Transient freezing of water between two parallel plates:
A combined experimental and modelling study

Victor Voulgaropoulos?, Niccolé Le Brun?, Alexandros Charogiannis“’b, Christos N. Markides®*

“Clean Energy Processes (CEP) Laboratory, Department of Chemical Engineering, Imperial College London, South Kensington Campus, London SW7 2AZ, UK
bLaVision UK Ltd, United Kingdom

N.B.: This is the ACCEPTED MANUSCRIPT version of this article.
The final, published version of the article, can be found at:
https://doi.org/10.1016/j.ijheatmasstransfer.2020.119596

Abstract

The transient freezing/solidification of water subjected to shear flow inside a rectangular cell is investigated under laminar flow
conditions. A flow of freezing water is established inside the cell by cooling the top surface of the conductive, copper plate that
forms the cell’s top side by contact with boiling liquid nitrogen (=197 °C). This results in an ice layer that forms and grows gradually
on the ceiling of the cell, which is subjected to shear from the flow below it inside the channel. The spatiotemporal characteristics
of the ice layer are recorded with optical, laser-based measurements and are compared with predictions from a transient freezing
model that is developed for this purpose. Furthermore, tracer particles are introduced into the flow to aid the tracking of the ice layer
and to allow for measurements based on particle image velocimetry (PIV) of the velocity field inside the flow during the ice-layer
evolution. After an initial time-lag/‘buffer’ period (of 5-40 s) that depends on the flow conditions, a quasi-linear growth of the ice
layer is observed, but at longer times the thickness of the ice layer reaches a maximum and then decreases again. The increase in
the thickness, and hence thermal resistance, of the ice layer is counter-balanced by the decrease in the temperature of the copper
plate. Furthermore, it is found that the flow is associated with symmetric velocity profiles, recorded along the vertical spanwise
length between the ice layer at the top of the cell and the floor of the cell, while an increase of the velocity maxima is recorded as
the ice layer gradually thickens and, consequently, the flow cross-section is reduced. A constant heat flux of 19.7 x 10> Wm~2 is
measured on the top side of the channel, while the heat transfer coefficients on the top side of the channel is found to be in the range
of 90-110 W m~2 K~!, depending on the wall temperature. Finally, from comparisons against the experimental data, it is concluded
that the model developed herein is able to predict the freezing of water and growth of the ice layer in these flows over a range of
water inlet temperatures and Reynolds numbers.
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1. Introduction Freezing in MSRs can lead to dangerous scenarios, one ex-
) o ) ) ample being the sudden solidification inside the steam genera-
Freezing/solidification is a phase transformation which has tor or the Direct Reactor Auxiliary Cooling System (DRACS)

been extensively studied in the literature due to its complex but as shown by Le Brun et al. [15, 16] and Le Brun [17]. A sudden
compelling fundamental nature [1-3], but also due to its impor-

tance in many processes and applications, from crystallisation
of food [4, 5], to aerospace engineering [6, 7] and hydrate for-
mation [8, 9]. Of particular interest is the use of molten salts
as heat transfer fluids or storage media in a wide range of en-
ergy applications [10]. Two main applications in which freez-
ing has been established as a key, controlling phenomenon are
solar-thermal [11], and in particular, concentrating solar power
(CSP) systems [12], and Generation-IV nuclear reactors [13],
specifically Molten Salt Reactors (MSRs) [14].

drop in the wall temperature, which can be induced by an un-
wanted depressurisation of the steam generator with consequent
lowering of the water boiling point, can result in the solidifica-
tion of the liquid inside the channel and lead to clogging. Once
the flow channels are frozen, shutting down the steam gener-
ator is required to remelt the salt, severely compromising the
normal operation of the reactor. It is therefore important to
have a proper understanding of this phenomenon, along with
an available set of reliable theoretical and modelling tools ca-
pable of predicting the occurrence of such events, and enabling
their consideration in the design phase of relevant reactors but
*Corresponding author also of a host of other, similar energy technologies and systems.
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Nomenclature

A cross-sectional area
Cp specific heat
g acceleration due to gravity

Gry Grashof number

h heat transfer coefficient
H channel height

AH enthalpy of fusion

k thermal conductivity
Ly latent heat of melting
P width of copper plate
q heat flux
0] flow rate

Rey  Reynolds number

Ri Richardson number

St, tracer particle Stokes number

Ste Stefan number

t time

T temperature

Tmerw  melting temperature of ice

u, v, w velocity components in the x-, y- and z-direction
U mean flow velocity of water

x,y,z Cartesian coordinates

Xice thickness of the ice layer

Greek symbols

a thermal diffusivity of ice

B coefficient of thermal expansion

0 characteristic length

u viscosity

3 thermal energy loss/gained in the ice layer due to a
change in the wall temperature (= 0Ey, /0Ty,)

P density

Tice time-lag period

/4 thermal energy loss/gained in the ice layer due to a

change in the ice thickness (= 0E/0Xice)

Subscripts

0 initial

ave average

1 water

LN2  liquid nitrogen
max  maximum

out outlet

S ice

w copper plate (wall)

The research hereby presented is derived from the need
to improve the predictive capabilities of transient freezing,
and specifically for internal flows with a significant wall
temperature-drop; a condition which can incur in MSRs. In
particular, this paper proposes to address two challenges:

i) the lack of experimental measurements of the transient
build-up of the ice layer;

ii) the lack of a simple mechanistic model that can describe
the transient freezing characteristics of internal flow.

With respect to Challenge (i), most of the experimental stud-
ies in the literature refer to steady-state measurements and can
only be used partially to validate transient thermohydraulic
codes. The earliest steady-state freezing measurements of in-
ternal flows were by Zerkle and Sunderland [18], who studied
both experimentally and theoretically the steady-state freezing
of water in pipe flow. Their experiment is described in detail
in Zerkle’s PhD thesis [19]. Following the work of Zerkle and
Sunderland [18], other similar, steady-state experiments with
water were performed, namely in Refs. [20-22]. Despite the

plethora of steady-state approaches, there is a clear lack of
transient measurements in Poiseuille flow, which mainly arises
from the difficulty in accurately measuring the increase in ice
layer thickness. It is worth noting that Ramudu et al. [23] re-
cently investigated the turbulent heat exchange between water
and ice at an evolving ice—water interface in a stirred vessel.
The authors investigated the freezing of water under quiescent
conditions and its melting under shear. They fit the experi-
mental measurements of ice layer thickness and temperature
to a one-dimensional model. The turbulent heat transfer was
parametrised in terms of the friction velocity of the shear flow.
The ice layer thickness evolution, however, differs from the one
expected in this work, primarily due to the dissimilarities in the
flow and heat transfer configuration (e.g., stirred vessel versus
channel flow, constant versus transient cooling).

