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Acquiring temporal solid/liquid fraction data of a freezing system is advantageous for
verifying theoretical solidification models. Nuclear magnetic resonance (NMR) spectrom-
etry was used to obtain liquid fraction data of droplets of either water or sucrose solution
undergoing freezing. The data obtained were used to verify numerical models of this
solidification process. For water droplets, good agreement was observed between the
experimental and model predictions of the temporal change in the water fraction over the
range of air temperatures studied, whereas for the sucrose solution good agreement was
observed only at the highest air temperature. At lower air temperatures, the discrepancies
of the model were attributed to the possible crystallization of sucrose at temperatures
above its reported glass-transition temperature. © 2005 American Institute of Chemical
Engineers AIChE J, 51: 2640–2648, 2005
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Introduction

Analysis of the solidification of a droplet is of major impor-
tance in the study of spray-freezing processes. Spray freezing
can be simply described as the solidification of a liquid by
atomization into a relatively cold atmosphere.1 It is a process
developed for the production of powder from a range of ma-
terials such as foodstuffs,1 metals,2 the cryogenic preservation
of cells,3 pharmaceuticals,4 the crystallization of ammonium
nitrate,5 and the artificial production of snow.6 Being able to
predict the freezing times and temperature transition of a single
droplet is essential for optimization of spray-freezing pro-
cesses.

The literature contains many examples of the numerical
modeling of the solidification of droplets. Previous studies
have dealt with the freezing of water droplets6-9 and food-
stuffs10 but the major body of work has focused on the solid-
ification of metal droplets.11-16 In all of these studies experi-
mental data were not available to validate the performance of
any model at predicting the temporal change in the solid/liquid
fraction within the freezing/solidifying droplet.

In general, to measure the temporal change in the solid/
liquid fraction during freezing, optical observation of freezing
in thin plates,17 thermograms,18 and differential scanning cal-
orimetry (DSC) can be used. These methods, however, are not
amenable to studies of droplets, either free-falling or sus-
pended, because they cannot readily accommodate such a ge-
ometry and they also generally require larger sample sizes.
With nuclear magnetic resonance (NMR) spectrometry it is
possible to calculate the liquid fraction from the magnetic
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resonance 1H signal intensity. This is related to the mass of
liquid solution present in a sample volume because a frozen
solution gives a negligibly small NMR signal. Previous NMR
studies of freezing phenomena19,20 used time-resolved NMR to
monitor the freezing of apples and potatoes, using the data
acquired to verify theoretical models.

In this work, the freezing of both water and sucrose solution
droplets, suspended from a fine capillary, was investigated
using time-resolved NMR. Sucrose solution was used as a
model food because it has industrial application as a common
sweetener in food products. It also has well-defined NMR
properties, and its freezing characteristics in droplet form have
been investigated previously.21

Background
Droplet freezing

Figure 1 shows the typical temperature transitions observed
in a water (Figure 1a) and a 20 wt % sucrose solution (Figure
1b) droplet with diameters of 2 mm (suspended from a mea-
suring thermocouple) as it freezes in a cooling air flow.21 The
droplet freezing process can be described by five distinct stag-
es:

Stage (i): Liquid Cooling and Supercooling. The stage
during which the liquid droplet is cooled from its initial state to
a temperature below the equilibrium freezing point.

Stage (ii): Nucleation. Stage in which there is sufficient
supercooling for spontaneous crystal nucleation to occur.

Stage (iii): Recalescence. Stage during which supercooling
drives rapid kinetic crystal growth from the crystal nuclei.
There is an abrupt temperature rise because this growth liber-
ates latent heat of fusion. This stage is terminated when the
supercooling is exhausted and the droplet has reached an equi-
librium freezing temperature.

Stage (iv): Freezing. Stage in which further growth of the
solid phase is governed by the rate of heat transfer to the
environment from the droplet. This process continues until the
droplet is “completely ” frozen. During this stage, progres-
sively greater freezing point depression can arise as the result
of an increased concentration of solutes in the unfrozen liquid
phase.

Stage (v): Solid Cooling or Tempering. Stage during which
the temperature of the solidified droplet reduces to a steady-
state value near that of the ambient air.

