fluxes, wall
temperatures and fluid velocities at pertinent locations within the geometry. After mesh
independence studies the final mesh for the 2D axisymmetric case produces a mesh with
39330 elements (Figure 6 (d)). For the short test rig full 3D case, the final mesh after the
mesh sensitivity study produces a mesh with 422940 elements (Figuie lGagtly, for the
tall test rig full 3D case, the final mesh after the mesh sensitivity study produces a mesh with

1205952 elements (Figureg(f)). These meshes are used to compute the final CFD solution.

CFD Investigation Results
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The CFD simulations consist of three casesa @p axisymmetric geometry for the
short test rig, (ijafull 3D geometry for the short test rig, and (aijull 3D geometry for the
tall test rig. The Cartesian coordinate system defined in Figure 6 (a) is used as a reference to
present several plots of time averaged variables with respect to planar x or z directions, at
different vertical y positions. The time averaged results are presented after the initial transient

has dissipated sufficiently.

Figure 7 illustrates the time average velocity vectors superimposed onto time average
T* contours for thex — y plane for the short test rig. The size of the velocity vectors are
arbitrary and are used only to indicate circulation patterns occurring within the liquor. The
circulations of liquor are in disagreement between the 2D axisymmetric and the full 3D
geometries for the short test rig. In the 3D geometry liquor is driven vertically upwards at the
walls and returns vertically downward at the centreline. Conversely in the 2D axisymmetric
case the liquor is driven upward at the walls and the centre line (where the symmetry plane
occurs) and driven down the middle of the geometry. The simulations using a 2D
axisymmetric geometry produce an unphysical solution because the imposition of
axisymmetry enforces an unstable solution which is broken in the simulations using a full 3D
geometry. In the 2D axisymmetric case, the instantaneous time-dependent solution is forced
to be axisymmetric. In the full 3D case the instantaneous time-dependent fields are not
restricted to be axisymmetric. The time-averaged 3D solution is axisymmetric; howsver th

axisymmetric solution cannot be predicted using 2D axisymmetric conditions.

There is moderate agreement for the contours of time avérage both 2D
axisymmetric and 3D cases. Ttime-averagedl™* is more than O close to the upper plate
surface. This implies phase change is likely to occur close to the upper plate surface since the

local temperature has exceeded the local saturation temperature for the liquor.
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Figure 8 is a plot of time average temperature and velocity for both 2D axisymmetric
and full 3D geometries for the short test rig, in xhey plane. The effects of the unphysical
solution which the 2D axisymmetric simulation produces are seen. The 2D axisymmetric
geometry over predicts the values of temperature at the centrelm®.00 m) and at the
walls (x = 0.05 m), and over predicts the values of velocity at the centreline (x = 0.00 m)

when compared to the equivalent 3D geometry.

Figure 9 is a plot of time average temperature and velocity for the full 3D geometry
for the short test rig, in the— y plane. In this plot results from the 2D axisymmetric case are
absent since the 2D axisymmetric geometry exists only ix thg plane. In Figure 9 the
values of time average temperatures and velocities imthgplane are largely the same as
the values of the time average temperatures and velocitiesxa-thplane. This suggests the
full 3D short test rig does produce axisymmetric time-averaged results. Due to the unphysical
results which are produced using 2D axisymmetric conditions, only a full 3D simulation of

the tall test rig is performed.

Figure 10 illustrates the time average velocity vectors superimposed onto time
averager* contours for thex — y plane for the 3D tall test rig at the bottom, middle and top
sections of the test rig. The pattern of velocity circulations show the liquor is driven down the
walls and up the centre, which contrasts in behaviour for the 3D short test rig which does not
contain a draught tube. The presence of the draught tube in the tall test rig forces flow
reversal in the liquor. This suggests the draught tube has a large influence on the circulations
of the liquor. Since the draught tube in the tall test rig is implemented to represent the heating
coils of the Sellafield evaporators (see Figure 1), it can be hypothesised that the psésence
the coils in the Sellafield evaporators may have a similar effect on the liquor in the
evaporatorsin Figure 10 at the lower test section the liquor is subcooled, wWrei® less

than 0. In the mid test section the liquor begins to become superheatedviseneore than
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0, and increases in value at the top of the test section at the free.slinatiene averagé*
contours suggest significant flashing from liquid to vapour may occur at the free surface

since the pressure dependence of the saturation temperature is reduced here.