Transient freezing has been instead mainly studied theoret-
ically and most works focused on its analytical and numeri-
cal treatment. Ozisik and Mulligan [24] developed a system
of transient equations to study the problem and allow predic-
tions of whether a pipe will freeze shut or not. The authors



argued that blockage is only important in problems involving
flows from a reservoir at constant pressure and with insufficient
super-heating; conditions which often occur in molten salt sys-
tems. Martinez and Beaubouef [25] and Savino and Siegel [26]
also developed an analytical model to simulate transient freez-
ing. Savino and Siegel [26] in particular, were one of the few to
produce experimental measurements of the transient increase in
ice layer thickness for water flowing over a cold plate. Because
of its relevance to our study, their work, which included both
experiments and theoretical analysis, is discussed in more de-
tail in the present work. There are, however, some difficulties in
utilising the results of Savino et al. for MSRs. Mainly, the fact
that the boundary conditions analysed in their experiment and
in the theory differ from those encountered in molten salt ap-
plications. An example is the assumed zero wall heat capacity,
which in molten salt systems is unrealistic, given the possibility
of large thermal excursions. With respect to Challenge (ii), it is
our aim to provide a simple mechanistic model able to predict
transient freezing of internal flow for the range of conditions,
which is relevant to molten salt applications.

In order to experimentally address Challenges (i) and (ii), si-
multaneous particle image velocimetry (PIV) and ice-water in-
terface tracking measurements from the scattering signal of the
tracers were utilised here, to record the spatiotemporal proper-
ties of the velocity field of the water and the formed ice layer,
respectively. The two-diemensional two-component velocity
(PIV) measurements can illustrate the effect of an increasing
ice layer on the velocity profile in a temperature variant lig-
uid. Laser-based diagnostic tools have been able to provide an
insight into the heat transfer dynamics [27, 28] and flow charac-
teristics around a phase-changing boundary [29-31]. To over-
come transparency issues in such systems, magnetic resonance
imaging (MRI) approaches have also been utilised to measure
the ice layer thickness in conduction-dominated systems [32],
however, traditionally these exhibit lower temporal and spatial
resolutions to laser-based measurements and also carry inherent
limitations for velocity measurements — renderring them unsuit-
able for thin-gap channel flows, as in the present study.

The test section used to conduct the measurements was an
asymmetrically cooled parallel plate channel flow, with a cold
copper plate on the upper side and a transparent perspex wall
on the bottom. The experimental apparatus allows to record ice
layer growth rates and provide an insight into the flow charac-
teristics and heat transfer properties. Thermocouples are used
to measure the heat transfer coefficients on each side of the cop-
per plate. Various inlet temperatures and Reynolds numbers in
the laminar regime are explored. The data produced from the
experimental study are used to contribute towards validating a
thermohydraulic code for internal laminar flow in the situation
of a rapid solidification and wall temperature drop.

2. Experimental methodology

2.1. Flow facility

A closed-loop water flow facility is employed. A schematic
illustration of it, showing its main components, is offered in

Fig. 1(a). Tap water is stored in a 25 L reservoir at an ambient
(lab) temperature of about 20 °C and is fed to the test section
via a centrifugal pump. The water flow rate is controlled by a
ball valve and measured with a variable area flow meter, which
is placed downstream of the test section and has a resolution
of 0.5 Lh~'. An in-house manufactured heat exchanger is used
to control and vary the inlet water temperature, while K-type
thermocouples (supplied by TC Ltd) are placed at the inlet and
outlet of the test section to record the temperature variations
with an acquisition frequency of 1 kHz.

Glass hollow spheres (supplied by LaVision) of 11.7 um
mean diameter are introduced to the water at a low concen-
tration (< 1 gL™!) to allow for the particle image velocime-
try (PIV) measurements. The particle size is selected based
on a compromise between spatial resolution, the demand for
high-intensity scattered light in the PIV images and the need
to ensure that the Stokes number is small enough (i.e., advec-
tion dominates inertia) to allow the particles to follow the fluid
streamlines [33, 34]. The presence of the tracers at this concen-
tration does not modify considerably the density and viscosity
of the liquid [34-36]. Furthermore, the influence of tracer par-
ticles and dyes on the phase change dynamics of water was re-
cently found to be negligible at equivalent concentrations [28].

2.2. Test section

The test section arrangement was inspired by the work of
Savino and co-workers [26]. Its details are offered in the
schematic illustrations of Fig. 1(b). It is specifically designed
to allow solidification under high heat fluxes, which can be
present in operational units utilising high melting-temperature
salts. The channel is made from Perspex, has a height (along
y) equal to H = 6 mm, extends 300 mm along the main flow
direction x and 86 mm along the wall-normal direction z, see
Fig. 1(b).

Water flows in the channel through three access points to ho-
mogenise the flow. Steel meshes are present at the entrance and
exit of the channel to help laminarise the flow and achieve the
appropriate flow conditions. The channel can be tilted up to
210 °. The main reason behind this arrangement is to allow for
priming, i.e., clearing the channel from any air that could be
trapped during the start-up of the experiment. The high-speed
camera is placed on the same mounting frame as the channel,
and is tilted along with the channel to decrease measurement
errors after the calibration is carried out.

The top part of the channel is cut out and a copper plate is in-
troduced in its place. The plate has a thickness of 1 mm (along
y) and extends 200 mm along x and 60 mm along z, as shown
in Fig. 1(b). Boiling liquid nitrogen (—197 °C) is poured over
the top surface of the copper plate (see Fig. 1(b)) to remove heat
from the water and induce solidification. The area of the copper
plate is smaller than the area of the channel (Fig. 1(b)) to avoid
higher solidification rates along the side walls, where the veloc-
ity and therefore the heat transfer coefficient are less. A thicker
ice layer close to the wall would obstruct the field of view of the
camera and deteriorate the quality of the optical measurements.
The dimensions of the channel and copper plate are chosen so
that the liquid flow and the heat transfer through the solidified
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Figure 1: Illustrations of the experimental flow facility used in the experimental campaign. Not to scale. The flow is from left to right. 7 denotes the inlet

temperature measurement location.

layer followed a quasi-two-dimensional assumption, similarly
to a Hele-Shaw cell [37, 38] and any boundary effects along the
wall-normal (z) direction can be neglected as the measurements
are taken in the middle of the channel (see bottom Fig. 1(b)).