Models will be formulated to predict the liquid fraction
changes during the recalescence (iii) and freezing (iv) stages
for water and sucrose solution droplets. The model predictions
for the temporal change in the liquid fraction will be compared
directly against the values measured with NMR for a range of
freezing conditions.

Experimental
Sucrose solution preparation

A 20% w/w sucrose solution was prepared with sucrose
(99.5%) from Sigma Laboratory Supplies. This was dissolved
in distilled water, shaken in a bottle, and left overnight before
use.

Differential scanning calorimetry

The thermal behavior of 20 wt % sucrose solution subjected
to 5, 10, and 20°C/min cooling conditions was measured using
a Perkin–Elmer power-compensated differential scanning cal-
orimeter (DSC) equipped with nitrogen cooling. Samples of
about 4 mg were hermetically sealed in standard aluminum
DSC pans and scanned from 25 to �40°C.

Experimental apparatus

Magnetic resonance experiments were performed using a
Bruker DMX 300 spectrometer featuring a 7.14-T vertical-
bore magnet fitted with either a 5- or 10-mm-diameter 1H
birdcage radio frequency (RF) coil and a Bruker BVT 3000
temperature-control unit. The temperature of the air was

Figure 1. Temperature transitions of freezing droplets in
airflow, illustrating: (i) supercooling, (ii) nucle-
ation, (iii) recalescence, (iv) heat-transfer–gov-
erned freezing, and (v) tempering.
(a) Water; (b) sucrose solution.21
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controlled by a T-type thermocouple connected to the
Bruker BVT 3000 and a cold airflow supplied from beneath
the magnet.

A schematic of the experimental rig used to deliver and
suspend a droplet inside the spectrometer magnet is shown in
Figure 2. The principle is that a Perspex® tube is inserted into
the top of the magnet bore, which acts as a guide to deliver the
Perspex® drop suspension carriage to the top of the RF coil.
The carriage has an approximately 2-mm-diameter droplet
suspended from the tip of a fine glass filament (�50 �m
diameter) and is prefitted to rest on top of the RF coil, with the
drop located in the center of the RF coil.

Time-resolved NMR spectra

To monitor the droplet freezing, time-resolved 1H spectra
were acquired by exciting the 1H spins in the sample with a
90° RF pulse and acquiring the signal at a time t � 20 �s
after the 90° pulse. Because the spin–spin relaxation time
(T2) of the frozen components (water and sucrose) is about
5 �s, the magnetization of the frozen protons will have
almost completely decayed after 20 �s, whereas the decay of
the magnetization of the unfrozen components will be neg-
ligible, essentially representing only a sampled signal
from the unfrozen material in the droplet. The resultant
NMR spectra contain distinct water and sucrose peaks, the
areas of which enable the relative amount of these unfrozen
materials to be quantified; these are hereafter referred to
as (normalized) peak areas for water and sucrose, respec-
tively. Spectra were continuously sampled after inserting the
droplet into a constant air temperature environment until
freezing stopped, at a time resolution or repetition time (TR)
of 1.2 s.

For the repetition time (TR), the magnitude of the 1H signal
(S) from the 90° pulse will be

S � k��1 � exp��
TR

T1
�� (1)

where k is a proportionality constant, � is the density of 1H
spins in the sample, and T1 is the spin–lattice relaxation time of
the 1H. The spin–lattice relaxation time (T1) of the liquid is
dependent on the temperature (the dependency of T1 on tem-
perature in supercooled water droplets has been published22);
there will consequently be a change in the 1H signal during the
recalescence and freezing stages as a result of the formation of
a solid fraction and a change in the liquid region temperature.
For recalescence, assuming the solid fraction formation and
temperature rise occurs within the repetition time (TR), the
unfrozen water fraction ( fw) remaining after recalescence can
be calculated with

fw �
S1

S0 � 1 � exp� TR

T1�s�
�

1 � exp� TR

T1� f �
�� (2a)

fw � 1 �
cl�l

�s
�Tf � Ts

Lf
� (2b)