Figures 11 and 12 are plots of time average temperature and velocityxir thend
the x — z planes respectively. Symmetric conditions are largely found fotirtteeaverage
temperature and velocity profiles for the tall test rig inXhey andz—y planes respectively
However in comparison to the short 3D case the free surface temperatures for the tall test rig
(at y = 2.225 m) vary significantly with position. Where as in the short case the free surface

temperature (at y = 0.12 m) remains largely symmetric.
Comparisons Between The Thermal Resistance and CFD Investigations

The area average temperatures, wall heat transfer coefficients and heat fluxes are
computed and are presented in Table 4 for the CFD investigations. There is poor agreement
between thermal resistance results for cases (a) and (b) in Tables 1 and 2 and the CFD results
in Table 4. The heat transfer coefficients produced by CFD at the upper plate are similar in
orders of magnitude to nucleate boiling. The results in Tables 1 and 2 from cases (a) and (b)
in the thermal resistance investigation do not predict nucleate boiling so have poor agreement
with the CFD results in Table 4. Table 3 for case (c) of the thermal resistance investigation
however provides reasonable agreement since the heat transfer coefficients used in case (c)

are for nucleate boiling which may occur as shown by the CFD results.

CONCLUSIONS

Thermal resistance networks are a computationally inexpensive tool to predict
temperatures, heat transfer coefficients and heat fluxes in a heat transfer system when

compared to complex CFD simulations. There is poor agreement between pure conduction
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and free convection thermal resistance cases and the CFD investigation. There is however
reasonable agreement between the nucleate boiling case and CFD investigations. In the
nucleate boiling thermal resistance case there is good agreement between the six different
boiling heat transfer coefficients used, and the solutions in all three thermal resistance cases

are not sensitive to the type of condensation heat transfer coefficient used.

Poor flow physics is observed in the 2D axisymmetric geometry in the CFD
simulations of the short test rig because the symmetry planes enforce an unphysical solution
which is broken in the simulations using a full 3D geometry. Hence using 2D axisymmetric
conditions to model buoyancy driven flow in the test rigs is not prudent, even if the 3D
solution is symmetricT* distributions in the short test rig indicate that nucleate boiling at the
upper plate may occur, and in the tall test rig Thedistributions indicate that the liquor is
heated above its saturation temperature in the upper regions of the test rig. The CFD
simulations have shown that phase change in the liquor is highly dependent on the pressure

head of the liquid column.

NOMENCLATURE

Cp Specific heat capacity at constant pressure, J/kg-K
Csr Constant depending on surface finish

Fp Pressure correction factor

g Gravitational acceleration, m/s

h Enthalpy of vaporisation, J/kg

h' Augmented enthalpy of vaporisation, J/kg

k Thermal diffusivity, /s
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L Characteristic length, m

P Pressure, bar

q Heat flux, W/m

R Thermal resistance,’iC/W

Rp Roughness parameter, um

T Temperature, °C

t Time, s

U Overall heat transfer coefficient, Wirk
Greek Symbols

a Heat transfer coefficient, WmfC
B Expansion coefficient, °€

&y Vertical position, m

ox Horizontal position, m

ot Time step, s

A A change in a property

A Thermal conductivity, W/m-°C

v Kinematic viscosity, Ats

m Viscosity, N-s/rh

p Density, kg/mR

o Surface tension, N/m

Dimensionless Groups



Gr
Nu
Pr
Ra
T

Subscripts

boil

csn

con

lig

ONB

pu

plate

sat
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Grashof number
Nusselt number
Prandtl number
Rayleigh number

Dimensionless temperature

Reference

Boiling

Critical

Condensation

Convection

Free surface

Gas

Liquid

Liquor

Onset of nucleate boiling

Lower plate

Upper plate

Base plate

Reduced

Saturated conditions



stm

ulg

wall
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Steam

Ullage

Wall
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CondenSing Tfs Tpu Tpl q Acsn (A/sy)plate ()L/‘Sy)liq Aulg U ATonp
Correlation (°C) (°C) (°C) (KW/m?) | (KW/m?.°C) (KW/m?-°C) (W/m?2°C) (W/m%°C) | (Wim%°C) | (°C)
Case (a): Short Test Rig
Nusselt 102.5 126.7 126.9 0.15 181.91 0.76 6.13 2.62 1.83 0.48
Ger. and Gr.| 102.5 126.7 126.9 0.15 41.77 0.76 6.13 2.62 1.83 0.48
Case (a): Tall Test Rig
Nusselt 56.9 126.8 126.9 0.02 358.53 0.76 0.28 1.74 0.24 0.10
Ger.and Gr.| 56.9 126.8 126.9 0.02 67.97 0.76 0.28 1.74 0.24 0.10