2.3. Laser diagnostics

A Nd:YAG dual-cavity laser (Nano-L-50-100 PV by Litron
Laser) emitting at its second harmonic of 532 nm is used in
conjunction with a collimator and a 10 °-divergent lens to gen-
erate a laser sheet of approximately 0.5 mm thickness. The laser
sheet is introduced from below and aligned at the middle of the
channel (c.f. Fig. 1(b)). The scattered light from the tracers is
captured with a CMOS VC-Imager Pro HS 500 camera (LaV-
ision) equipped with a 105 mm {/2.8 Macro lens (Sigma) and
32 mm extension rings. The field of view of the region of in-
terest is equal to 1200 x 402 pixels? with a spatial resolution of
61.6 pixel/mm. The depth of field of the images is constrained
by the laser sheet thickness. The camera and laser are syn-
chronised with a high-speed controller (programmable timing
unit, PTU, supplied by LaVision), operated using DaVis 8.1.6
software (LaVision) and carrying synchronisation errors of less
than 10 ns between the camera and laser trigger. A set of three
instantaneous frames are recorded, with a 6t = 10 ms between
them, in 1 s intervals and for a total acquisition time dependent
on each condition, ranging from 120 s to 180 s.

PIV is utilised to simultaneously measure the thickness of the
formed ice layer and the velocity field inside the channel during
the water solidification. These techniques are employed to over-
come some important problems identified in the literature and
early-stage experimental trials with planar laser-induced fluo-
rescence (PLIF). It was found that temperature-driven gradients
led to local refractive index variations that ultimately resulted

in light distortion, which prevented locating the interface accu-
rately [26, 28, 39, 40]. PLIF measurements were also unsuit-
able due to reflections induced by the ice layer, hence lowering
the accuracy of the ice layer tracking. However, simply using
the scattering signal of the tracer particles allowed the detec-
tion of the ice layer with higher accuracy [29, 31, 41]. PIV
measurements were simultaneously conducted to obtain the ve-
locity field during the solidification and to couple the ice layer
thickness measurements, by identifying the zero velocity close
to the ice layer on the spanwise (along y, i.e., with an opposite
direction to gravity) profiles of the streamwise (along x, i.e.,
flow direction) velocity, u, enabling the consideration of any er-
rors that could be taking place due to particle reflections on the
ice layer. The image analysis and PIV measuring algorithms
implemented to extract the ice layer thickness and the respec-
tive velocity field are discussed in the following subsection.

2.4. Image analysis and estimation of errors

2.4.1. Ice layer thickness measurements

The motion of the tracer particles is significantly hindered
close to the ice layer and wall due to the enhanced shear
stresses, leading to higher particle concentrations at these re-
gions. It is also possible that reflections from the ice layer and
wall increased the local laser intensity at those regions. For
these two reasons, higher scattered signal from the particles is
recorded at the boundary regions than the rest of the test sec-
tion. Similar findings are reported in other freezing experiments
[29, 31, 42, 43]. The majority of these researchers have tracked
the ice layer in a simple manner, namely by calculating the gra-
dients of the intensity map of the images, where the peaks of
the gradients denote the ice layer boundaries.



In the present work, two methods are employed to measure
the thickness of the ice layer, Xjc, established in the flows of
interest. Due to the significant temperature variations, causing
local changes in the refractive indices, a more sophisticated ap-
proach is followed first, where we identify the ice layer from
the scattering signal of the tracer particles by cross-correlating
the intensity maps of two subsequent images. The resulting
vector provides the spatial shift of the ice layer boundary that
takes place between the two images. Tracking this scattered
particle signal in time allows the identification of the ice layer
and this measurement is hereby referenced as Method 1. The
uncertainty of this method is enforced by the image resolution,
providing an absolute uncertainty of approximately +8 pum.

The scattered signal from the interface is clear when the flow
velocities and temperature gradients are relatively low, and in
turn allow to accurately spot the interface with Method 1, due
to the significant light intensity gradients. However, at higher
velocities and temperature gradients, the tracking of the posi-
tion of the interface is not possible with this method. To locate
the interface under these conditions we use the velocity fields
acquired with PIV instead — hereby referred to as Method 2.
The streamwise velocity velocity component along x profiles
can be well fitted by the normalised parabolic profile for chan-
nel flows. The interface is taken for the y position where u = 0.
The errors for this method are enforced by the resolution of the
PIV measurements, and the uncertainty hence equals to half a
correlation box or approximately +65 um.

Figure 2 offers a comparison between the two methods for
intermediate flow conditions, where both performed well. As
shown in the figure, the results of the two methods are very sim-
ilar and the discrepancies lie within the experimental errors. By
positively comparing the two methods, we were able to cross-
check the validity of the PIV approach. From the PIV measure-
ments of Method 2 it is then possible to find the interface for
the conditions where Method 1 fails. Due to the procedure fol-
lowed in the experiment, explained in detail in Section 2.5, we
identified uncertainties in setting/defining the zero-time instant
(pouring of liquid nitrogen and triggering the laser system), and
hence the time it takes until ice appears, Ti... These errors were
estimated at +3 s.

2.4.2. Velocity measurements

PIV measurements are also used independently to acquire the
spanwise (along y) profiles of the streamwise () velocity com-
ponent. Knowledge of the velocity profile was important to
check for the validity of the two-dimensional flow assumption
used in the model. Also, the velocity data are used to calculate
the Reynolds number of the flow, which varies as a function
of time, due to the decrease of the flow area with the ice layer
formation. To minimise PIV tracing errors, the signal to back-
ground ratio of the particles is enhanced with a non-linear slid-
ing average filter, applied over 5 pixels and subtracted from the
images. The PIV measurement procedure then entailed a dis-
crete Fourier transformation algorithm for the window defor-
mation, starting from 64 X 64 pixel” correlation windows with
three iteration steps towards 16 x 16 pixel> windows. A 50%
vector interpolation overlap is used at each step. The tracer con-
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Figure 2: Thickness of the solidified layer of liquid versus time computed using
two different ways for an inlet water temperature of 7.3 °C and a Reynolds
number of 20. Method 1 is based on the scattered signal from the interface, and
Method 2 is based on an extrapolation of the two-dimensional velocity profile
to the wall.

centration and correlation d¢ are adjusted for each case to allow
PIV cross-correlations with that spatial resolution.

Any particle tracing errors can be neglected (< 1%), as the
Stokes number, St, (ratio of the relaxation time over the char-
acteristic time-scale of the flow), is calculated in the order of
0{1073}. An effort is placed to minimise any PIV errors associ-
ated with the apparatus imperfections by carefully aligning the
optics. From single phase adiabatic runs (no ice layer forma-
tion), the out of plane motion of the particles is estimated in
the order of 0.1 mms~! (in the core of the cell, i.e., high veloc-
ity region) or in the order of 1% relative to the local velocity
magnitude. The particle displacement towards the wall-normal
direction is thus less than 0.1 mm or 20% of the sheet thickness.

The uncertainties of the velocity components are evaluated
based on the methodology of Sciacchitano et al. [33] and us-
ing DaVis 10.0 (LaVision) for a typical instantaneous velocity
fields before and after an ice layer has formed inside the cell.
The relative uncertainties of the instantaneous streamwise ()
velocity component are below 2%, but can reach up to 5% close
to the wall and up to 20% close to the ice-water interface. Sim-
ilar findings were reported for near-wall and near-interface PIV
measurements by Voulgaropoulos et al. [44]. The increased ve-
locity error close to the wall can contribute to an increase in the
uncertainty of Method 2 for the ice layer identification, how-
ever, the velocity profiles are fitted with a parabola, therefore,
limiting this uncertainty to an (absolute) resolution uncertainty
of £65 um.