where S0 is the 1H signal from the water at the supercooling
temperature Ts (before recalescence); S1 is the 1H signal from
the water after recalescence (assumed to be at the equilibrium
freezing temperature of the liquid region Tf); and T1(s) and T1( f )

are the 1H spin–lattice relaxation times at the supercooling
temperature (Ts) and at the initial equilibrium freezing temper-
ature of the water (Tf), respectively. The origin of Eq. 2b is a
simple energy balance where the heat absorbed by the droplet
suddenly increasing its temperature from Ts to Tf [cl(Tf � Ts)]
is related, by the latent heat of freezing (Lf), to the amount of
ice formed; this will be considered further below in our de-
scription of our numerical models. Because the supercooling
temperature Ts is not known during the experiments, there are
three unknowns in Eqs. 2a and 2b: fw, T1(s), and Ts. The third
required equation is the known relationship between T1 and T
(as shown in Hindmarsh et al.22). This enables an estimate of
both fw and T1(s), which is used in the model. For the freezing
stage, the progressive change in the water fraction fw is as-
sumed to be directly proportional to the relative change in the
1H signal; this assumes that the relative change in the freezing
temperature between each acquisition is minimal.

Numerical Models

These experiments were performed under conditions de-
scribed by small Biot numbers (�0.1), so that a simple lumped
model for the droplet temperature can be used that does not
account for heat conduction in the interior of the droplet and
assumes that there is a uniform temperature distribution within
the droplet during cooling and freezing. It has been postulated
that with the occurrence of nonequilibrium solidification in
rapidly freezing droplets the uniform temperature assumption
was not valid,23 even when the Biot number was �0.1. In
previous work8 it was found that the assumption of a uniform
temperature profile in the droplet was justified and accurate for

Figure 2. Experimental rig used for single-droplet sus-
pension and delivery into a vertical bore mag-
netic resonance spectrometer.
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the droplet sizes and freezing conditions used in this study. As
a consequence, all models formulated to predict the freezing of
water and sucrose solution droplets have used the uniform
temperature assumption. This assumption means that temper-
ature transition and freezing of the droplet can be solved by
simply balancing the internal energy with the energy removed
by convective heat transfer qh, mass transfer qm, and thermal
radiation qr from the surface of the droplet.

For the freezing process, the governing equations describing
the internal heat balance of the droplet and the physical prop-
erties are discontinuous for recalescence (iii) and freezing (iv).
It is therefore convenient to formulate a separate model for the
internal energy balance of each stage.

Droplet surface heat fluxes

The convective heat flux qh, from the droplet surface, is
described by

qh � h�Td,s � Ta� (3)

where h is the convective heat transfer coefficient; and Td,s and
Ta are the droplet surface and the ambient air temperatures,
respectively. The heat flux qm, arising from convective mass
transfer, is

qm � Lhm�aw�d,�s � ��a� (4)

where L is the latent heat of phase change; hm is the mass-
transfer coefficient; and �d,vs and �va are the droplet surface and
air vapor densities, respectively. The addition of solutes typi-
cally decreases the rate of mass transfer from aqueous liquid or
solid phases by decreasing the equilibrium vapor pressure at
the surface. Water and ice can have associations with solutes.
The term “water activity ” (aw) was developed to account for
the intensity with which water associates with various solutes.
At ambient pressures the water activity is defined as

aw � � p

p0
� (5)

where p is the partial vapor pressure of the solute containing
solvent and p0 is the partial vapor pressure of the pure sol-
vent.24 In the case of food solutions, the water activity is the
partial vapor pressure at the surface of the food compared to
that of pure water. The water activity aw is used to adjust the
saturated vapor pressure or vapor density at the droplet surface
�d,vs, in the convective mass transfer.25

For coupled heat and mass transfer from a sphere, the
following correlations for the Nusselt number (Nu) and Sher-
wood number (Sh)26,27 were used to estimate the heat- and
mass-transfer coefficients h and hm

Nu �
2hR

ka
� 2 � 0.6 Pr1/3Re1/ 2 (6)