Table 1: Results from case (a) of the thermal resistance investigation. Boundary conditions are steam and ullage temperatures, which have value

of 126.9 °C for steam, and 45.8 °C for the ullage temperatures respectively.
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Condensing | Tss | Tig | Tpu | Tp q Aesn (4/8Y)piate Ay Qg Auig U ATopp

correlation | (°C) | (°C) | (°C) | (°C) | (KW/m? | (KW/m*°C) | (KW/m*°C) | (KW/m?°C) | (KW/m?%°C) | (W/m?°C) | (W/m?*°C) | (°C)
Case (b): Short Test Rig

Nusselt | 125.7]| 126.1| 126.6| 126.9| 0.23 157.67 0.76 0.52 0.52 2.85 2.81 0.59

Ger.and Gr.| 125.7] 126.1| 126.5| 126.8] 0.23 37.69 0.76 0.52 0.52 2.85 2.81 0.59
Case (B: Tall Test Rig

Nusselt | 125.7]| 126.1| 126.6| 126.9| 0.23 157.67 0.76 0.52 0.52 2.85 2.81 0.36

Ger.and Gr.| 125.7] 126.1| 126.5]| 126.8] 0.23 37.69 0.76 0.52 0.52 2.85 2.81 0.36

Table 2: Results from case (b) of the thermal resistance investigation. Boundary conditions are steam and ullage temperatures, which have value

of 126.9 °C for steam, and 45.8 °C for the ullage temperatures respectively.
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Boiling Condensing Tpy Ty q QAesn (4/8Y)piate Apoil U AT onB
Correlation Correlation (°C) (°C) (KW/m? | (KW/m?°C) | (KW/m2°C) | (KW/m?%°C) | (KW/m?*°C) (°C)
Case (c): Short Test Rig

Forster and Nusselt 60.96 125.02 48.36 26.45 0.76 3.64 0.61 8.65
Zuber Ger. and Gr. 60.74 122.44 46.58 10.56 0.76 3.56 0.59 8.49
Mostinskii Nusselt 59.96 124.98 49.10 26.32 0.76 3.99 0.62 8.72
Ger. and Gr. 59.82 122.36 47.22 10.52 0.76 3.89 0.60 8.55

Bier et al Nusselt 56.42 124.85 51.67 25.87 0.76 5.90 0.65 8.94

' Ger. and Gr. 56.31 122.08 49.65 10.40 0.76 5.74 0.63 8.77

Cooper Nusselt 48.10 124.54 57.71 24.94 0.76 132.00 0.73 9.45
Ger. and Gr. 48.10 121.39 55.34 10.13 0.76 128.34 0.70 9.25

Rohsenow Nusselt 55.65 124.82 52.23 25.78 0.76 6.54 0.66 8.99
Ger. and Gr. 55.55 122.01 50.18 10.37 0.76 6.37 0.63 8.81

Gorenflo and Nusselt 64.44 125.15 45.84 26.92 0.76 2.73 0.58 8.42
Kenning Ger. and Gr. 64.31 122.73 44.11 10.70 0.76 2.65 0.56 8.26

Case (c): Tall Test Rig

Forster and Nusselt 79.19 125.66 35.08 29.43 0.76 3.98 0.62 4.47
Zuber Ger. and Gr. 79.04 123.88 33.85 11.40 0.76 3.90 0.60 4.39
Mostinskii Nusselt 79.61 125.67 34.78 29.51 0.76 3.76 0.62 4.45
Ger. and Gr. 79.51 123.92 33.53 11.42 0.76 3.67 0.59 4.37

Bier et al. Nusselt 78.11 125.62 35.87 29.21 0.76 4.63 0.64 4.52
Ger. and Gr. 78.03 123.80 34.56 11.34 0.76 4.51 0.61 4.43