2.4.3. Heat transfer measurements

The uncertainty of the temperature measurements is essential
to the calculation of the uncertainty of the heat transfer coefli-
cient. The thermocouple manufacturer (TC Ltd) provides an
expanded uncertainty (coverage factor of 95%) of +0.3 K for
temperature measurements in the temperature range considered
in the present experiments.



From propagation of error, the average relative measurement
uncertainty of the heat transfer coefficient for the liquid nitro-
gen side, i.e., hyny (Eq. 13), is calculated in the range of 4.0%
to 5.4%, depending on the condition investigated. In a similar
manner, the relative uncertainty for the heat transfer coefficient
for the water side, i.e., i (Eq. 15), is calculated for the limiting
Case (i), when no ice layer grows and 7} = 38 °C (described in
Section 4.4), equal to 0.2%.

2.5. Procedure and conditions

The following procedure is conducted for each set of measure-
ments. First, the optical measurements are calibrated using a
graticule target placed inside the test section and facing the
camera. Then the target is carefully removed, paying partic-
ular attention to vibrations which could change the position of
the camera relative to the test section. The test section is then
closed and the flow is initiated through the pump. The test sec-
tion is then tilted to remove any remaining entrapped air in the
channel. The heat exchanger is turned on to regulate the tem-
perature of the inlet flow, and then the whole system is left to
stabilise until the temperature and the flow rate reach the de-
sired values. The temperature is maintained within +0.2 °C for
the duration of each experimental run. The recording is initi-
ated and liquid nitrogen is poured on top of the copper plate
and continuously added thereafter for the duration of the exper-
imental run, maintaining a constant volume by compensating
for the evaporating nitrogen leaving the system.

The measurements are taken towards the end of the cop-
per plate where the layer thickness achieved a uniform profile,
namely at x ~ 35H. At the beginning of the copper plate, where
the thermal boundary layer has not fully developed, the layer is
progressively thinner. Particular care is taken to avoid the con-
densation of the water moisture in the air (produced due the
drop in the temperature induced by the cold boiling liquid ni-
trogen) on the camera and optical apparatus.

Several flow conditions are investigated, as shown in Table 1,
covering flow rates, Qp, from about 3 to 50 1h~! and inlet wa-
ter temperatures, T, from about 7 to 33 °C. The resulting
Reynolds numbers, Rey = pyUH/p,, are calculated in the range
of approximately 10 to 120, where pj is the liquid density, U is
the mean flow velocity and g is the liquid viscosity. The phys-
ical properties of pure water were considered for these calcu-
lations. The density variations with temperature are considered
negligible (less than 1% for 30 °C difference). As discussed pre-
viously, the Rey is expected to change as the area of the channel
gets constricted by the ice layer growth.

The Richardson number, Ri, is calculated for each case and
is provided in Table 1. It can be used to determine if the flow
is dominated by forced (Ri < 1) or free (Ri > 1) convec-
tion, or if there’s a combination of the two, and is calculated as
Ri = Gry/Re};. The Grashof number (Gry € [2.6-10°,1.2-10%])
denotes the ratio of the buoyancy to viscous forces and is cal-
culated as Gry = 0188 (T1 — Tielt) H? /w1, where g is the grav-
ity acceleration, S is the coefficient of thermal expansion, 7}
is the liquid temperature and T is the melting temperature.
We identify from this analysis that the majority of the flows
investigated illustrate mixed convection effects that need to be

Table 1: Studied flow cases and corresponding data

Run Qo To Umax Rey Ri dXiee/dt e Tie

(h™) (O (ems™) (ums™) (%) ()
1 46.0 7.2 3.86 57 0.3 533 6.6 8
2 16.2 7.3 1.42 20 22 553 5.4 8
3 6.0 7.9 0.61 8 17.3 53.7 8.9 8
4 39.5 9.9 3.89 53 0.5 48.0 32 8
5 423 144 4.13 64 0.6 42.5 3.1 9
6 450 149 4.09 69 0.6 41.9 94 10
7 473 152 4.15 73 0.5 41.0 46 10
8 13.0 154 1.14 20 7.2 44.6 105 10
9 315 16.0 2.73 49 1.3 45.4 9.8 10
10 53.1  21.1 4.90 95 0.6 272 112 10
11 121 212 1.21 22 114 34.1 1.1 9
12 29.7 216 2.69 54 1.9 24.5 6.6 9
13 478 317 4.34 108 1.1 13.4 214 33
14 505  28.1 4.28 106 09 18.8 154 24
15 11.6  29.7 1.12 25 174 314 127 24
16 416 247 3.77 81 1.1 253 179 16
17 484 334 4.24 113 1.1 8.7 27.8 719
18 316 323 2.77 72 2.6 13.6 16.6 40
19 3.6 31.6 0.33 8 192.5 40.1 9.4 27
20 146 317 1.45 33 11.7 26.0 1.5 21
21 475 286 4.19 99 1.0 14.4 123 36
22 142 28.0 1.25 30 11.0 28.8 173 23
23 260 250 2.28 51 29 26.0 86 18
24 45.7 249 4.14 89 0.9 21.0 7.1 19
25 6.4 24.3 0.67 12 46.8 40.5 39 18
26 256 270 2.23 89 33 212 4.1 19

accounted for by the liquid-side heat transfer coefficient, /;. It
is, however, difficult to accurately evaluate A from literature
correlations for mixed convection, which creates the need to di-
rectly measure it from experiments. Furthermore, we calculate
the Stefan number relevant for the present flow configuration
(Ste € [0.09,0.4]), which denotes the ratio of the sensible to
latent heat, as Ste = ¢, (T1 — Ter) /L, Where ¢, is the specific
heat and Ly is the latent heat of melting.

3. Numerical methodology

3.1. Modelling framework

This model was developed with the specific purpose of be-
ing easily incorporated within standard thermohydraulic codes
and consists of several one-dimensional (1-D) thermohydraulic
equations derived from energy and mass balances, the most im-
portant of which are briefly summarised below.

The test section is considered as a sum of elements of length
dx. While the temperature of the plate remains above the melt-
ing point of water, 0 °C, freezing does not occur and the system
is modelled simply with an energy balance across the copper
plate and the liquid phase:

on  Quwdh (= TwP (1)
ot A])Q ox A],Oplcp,l ’
T, Ty,
Oubucon g =g 2
» 2
LN2

7 hino(Tw — Tino) + i(T1 = Ty) .