Sh �
2hmR

Dab
� 2 � 0.6 Sc1/3Re1/ 2 (7)

where R is the droplet radius, Dab is the vapor–air diffusivity,
ka is the air thermal conductivity, and Re is the droplet Reyn-
olds number. For flow past a sphere, the latter is given by

Re �
2R�a�

�a
(8)

where v, �a, and �a are the air velocity, density, and viscosity,
respectively. The Schmidt number (Sc) is

Sc �
�a

�aDab
(9)

and the Prandtl number (Pr) is given by

Pr �
�a

�a�a
(10)

where �a is the thermal diffusivity of the air. For air below 0°C,
Pr is approximately constant, at 0.7.28

The heat flux qr arising from thermal radiation is

qr � 	
�Td,s
4 � Ta

4� (11)

where 	 is the surface emissivity for thermal radiation and 
 is
the Stefan–Boltzmann constant for thermal radiation.

Recalescence stage

The small bodies of liquid contained in droplets means that
large undercoolings, at the time of nucleation, can occur and a
significant liquid fraction is consequently frozen during re-
calescence. To accurately predict the freezing time of a droplet,
the solid fraction formed by recalescence needs to be incorpo-
rated into the numerical model. The temperature transition
occurs extremely rapidly until the droplet reaches the equilib-
rium freezing temperature. A global heat balance can be used
to estimate the liquid fraction remaining after recalescence.
The mass of liquid frozen is such that the latent heat released
raises the droplet temperature to the equilibrium freezing tem-
perature Tf.9,28 Therefore, the remaining liquid fraction fl, after
recalescence, is estimated by

fl � 1 �
cl�l

�s
�Tf � Ts

Lf
� (12)

where Ts is the nucleation temperature. On reaching Ts the
droplet was assumed to instantly change to the equilibrium
freezing temperature Tf with a fraction of the liquid frozen. For
sucrose solutions, the solution heat capacity cl and density �l

properties were those of the initial sucrose concentration. Also
for sucrose solutions, the solid density �s used was that of pure
ice. This is because on a microscale, ice has approximately zero
sucrose solubility.29 Therefore, it is assumed that only pure ice
is formed during recalescence. The sucrose concentration of
the unfrozen liquid after recalescence is adjusted to account for
the sucrose rejected during ice formation.
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Freezing stage

During the freezing stage, assuming a uniform droplet tem-
perature, the solid (frozen) volume Vf can be calculated from a
simple heat balance

Lf�s

A

dVf

dt
� qh � qm � qr (13)

where A is the external surface area. For water, Eq. 13 was
solved with a forward-difference time step. For each time step,
the droplet size was updated to compensate for the loss of
liquid resulting from mass transfer.

In the case of the sucrose droplets, the redistribution of the
sucrose is described by the Scheil equation30:

Cl

C0
�

1

fl
�1�ke� �

1

1 � fs
�1�ke� (14)

where C0 is the initial solute concentration; Cl is the liquid
region solute concentration; fs and fl are the solid and liquid
volume fractions, respectively; and ke is the equilibrium parti-
tion coefficient (ke � Cs/Cl), where Cs is the solid region
sucrose concentration. Because sucrose is almost insoluble in
ice, in our simulations the equilibrium partition coefficient is
assumed to be: ke (and thus Cs) � 0.

The Scheil equation is incorporated into Eq. 13 to predict the
solid/liquid segregation of the sucrose during freezing. This
requires the following assumptions:

(1) The spacing between ice crystals is small enough so that
there is no concentration gradient in the liquid.

(2) The freezing is ideal and at the equilibrium freezing
temperature.

(3) Sucrose does not undergo crystallization.
The Scheil equation predicts the freeze concentration of the
sucrose in the liquid region, which in turn was used to calculate
the progressive freezing point depression (FDP) as the droplet
freezes.