Cooper Nusselt 70.69 125.37 41.28 27.88 0.76 130.07 0.73 4.84
Ger. and Gr. 70.68 123.23 39.68 10.97 0.76 126.66 0.70 4.75

Rohsenow Nusselt 75.69 125.54 37.64 28.75 0.76 7.08 0.67 4.63
Ger. and Gr. 75.62 123.62 36.24 11.21 0.76 6.90 0.64 4.54

Gorenflo and Nusselt 82.27 125.76 32.84 30.08 0.76 2.76 0.58 4.32
Kenning Ger. and Gr. 82.18 124.12 31.66 11.58 0.76 2.68 0.56 4.24

Table 3: Results from case (c) of the thermal resistance investigation. Boundary conditions are steam and liquor saturation temperatures, which

have values of 126.9 °C for steam, and 47.7 °C and 70.4 °C for liquor saturation for the short and tall test rigs respectively.
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o o ) o j a (/1/53’) late Apy Ayl
CFD Case Ts °C) | Tig (°C) | Tpu (°C) | Tp (°C) (KV\;q/mZ) (KWIM2-°C) | (KWim2°C) | (KW/m2°C) | (Kwim%-°C)
2D axisymmetric short testri  46.7 | 47.4 | 822 | 1258 | 3192 30.34 0.76 13.42 0.01
3D short test rig 468 | 470 | 793 | 1257 | 33.22 29.96 0.76 13.39 0.01
3D tall test rig 299 | 560 | 810 | 1258 | 3255 30.17 0.76 67.27 0.01

Table 4: Area and transient average results from the CFD investigations.
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List of Figure Captions

Figure 1: Arrangement of the Sellafield evaporators (not to scale), and the different heat

transfer regions.
Figure 2: Planar views of the (a) short test rig and (b) the tall ¢gest ri

Figure 3: Thermal resistance networks for case (a) pure conduction through the liquor, case

(b) free convection in the liquor, and case (c) nucleate boiling in the liquor.

Figure 4: Temperature variations relative to the lower plate surface in the short test rig for the

pure conduction, free convection and nucleate boiling cases.
Figure 5: Temperature variations relative to the lower plate surface in the tall test rig for the
pure conduction, free convection and nucleate boiling cases.

Figure 6: (a) Cartesian coordinate system for the three geometries; (b) inflation layers in both
the solid (baseplate) and fluid (liquor) domains; (c) plan view of the structured hexahedral
mesh for the 3D short test rig; final mesh produced after mesh sensitivity studies for the (d)
2D axisymmetric short test rig; (e) 3D short test rig and (f) 3D tall test rig. Due to the height

of the tall test rig only the lower portion is pictured.

Figure 7: Contours of* with superimposed velocity vectors showing the direction of
circulation in thex - y plane for the (left) 2D axisymmetric short test rig and (right) the 3D

short test rig.
Figure 8: Time average velocities and temperatures for the short test rigin yrgane.

Figure 9: Time average velocities and temperatures for the short test riginythpane.
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Figure 10: Contours of* with superimposed velocity vectors showing the direction of
circulation for the tall test rig in the- y plane; from bottom (a) to top (g) in increments of

0.3164 m. The total height of the tall test rig is 2.215 m.
Figure 11: Transient average velocity and temperature for the tall test rig in the x plane.

Figure 12: Transient average velocity and temperature for the tall test rig in the z plane.
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transfer regios.
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Figure 6: (a) Cartesian coordinate system for the three geometries; (b) inflation layers in both
the solid (baseplate) and fluid (liquor) domains; (c) plan view of the structured hexahedral
mesh for the 3D short test rig; final mesh produced after mesh sensitivity studies for the (d)
2D axisymmetric short test rig; (e) 3D short test rig and (f) 3D tall test rig. Due to the height

of the tall test rig only the lower portion is pictured.
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Figure 7: Contours of* with superimposed velocity vectors showing the direction of
circulation in thex - y plane for the (left) 2D axisymmetric short test rig and (right) the 3D

short test rig.
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Figure 9 Time average velocities and temperatures for the short test rig in-thelane.
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Figure 10: Contours of* with superimposed velocity vectors showing the direction of
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0.3164 m. The total height of the tall test rig is 2.215 m.
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Figure 11: Transient average velocity and temperature for the tall test rig in the x plane.
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Figure 12: Transient average velocity and temperature for the tall test rig in the z plane.
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