In the equations above, subscripts ‘1’, ‘w’ and ‘LN2’ refer to the
liquid phase, copper plate (wall) and liquid nitrogen, respec-
tively. The volumetric flow-rate of liquid (water) is denoted
by Q) (taken as an input constant from the experiment), A g
is the cross-sectional area available to the liquid (here equal to
the cross-sectional area of the channel), ¢ is the characteristic
length, while P and Py n; refer to the total width of the copper
plate and the width of the copper plate in contact with the lig-
uid nitrogen, respectively. As some space is occupied by the
perspex support for the screws, Prnx, < P. Equations 1 and 2
can be solved numerically to find the liquid and wall tempera-
ture, T (¢, s) and Ty, (%, 5), at any instant ¢ and position along the
channel x.

When the local plate temperature (which is discretised across
the plate length, dx) falls below the melting point of water,
freezing is assumed to occur with the formation of a local
solid layer of ice. The governing equations of the system are
found by writing energy balances over the plate, solid and lig-
uid phases and assuming the quasi-steady condition inside the
ice layer (resulting in a linear spanwise temperature profile, i.e.,
Eq. 7), as:

oTy N Qo 0Ty _ (T = Twa)P 3)
ot A(Xice) Ox AXice)pricpy
0Ty, d*T,,
[6wpwcp,w + ér(Xice)] 7 = 5WkWW @
P
_%hLNZ(Tw —TiN2) + ¢s s
aXice
ps [AH +(Ty = Toa)ey +9(Tw)| — = = )
_hl(Tl - Tmelt) +4s,
OE (Trmere — Tw)
U(Ty) = aXi:e = Cps o 2 s s (6)
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Egs. 3 and 4 correspond to Egs. 1 and 2 when an ice layer
is present. The formation of an ice layer blocks some of the
liquid cross-sectional area (cf. Fig. 1(b)) so that Eq. 9 holds.
The subscript “s” refers to the solid phase, with g being the
heat flux through the solid, assumed uniform from the quasi-
steady condition (Eq. 7).

The term &(Xi..) represents the thermal energy loss/gained in
the layer of ice due to a change in T,. Indeed the energy re-
quired to raise the wall temperature must account for the mass
of solidified water in contact with it. The function £(Xjc.) is cal-
culated through Eq. 8 by assuming a quasi-steady temperature
profile in the ice layer. The quasi-steady condition is justified
by comparing the time-scales of the changes in the boundary
conditions (~ 10? s) and the time scale for the temperature in-

formation to travel across the ice layer (XizCe /as = 3 s, ag being

the thermal diffusivity of ice).

The thickness of the ice layer Xic. is found from Eq. 5, with
the two terms on the right-hand side representing the heat fluxes
at the boundaries of the solidified layer for the liquid side (first
term) and wall side (second term), respectively. All the terms
in the square brackets at the left-hand side of Eq. 5 represent
various contributions to the energy required to melt/solidify the
liquid. The first term, AH, is the enthalpy of fusion. The second
term is the enthalpy difference between the liquid at its melt-
ing point and the bulk of the liquid; such energy is required to
cool/heat a mass of liquid before/after it melts. The third term,
U(Ty,), represents the thermal energy loss/gained in the layer of
ice due to a change in the ice layer thickness Xic., and is a func-
tion of the wall temperature Ty,. The expression for ¥ (ms, Ty)
and ¢ are calculated assuming quasi-steady temperature pro-
files in the ice layer, from Eq. 6 and Eq. 7, respectively.

Equations 3-9 allow for the calculation of the thickness of
the frozen layer Xi.(#, x), the wall temperature T\, (#, x) and the
liquid temperature 7(¢, x) at any instant ¢ and position along the
channel x. The system of equations needs to be supplied with
boundary conditions and information on the heat transfer coef-
ficients and physical properties. The boundary conditions were
defined in terms of the input water temperature T, as follows:

Tw(0,x) =T1(0,x) =Ty, (10)

Ti(t,0)=T,. (1D

The liquid-side heat transfer coefficient s and the liquid-
nitrogen-side heat transfer coefficient hpn» were calculated
based on the methodology proposed in Section 4.4. The values
of these two heat transfer coefficients have a significant impact
on the accuracy of the model and their accurate estimation is
important for freezing predictions.

The same method described by Le Brun et al. [15, 17, 45]
was adopted here, following some adjustments for our specific
case, in order to model the transient freezing of the liquid in
the test section. In more detail, we converted the referenced
model equations from a cylindrical geometry (pipe) to a channel
configuration (flat plate) and modified all terms relating to the
geometrical features of the channel and copper plate. We also
modified the expressions for the thermal energy losses/gains in
the ice layer due to the change in the ice layer thickness (Eq. 6)
and due to the change in the wall temperature (Eq. 8), as well
as all equations for the liquid nitrogen side, as we assume a
constant temperature for the liquid nitrogen.

3.2. Solution scheme, initialisation and boundary conditions
The model is solved for dx = 1 mm along the 200 mm long
cell to find the water temperature 77 and wall temperatures T,
together with the thickness of the ice layer Xjc., which is propor-
tional to the mass of the ice layer mj... The system of equations
are solved at each spatial increment using the first-order upwind
explicit (FTUS) scheme to find the lumped liquid temperature
T, plate wall temperature Ty, and thickness of the solid layer
Xice, proportional to the mass of liquid solidified in the channel.
The water, at an initial temperature T, is assumed to have a
constant Rey, which is taken equal to the average Rey measured
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Figure 3: Grid independence study for a typical case (Run 14 of Table 1).

in the experiments. The bottom surface of the cell is considered
adiabatic while the top surface (copper plate with a 1 mm thick-
ness) is assumed to be initially at the temperature of the water
inside the channel (7).

The inlet temperature of the liquid water is taken to be equal
to Ty (denoted in Fig. 1(b)). The expression for the ther-
mal properties of ice, water and copper are taken from Perry
[46]. The thermal properties are computed at each iteration
step based on the mean temperature of the material. The prop-
erties of water, specifically, vary significantly with temperature,
and are hence evaluated at the average temperature between the
bulk temperature and the melting temperature. The value of the
water/ice heat transfer coefficient / is taken from the correla-
tions for laminar flow in non-circular pipes [47], using a Nus-
selt number, Nu, of 8.2 when no ice layer is formed (constant
heat flux boundary condition) and Nu = 7.5 when an ice layer
is formed (constant temperature boundary condition). The ice
layer formation is initiated when the wall temperature adjacent
to the coolant drops below the melting temperature of ice Tej;.

A spatial-independence study was performed before select-
ing the final resolution in order to optimise the model accuracy
and maintain a reasonable computational cost. The liquid tem-
perature at the outlet was monitored during the process. The
results of this study are shown in Fig. 3. When the spatial reso-
lution was increased by an order of magnitude from the selected
resolution, i.e., dx = 0.1 mm, the difference in the outlet tem-
perature was approximately 0.01 °C or 0.05%. Once the spatial
resolution was selected at dx = 1 mm, the temporal resolution
was chosen so that the problem converges. The selected tem-
poral resolution (dt = 0.01 s is significantly smaller than the
characteristic time-scale of the problem (in the order of 100 s).
Further increase of the temporal resolution by an order of mag-
nitude resulted in a relative difference for the liquid outlet tem-
perature of less than 0.1% and was thus deemed unnecessary.