The heat-balance and Scheil equations (Eqs. 13 and 14) are
solved with a forward-difference time step and the droplet size
is again updated to compensate for the loss of liquid by mass
transfer. For the time period t � dt, the change in the solid
fraction dfs

(t�dt) is calculated from the total heat flux from the
droplet for the time step dt. The Scheil equation updates the
change in the sucrose concentration in the liquid region
dCl

(t�dt) for the change in solid fraction fs
(t�dt) � dfs

(t�dt). The
new equilibrium freezing temperature is calculated as
TFPD[Cl

(t�dt) � dCl
(t�dt)], where TFPD(Cl) is a function predict-

ing the freezing point depression for the sucrose concentration
in the liquid region. The enthalpy required to cool the droplet
from the old equilibrium freezing temperature [related to the
liquid sucrose concentration in the preceding time step Cl

(t�dt)]
to the new predicted equilibrium freezing temperature [related
to the increased liquid sucrose concentration Cl

(t�dt)] is sub-
tracted from the total heat flux used to calculate the new ice
formed in the next time step t � 2dt. Once the droplet water is
fully frozen ( fl � 0), the phase change stops and the model
then operates as a solid droplet undergoing cooling.

For sucrose solution droplets, the mass transfer heat flux (qm)
is adjusted with values of the water activities (aw) calculated

from mass-transfer measurements.21 It is assumed that the outer
surface of the droplet remains liquid while freezing, so that
mass transfer from the surface occurs by evaporation.

All models were programmed in Matlab version 6.0 (The
MathWorks, Natick, MA). To ensure that the numerical results
were time-step independent, the time step was decreased until
the solutions were stable, with �0.01% variation from the
previous larger setting. A time step of 0.02 s was found to be
optimal and was used for all models. The physical properties
used for the simulations were taken from the appropriate liter-
ature.28,31,32

Results and Discussion
Water droplets

Figure 3 shows the comparison of the NMR experimental
and predicted time-resolved data for the unfrozen water frac-
tion fw of 5-�L (2-mm-diameter) water droplets frozen over a
range of cold air temperatures. The experimental and model
results show good agreement. In validating the numerical
model, this work demonstrates the potential of NMR for ob-
taining solid/liquid fraction data for verifying such theoretical
solidification models.

Sucrose solution droplets

Figures 4a and 4b show the normalized peak area signal
(each peak area divided by the maximum peak area) for the
water and sucrose components in 20 wt % sucrose solution
droplet as a function of time for a range of freezing tempera-
tures. The freezing rate of the water component in Figure 4a is
noticeably slower than the corresponding cases in Figure 3,
which arises from the depression of the water freezing point
because of the sucrose in solution. As freezing proceeds, the
unfrozen water becomes more concentrated in sucrose, result-
ing in a further reduction in freezing rate. The signal from the
water levels out at higher proportions as the air temperature

Figure 3. Comparison of model predictions for the time-
resolved water fraction fw to the NMR experi-
mental data for 5-�L water droplets freezing in
a range of air temperatures Ta.
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increases, indicating that the sucrose solution is less maximally
frozen.

In Figure 4b, for the sucrose signal, there are sudden rapid
decreases for air temperatures ranging from �15 to �40°C and
only a gradual decrease for the �8°C air temperature. The
sharp decrease in the signal from the sucrose indicates that the
sucrose has undergone a change in molecular mobility, which
is possibly associated with the transformation to a glassy state.
We speculate that this is potentially an intermediate stage
before crystallization of the sucrose. The temporal freezing
profiles for water and sucrose, presented in Figure 4, are
combined for a freezing air temperature of �40°C in Figure 5.
The phase change of the sucrose is accompanied with a reduc-
tion in the freezing rate of the water at a time of about 70 s (in
Figure 5 an arrow indicates a discontinuity in the freezing rate
of the water, which corresponds to the sudden loss of signal

from the sucrose). It is thought that the latent heat liberated
upon the phase change in the sucrose results in a reduction in
freezing rate of the water.