4. Results and discussion

4.1. Freezing dynamics

From the experimental apparatus and applying the methods de-
scribed in the previous section, we can acquire the normalised
thickness of the solidified ice layer, X;;e = Xi.e/H, and the
Reynolds number, Rey, as functions of time for different wa-
ter flow-rates and inlet temperatures.

Figures 4 and 5 illustrate the thickness of the solidified layer
versus time for several experimental conditions and specifically
Fig. 4 reports on the effect of the Reynolds number, Rey, while
Fig. 5 on the effect of inlet water temperature, 7.

After an initial transient, which we will discuss further down,
the thickness of the ice layer appears to grow quasi-linearly
with time and ends abruptly towards the end of the experi-
ment, when no more liquid nitrogen is present in the cavity.
The linearity of such curves is somewhat counter-intuitive as
one would expect that a thicker ice layer would translate to
higher resistance to the heat transfer, and thus to slower ice
layer growth. The linearity of the curves can, however, be ex-
plained by accounting for the thermal mass of the plate. The
copper plate is subjected to continuous cooling throughout the
experiment and its temperature continuously decreases, simi-
larly to what happens during the buffer period. The steady
temperature drop of the copper plate increases the temperature
difference between the plate and the water, which compensate
for the larger resistance to heat transfer offered by the growing
ice layer. These two counteracting effects balance each other,
eventually leading to a quasi-linear growth of the ice layer. A
potential deviation from the behaviour seen in the rest of the
data in Fig. 5, might be present in Fig. 5(b), which may be at-
tributed to the uncertainty in the measurement of 7. mentioned
in Section 2.4 (see errors in Fig. 6).

Figure 4 illustrates that the effect of the Reynolds number is
more pronounced at higher inlet temperatures, e.g., Fig. 4(c),
while Figs. 4(a) and (b) do not illustrate any substantial dif-
ference in the ice layer growths. The initial water temperature
suppresses the growth of the ice layer, as shown in Fig. 5 for a
wide range of Reynolds numbers, with the experiments exhibit-
ing lower values of ice layer thickness as T rises.

Water solidification does not start as soon as liquid nitrogen
is poured in the cavity, but after a time-lag period, Tic, after
which phase change is initiated. The time lag is clearly evident
in the curves in Figs. 4 and 5, which show this initial ‘buffer’
period where the thickness of the ice layer is zero for t > 0,
while # = 0 denotes the time when liquid nitrogen is poured in
the cavity. This time lag depends on the inlet conditions of the
water flow, and specifically it appears to increase with the inlet
temperature and, at higher Reynolds numbers, with the water
flow-rate.

The presence of a time lag is expected, as it is related to the
time needed to cool the copper plate below the melting temper-
ature of the water. Once the temperature of the copper plate
is below the melting temperature of water, the water in contact
with the plate is sub-cooled and solidification starts. Figure 6
illustrates the effect of the initial water temperature on the final
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Figure 5: Time-resolved measurements of the normalised ice layer thickness growth for three selected inlet Reynolds numbers and various inlet temperatures.

time lag measured for all the experimental conditions investi-
gated. A power-law relationship between the time lag and the
initial water temperature is observed. The time lag for each
case is also reported in Table 1. The Reynolds number does not
appear to affect the observed trend significantly.

The quasi-linear growth of the ice layer thickness (Figs. 4
and 5), allows the calculation of the slope of each curve, which
defines the ice layer growth rate, dXj../dz. Table 1 reports these
growth rates of the ice layer as a function of the inlet water con-
dition, namely its temperature and flow-rate. Figure 7 presents
the growth rates as a function of the water temperature, while
the Reynolds number of each data point is portrayed via its
colour. Similarly to our initial observations on the ice layer
thickness curves over time, we can clearly identify a decreasing
trend of dX../dt with T.

4.2. Model validation

The model described in Section 3.1 was applied along with the
measured value of the heat transfer coeflicients (Section 4.4)
to simulate the growth of the ice layer over time. As shown
in Figs. 7 and 8, the simulations are found to match well the
values obtained experimentally. This is not completely unex-
pected given the fact that the heat transfer coefficients (which
usually represent the biggest source of uncertainty) were calcu-
lated from the experimental values. However, it is positive that

experiment |

5_ [ ]

simulation
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T, [°C]

Figure 6: ‘Buffer period’ for various inlet water temperatures and flow
Reynolds numbers until the ice layer formation is initiated. The error bars de-
note the uncertainty of the 7. measurement, while the symbol size denotes the
uncertainty bounds related to 7.

the simplifications adopted during the model development did
not significantly affect its accuracy.
As shown in Fig. 8 the model can capture the approximate
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linearity of the growth rate, although the initiation of the ice
layer is anticipated by few seconds, especially at higher flow
temperatures. This is more evident in Fig. 6, which shows the
real and simulated time between the application of liquid nitro-
gen and the formation of the ice layer. In the model, freezing
is considered to start when the temperature of the water reaches
the temperature of —2 °C [26]. The discrepancy between the
model and the real data can be attributed to the influence of
nucleation, which is not directly modelled by the present ap-
proach and can become important when the wall temperature
gets closer to the freezing temperature.

To further evaluate and quantify the model performance, the
Root Mean Square Errors (RMSEs) are obtained from the com-
parisons of the modelling results against the experimental data.
Firstly, we investigate the time-resolved performance, illus-
trated in Fig. 8. The RMSEs are calculated for the three typ-
ical cases shown in Figs. 8(a), (b) and (c) equal to 0.295 mm,
0.186 mm and 0.189 mm, respectively. These deviations cor-
respond to less than 5% of the cell , while they were calcu-
lated below 20% for each of the flow conditions investigated in
this study (Table 1). The higher Reynolds number cases pre-
sented the highest RMSE values, which can be attributed to a
more significant contribution of the secondary flows on the heat
transfer (natural convection), which is not accounted for in the
one-dimensional model. The ice growths shown in Fig. 8 ap-
pear to vary only in the initial stages between the cases. The
growth-rates shown in Figs. 8(a) and (c) maintain a quasi-linear
growth during these times, while Fig. 8(b) exhibits a power
trend, which can be attributed to the high temperature difference
between the copper plate and the water. The model appears to
capture these differences very well.

Secondly, we evaluate the overall, time-averaged, model per-
formance by investigating the RMSEs of the growth rates, de-
rived from Fig. 7. The RMSE, averaged across all flow cases,
is equal to 2.94 ums~!, while the per-case relative RMSEs
spanned a range from 0.1% to 35%. The RMSEs appear to
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get exacerbated when the mean ice layer growth rates are eval-
uated — a behaviour that can be attributed to the sensitivity of
the linear fitting (slope = dXj./dr) on the data.