This localized retardation of the water freezing rate was also
observed for the droplets freezing in air at �20 and �30°C, as
indicated by arrows in Figure 4a. At the same time, the evident
decline in signal from the sucrose suggests that the sucrose is
undergoing a phase change to a less mobile conformation. Both
of the above air temperatures are higher than the reported mean
glass-transition temperature of �32°C for sucrose solutions,
which is reported to be independent of the initial sucrose
concentration.33 If the sucrose solution is not undergoing a
glass transition, it suggests that the steep decrease in the signal
could be a result of sucrose crystallization. This was not
expected, given that the prevailing theory for sucrose solutions
suggests that, as the temperature is lowered and the sucrose
concentration increases, it is highly unlikely that sucrose will
crystallize. The inhibition of crystallization is attributed to the
solution viscosity increasing to the point where the mobility of
sucrose is too low for nucleation of sucrose crystals to occur, so
that there is no eutectic temperature and the sucrose remains in
a nonequilibrium state as an amorphous liquid.17,29,33-35

DSC thermograms were taken of 20 wt % sucrose solution at
the cooling rates of 5, 10, and 20°C/min. From the temperature-
transition curves for sucrose solution droplets freezing in air
temperatures ranging from �8 to �40°C the cooling rate
during the freezing stage [see Figure 1b, stage (iv)] ranges from
about 0 to 60°C/min. It is not possible for DSC to reproduce the
maximum cooling rate but the cooling rates of 5, 10, and
20°C/min represent the range over which a majority of sucrose
solution is frozen for air temperatures of �8 to �40°C.

The cooling thermograms for 20% sucrose solution for 5, 10,
and 20°C/min are shown in Figure 6. The baselines of the scans
have been offset for better comparison. It can be seen that high
depths of undercooling occurred before the onset of freezing at
all cooling rates, which is comparable to the behavior observed
in sucrose solution droplets. The first peak for each thermo-
gram (A) is likely to be the heat flow from the freezing of the

Figure 5. Time evolution of the normalized NMR peak
area of the water and sucrose peaks during
the freezing of a 5-�L 20 wt % sucrose solu-
tion droplet in air at �40°C.

Figure 4. Time evolution of the normalized NMR peak
area during freezing of 5-�L droplets of 20 wt
% sucrose solution in a range of air tempera-
tures Ta.
(a) Water peak; (b) sucrose peak.
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water in the sucrose solution, although a second smaller peak
(B) is evident at lower temperatures for each cooling rate. From
the observations of phase change in the NMR results in Figure
4, it is possible that these second smaller peaks are the sucrose
undergoing some phase change at temperatures higher than the
expected glass-transition temperature of sucrose solutions.

The glass transitions of frozen sucrose solutions have been
determined by use of differential scanning calorimetry (DSC)
and scanning electron microscopy (SEM).36 Investigators were
particularly interested in what appeared to be double glass-
transition temperatures in freezing sucrose solutions. They
concluded that the apparent double glass-transition tempera-
tures were caused by solute inclusions within the ice crystals
that were formed from the rapid crystallization of water after
deep undercooling of the sucrose solutions. The sucrose inclu-
sions resulted in a system that showed complex relaxation in
which both the bulk phase and the plasticized sucrose inclu-
sions underwent a glass transition at different temperatures. It
is possible that the concentrated sucrose inclusions do not
undergo a glass transition but crystallize because it is possible
that the sucrose inclusions reach concentration levels at tem-
peratures where the sucrose is still sufficiently mobile to un-
dergo nucleation and subsequent crystallization. This could
explain the possible observation of sucrose crystallization in
the freezing of the sucrose solution droplets, where deep un-
dercoolings occur.

Figure 7 shows the comparison of the experimentally ob-
served and the predicted water fraction content fw during freez-
ing of 20 wt % sucrose solution droplets over a range of air
temperatures. For air temperatures ranging from �15 to
�40°C, there are evident discrepancies between the experi-
mental data and the model when the water fraction drops below
0.3. The model can be seen to overpredict the freezing rate of
the water at lower air temperatures. This discrepancy in the
frozen water fraction prediction manifests as an increasing
underprediction in the temperature transition for the freezing
sucrose solution droplet, as seen in Figure 8. This systematic

difference was not evident at an air temperature of �8°C where
there was good agreement for the water fraction and the tem-
perature transition (compare Figures 7 and 8). It can also be
seen in Figure 4b that for the �8°C air temperature there is no
rapid drop in the signal from the sucrose, where this is evident
for the air temperatures �15 to �40°C. The model assumes
that only water freezes; it is thus likely that the systematic
discrepancy in the model is explained by a level of crystalli-
zation of the sucrose.

Conclusions

Time-resolved NMR was used to gather experimental data of
the temporal change in the water fraction of droplets undergo-

Figure 6. Cooling thermograms of the heat flow as a
function of temperature for 20 wt % sucrose
solution cooling from 25 to �40°C at 5, 10, and
20°C/min.

Figure 7. Comparison of model predictions to the NMR
experimental data for the time resolved water
fraction fw of 5-�L 20 wt % sucrose solution
droplets freezing in a range of air tempera-
tures Ta.

Figure 8. Comparison of the predicted and experimental
temperature transitions of the freezing/solid
cooling stages (iv and v) of 4-�L 20 wt % su-
crose droplets freezing in a range of air tem-
peratures Ta.
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ing freezing for two model systems (water and sucrose solu-
tions). The NMR results, which were supported by DSC anal-
ysis, suggested that some of the sucrose was undergoing a
phase transition at a higher temperature than the glass-transi-
tion temperature of sucrose solutions. This unexpected phe-
nomenon may be the product of deep undercooling of the
sucrose solution. The rapid crystallization of ice crystals forms
regions of concentrated sucrose inclusions within the matrix of
the ice; in these regions the concentration reaches levels at
temperatures where the sucrose is mobile enough to undergo
nucleation and subsequent crystallization.

Simple numerical approaches were used to predict the tem-
poral change of the water fraction in freezing water and sucrose
droplets. It was assumed that there was no internal temperature
gradient within the droplet and solidification was ideal. The
results were compared against the NMR data. Good agreement
was observed with the water droplets for all air temperatures
but good agreement was observed with the sucrose solution
droplets only at an air temperature of �8°C and for fw � 0.3 for
lower air temperatures. It was apparent that the discrepancy at
lower air temperatures was the anomalous phase transition in
sucrose. Some means of predicting the onset and quantity of
crystallization of the sucrose must be incorporated into the
model to improve the accuracy of predicting the freezing
behavior of sucrose solution droplets.

To conclude, the results have demonstrated that NMR is a
suitable method of gathering experimental data of the temporal
change of the liquid fraction in a freezing system, which can be
used to validate theoretical solidification models.
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Notation

aw � water activity
A � external surface area, m2

c � specific heat capacity, J kg�1 K�1

C � solute concentration, wt %
C0 � initial solute concentration, wt %

Dab � air/water vapor diffusivity, m2/s
f � fraction
h � heat-transfer coefficient, J sm�2 K�1

hm � mass-transfer coefficient, m/s
k � signal proportionality constant, kg

ka � thermal conductivity, J sm�1 k�1

ke � equilibrium partition coefficient
L � latent heat of phase change, J kg�1

Nu � Nusselt number
p � partial vapor pressure of solute containing solvent

p0 � partial vapor pressure of pure solvent
Pr � Prandtl number
q � heat flux, J/m2

r � radial coordinate, m
R � droplet radius, m

Re � Reynolds number
Sc � Schmidt number
S � proton signal

S0 � proton signal at supercooling temperature
S1 � proton signal after recalescence
Sh � Sherwood number
T1 � spin–lattice relaxation time, s

t � time, s

T2 � spin–spin relaxation time, s
T1( f ) � spin–lattice relaxation time at freezing temperature, s
T1(s) � spin–lattice relaxation time at supercooling temperature, s

TR � repetition time, s
T � temperature, K

Ts � supercooling temperature, °C
v � ambient air velocity, m/s

Vd � volume of droplet, m3

Vf � volume of droplet frozen, m3

Greek letters

� � thermal diffusivity, m2/s
	 � emissivity
� � density proton spins, kg�1

� � viscosity, Pa�s
� � density, kg/m

 � Stefan–Boltzmann constant

Subscripts

a � ambient air
e � evaporation

d, s � droplet surface
FPD � freezing point depression function, K/wt %

f � fusion
h � heat transfer
l � liquid phase

m � mass transfer
n � nucleation
r � thermal radiation
s � solid phase

sb � sublimation
v � vapor phase
w � water
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