The model was also tested against analytical, ‘Stefan-like’,
models from the literature, calculating the formation of a so-
lidified layer upon freezing of a liquid and was also compared
against literature data [48, 49] with good agreement. Further-
more, the deviation between the model presented here and the
analytical solutions provided by Goodman [50] is calculated
less than 10% for the majority of the cases investigated. De-
tails on the comparisons can be found in Le Brun [17]. The
model is found to be very sensitive to the values of the thermal
conductivity of the liquid and that of the liquid-side heat trans-
fer coefficient (measured in the following section) — especially
when higher Reynolds numbers or higher inlet liquid tempera-
tures are considered. It is noteworthy that a change of 15% of
the liquid thermal conductivity can result in over 40% change
in the time required to freeze 30% of the channel for Rey = 70
and T = 30.

4.3. Velocity fields

The PIV measurements provide spatially and temporally re-
solved information on the streamwise velocity component, u,
along the normalised spanwise channel , y* = y/H. The profiles
are measured in the middle of the channel, or x/H ~ 35 to min-
imise any entrance- and end-effects. The entrance length of a
laminar channel flow, L.,, can be estimated as L., ~ 0.05ReyH
[51], which gives values smaller than 10H for the conditions
investigated here.

Figures 9(a)-(c) presents the spanwise profiles (along y) of
the streamwise velocity (i, i.e., velocity component along x)
for five typical time-steps and for three flow conditions. The
streamwise velocity is normalised with the average velocity as
ut = ufugye, where uye = Qp/A, with Qy being the volu-
metric flow rate recorded by the flowmeter and A the cross-
sectional area of the channel. At the beginning of the exper-
iment and before freezing is initiated, we record symmetrical
velocity profiles with a maximum velocity close to the expected
theoretical value for laminar flow between two parallel plates of
Umax = 1.5uyy (denoted in Fig. 9(a)).

By considering a constant water density along y (neglecting
temperature variations), we can get from the conservation of
mass the theoretical velocity profile (along y) of the channel,
as:

12)

The theoretical velocity profile, plotted in Fig. 9(a), compares
well with the PIV measurements for the initial time-step t = 1 s.
Similar results are found for all flow conditions.

As freezing is initiated and the cross-sectional area available
to the flow in the channel is reduced, the velocity profiles start
deviating from the initial distribution and as expected uy,x in-
creases. Interestingly, the profiles keep their symmetry as the
ice layer grows, indicating a negligible contribution of the wa-
ter temperature profile to the local viscosity and hence velocity.

Kuan-Cheng et al. [52] performed experiments of mixed con-
vection between horizontal plates at different temperatures, and

U= Upmax — dttmax (07 — 0.5)2
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investigated the fully developed velocity profiles with laser uid nitrogen is poured on the external side of it. The channel is
Doppler anemometry. They found streamwise convection rolls left empty to force a negligible heat transfer coefficient on the
present in their flows, which modulated the streamwise velocity  internal side of the copper plate. The temperature of the plate
profiles along z, shifting the maximum of the velocity from the (Ty,) is measured by placing a thermocouple to the copper plate
bottom to the top of the channel in a periodic manner. While from the internal side of the channel (and exposed to air). The
the conditions of that study were similar to ours in terms of  temperature is measured locally, but it is assumed that the heat
Reynolds and Rayleigh numbers, their experiments did not in- transfer coefficient is similar on the whole plate due to the uni-
volve phase change. In our study, all velocity profiles recorded  formity of the test section and the absence of a moving liquid,
were quasi-symmetric with the maxima located close to the i.e., 0Ty /0x = 0. The temperature measurements over time are
centreline of the (evolving) available flow area. Any convection presented in Fig. 10.

rolls would be present along the depth of the channel z, where
we did not perform measurements, as the laser plane was placed
at z = 0 mm for the whole duration of the transient experiments.
It is, however, within our imminent objectives to investigate the P 1 dT,
effects of free convection on the freezing dynamics, since we hina = 0wp ch’wﬁmw ’
expect an influence of the liquid-side heat transfer coefficient

from the secondary flows generated during the freezing, as it is which follows from Eq. 4 by considering the aforementioned

The liquid nitrogen heat transfer coefficient can be then cal-
culated with the following equation:

13)

also discussed in the next subsection. simplified configuration. The slope of the curve of Fig. 10 can
be used to calculate dT,/dr of Eq. 13.

4.4. Heat transfer coefficients The heat transfer coefficient on the liquid-nitrogen side Ay n2

4.4.1. Liquid-nitrogen-side heat transfer (calculated using Eq. 13) is found to be in the range of 90-

The liquid nitrogen heat transfer coefficient (hn7) is calculated 110 Wm=2K~! depending on the wall temperature. How-

by measuring the temperature drop of the plate when the lig- ever, looking at the linearity of the temperature variation in
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Figure 10: Temperature of the copper plate over time during water freezing.

Fig. 10 we can infer that it is more appropriate to consider a
constant heat flux rather than a constant heat transfer coefli-
cient. The value of the constant liquid-nitrogen-side heat flux,
hina(Tenett — T, is then found to be 19.7 x 10° Wm™2.

The behaviour of the liquid-nitrogen-side heat transfer coef-
ficient experienced in our system is unexpected; the trend ex-
hibited by the data is different from the current literature. Since
in our measurements the heat flux remains mostly constant, the
heat transfer coeflicient increases with lower values of the tem-
perature difference, whereas in works reported by other authors,
e.g., Kida et al. [53], the heat transfer coefficient decreases with
lower values of the temperature difference in the film boiling
region (temperature difference encountered in our work). The
origin of this difference is not well understood at present.

4.4.2. Liquid-side heat transfer

A theoretical approach for the calculation of the liquid-side
heat transfer coefficient (/) under laminar conditions is chal-
lenging. The main problem arises from the presence of three-
dimensional effects. As reported by Kuan-Cheng et al. [52] and
Dubois et al. [54], the natural convection along the spanwise (y)
direction of the flow can substantially increase the heat transfer
with respect to a simplified two-dimensional case.

The liquid-side heat transfer coefficient is therefore deducted
from calculations based on the experiments with the follow-
ing procedure. It is first noted that at the limiting case of
high Reynolds number, i.e., Regy > 10, the growth rate of
the ice layer demonstrates a linear dependency on the inlet
temperature of the liquid (dXi../df o< Ty; e.g., see Fig. 7 for
Rey =~ 110). This trend can be explained by considering that
at high Reynolds numbers the bulk of the liquid maintains ap-
proximately the same temperature throughout the length of the
section (< 10% difference between inlet and outlet bulk temper-
ature, i.e., dT1/0x = 0). In result, Eqs. 1-9 simplify significantly
and the problem becomes uniform along the flow direction, so
the derivatives with respect to s vanish.

By combining Eqs. 4 and 5 and neglecting the first term
[E OwPwCpw + f(Xice)] on the left-hand side of Eq. 4 for numer-
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ical arguments, the system of equations simplifies to the follow-
ing one:

P
- ;NZ hina(Tw = Ting) = =(T) = Tonerr)
dx; (14)
s [AH + (Ty = Ta)ey + 0(Tw)| ==

We can now consider the further limiting cases when: (i)
the liquid bulk temperature is high enough so that no ice layer
forms (which will allow us to calculate the liquid-side heat
transfer coefficient for this limiting case); and, (ii) the bulk tem-
perature is equal to the melting temperature so that the liquid-
side heat transfer coefficient does not have any effect on the ice
layer growth (which will allow us to evaluate the value of the
heat flux calculated in the previous section).

Case (i) leads to:

P2
P

hino(Tw — Ting) = —i(Ty = Tiere) - (15)
It can be deducted from Fig. 7 that to avoid an ice layer growth
in the cell for Rey ~ 110 (i.e., dXjc./dt = 0), the liquid bulk
temperature needs to be 77 < 38 °C. Considering a limiting
temperature 7, = 38 °C, and that an ice layer starts forming
when the wall temperature T\, is below —2 °C (in agreement
with literature [26]), the liquid-side heat transfer coefficient is
calculated from Eq. 15 equal to /4 = 5.1 x 10> Wm2 K™

It is important to note that this liquid-side heat transfer co-
efficient is dedicated to the aforementioned limiting condition,
i.e., Case (i). It is expected that /; will decrease as Rey reduces,
but we, nevertheless, use the same value for the liquid-side heat
transfer coeflicient for the calculations of all the conditions sim-
ulated, as it was not possible to accurately calculate it individ-
ually for each case with the experimental measurements per-
formed.

Case (ii) simplifies to:

Pixo

dXice
P .

dr

hina(Tw = Tinz) = —ps [AH + y(Ty)] (16)
Considering an extrapolated, limiting, ice layer growth veloc-
ity of dXjc./dt ~ 6.5 x 10 ms~! (obtained from Fig. 7 for
Ty = 0 °C) we can estimate the liquid-nitrogen-side heat flux as
~ 20 x 10> Wm™2, which agrees with the value of the liquid-
nitrogen-side heat flux calculated in the previous section.

5. Conclusion

In this paper, we report on an experimental campaign that was
undertaken to provide new measurement data on the transient
freezing/solidification of water flowing in a rectangular cell
over a range of laminar flow conditions and inlet water tem-
peratures. Cooling was applied to the water from the top of the
cell by contact with a copper plate, above which a constant tem-
perature was established by boiling liquid nitrogen (=197 °C).
This arrangement allowed us to achieve high temperature drops
across the liquid domain, which are representative of a range
of important engineering applications, but also the conditions



expected during an unwanted depressurisation of a steam gen-
erator or the DRACS in an MSR that originally motivated the
present work. The spatiotemporal characteristics of the ice
layer were recorded with optical measurements and compared
with predictions from a developed freezing model. Measure-
ments of the velocity field inside the flow during the ice layer
evolution were achieved with particle image velocimetry (PIV).
The main conclusions from this work are as follows:

e The ice layer thickness was tracked in time. Accurate
tracking of the ice/water interface was possible by: (i)
measuring the intensity of the scattered signal from the in-
terface; and, (ii) extracting the boundary from the zero ve-
locity location; as measured with PIV. The two methods
gave very similar results with PIV-based measurements
performing better at higher Rey;.

e After an initial time-lag (or, ‘buffer’) period that lasted
between 5 and 40 s) depending on the flow conditions,
a quasi-linear growth of the ice layer is observed, but at
longer times the thickness of the ice layer reached a max-
imum and then decreased again, once the supply of liquid
nitrogen was stopped.

e A quasi-linear growth-phase of the ice layer thickness
with time was recorded for different inlet temperatures and
flow-rates. The steady drop in the temperature of the top
wall of the channel throughout the experiment was coun-
teracted by the increased resistance to the heat transfer due
to the growing ice layer.

e A 1-D mechanistic model was developed to simulate the
growth of the ice layer with time across the plate length.
Data were compared to the model predictions with good
agreement, which can be used to explain both qualitatively
and quantitatively the experimental results, including the
time needed from the application of liquid nitrogen to the
nucleation of a freezing layer.

e The spanwise (along y) profiles of the streamwise (along
the flow direction) velocity component were obtained
from PIV and were symmetric parabolas, as expected for
isothermal laminar Poiseuille flows (indicating small tem-
perature gradients of the water across the y direction). The
maximum of the streamwise velocity was located in the
centreline of the flow area during the freezing experiments
and the maximum values of the profiles increased as the
flow area reduced.

e The liquid-nitrogen and liquid-side heat transfer coeffi-
cients were calculated from thermocouple measurements.
The liquid nitrogen was found to produce a constant heat
flux of 19.7 x 10° W m~2, while the liquid-side heat trans-
fer coefficient was calculated as 5.1 x 10> Wm™2 K.

Free convection appears to play an intrinsic role to the freez-
ing dynamics captured in our system and an insight into the sec-
ondary flows could further elucidate the behaviour of the liquid-
side heat transfer coefficient. In our future work, we are consid-
ering to perform (i) either stereoscopic velocity measurements
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(stereo-PIV) that will simultaneously provide the local wall-
normal (z) velocity component at the centreline of the chan-
nel and along the streamwise (x) and spanwise (y) direction (3-
component velocity measurement), or perform PIV measure-
ments with the laser sheet oriented along the wall-normal (z)
direction to obtain the magnitude of the secondary flows dur-
ing freezing. Such measurements would provide an insight into
the magnitude of the secondary flows and can further elucidate
the behaviour of the liquid-side heat transfer coefficient, which
was, in the present work, obtained directly from experimen-
tal measurements for a limiting case. Fully resolved velocity
measurements will allow for the development of a prediction
tool, readily suitable to be incorporated into industrial thermo-
hydraulic codes and need-free from experimental input.

The conditions corresponding to the sudden solidification of
the molten salt inside the DRACS of an MSR, involve simi-
lar Reynolds, Stefan and Grashof numbers, as well as similar
temperature differences as those explored in our experiments.
Furthermore, the wall heat flux was found approximately equal
to 20 x 10> W m~2 in the channel, while it is estimated at about
30 x 10> Wm™? for the heat exchanger in the MSR. Neverthe-
less, direct comparisons of our system to an MSR are not im-
mediately applicable, as water, which is used in the present ex-
periments, exhibits a density inversion close to its solidification
temperature (~ 4 °C), while molten salts do not. This difference
can impact the heat transfer rate effects stemming from natural
convection.
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