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ABSTRACT: The moisture diffusivity of Jonagold apple flesh and skin was estimated based on NMR images
obtained from drying experiments. It was assumed that the diffusivities were not dependent on the moisture con-
centration. A multi-echo sequence was required to correct for the change of T, during the experiment. The diffusi-
vities were estimated by minimization of the squared error between measured and predicted moisture
concentrations. The latter were calculated based on the analytical solution or a Galerkin finite element dis-
cretization of the diffusion equation. The average flesh diffusivity was 10.3 x 10™'! m? s™! and did not change
significantly during ultra-low oxygen storage. The corresponding skin diffusivity was 1.32 x 1073 m? s~ 1. If the

-1

flesh and skin diffusivity were estimated simultaneously, the values were 2.8 x 10712 and 6.3 x 1071°> m?2 s 1,

respectively.
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INTRODUCTION

Water transport processes in fruit are important from
both the producers’ and the consumers’ point of view,
as they affect the economic benefit and the fruit quality.
The economic benefit for the producers will be maxi-
mized if the weight loss and the fruit loss by damage are
minimized. To compete in a saturated market and to
attract consumers, the apples should have a fresh and
undamaged appearance and a firm and crisp taste. In
order to achieve these goals, the water transport pro-
cesses should be carefully taken into consideration. On
the one hand, producers try to reduce the weight loss as
much as possible as evaporated water cannot be sold.
Shriveling of the fruit, and thus a lack of fresh appear-
ance and firm and crisp taste, is another disadvan-
tageous effect of extended weight loss. On the other
hand, Hatfield and Knee! indicated that controlled
dehydration seems to be a promising application to
reduce the bruising susceptibility of apples, as it reduces
the turgor pressure in the surface cell layers. When the
relationships between internal water profiles and quality
parameters such as fresh appearance and susceptibility
to bruise damage are known, it is possible to determine
the optimum storage conditions. In this context, water
transport processes in the fruit are to be modelled.
According to Luikov’s basic laws of moisture trans-
port,? the driving force under the isothermal conditions
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can be expressed in terms of gradients in water content.
In this case, a homogeneous body and a linear relation-
ship between water content and water potential are
assumed. Fick’s law for non-linear diffusion of water
due to a difference in water content can then be used:

o = VD(6)VO )]
ot
where D is the moisture diffusivity (m? s~1), 0 the mois-
ture content (kg m~?3), ¢ the time (s) and x the position
(m).

When moisture transport takes place between differ-
ent materials, the discontinuity of water content at the
boundary of contact must be taken into consideration.
The difference in water potential between the two
materials is the driving force for moisture transport.
Assuming a constant mass capacity within each
material, this difference in water potentials can be
expressed as a difference in water content.? In the case
of apples in air, the equilibrium water concentration
under the imposed conditions of air temperature and
relative humidity is used instead of the true water
content of the air to correct for the difference in proper-
ties of apples and air.

NMR imaging is a powerful tool for visualizing and
monitoring water transport processes. Gummerson et
al® were the first to use NMR imaging techniques to
monitor the dynamics of the internal water content dis-
tribution in several porous inorganic materials during
capillary inflow. They estimated the diffusivity accord-
ing to a technique outlined by Bruce and Klute* based
on the application of the Boltzmann transformation to
the non-linear diffusion equation. McCarthy et al.’
Schrader and Litchfield® and Pel et al.” used NMR
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imaging to visualize internal water profiles in drying
apple samples, a model food gel and porous building
materials, respectively. With the numerical data from
these images, an overall effective diffusion coefficient
was calculated by McCarthy and Perez.® The estima-
tion of the diffusivity was based on the best agreement
between all experimental measurement points and simu-
lated moisture profiles. The simulations were based on
the equations of continuity for one-dimensional mois-
ture transport, solved with the numerical finite differ-
ence method.>

In an extension to this, Schrader and Litchfield®
assumed that the value of the moisture diffusivity would
be affected by the local moisture content. Instead of
using all the measurement points to calculate one value
of the diffusivity, a value of the moisture diffusivity was
calculated for each measurement point (in position and
time). Simulations were performed with the finite differ-
ence method for the solution of the diffusion equation
for radial diffusion in a cylinder. The optimization
routine was based on the minimization of the squared
error between measured and simulated moisture con-
tents, for each measurement point. They concluded that,
with the method used, the Fickian model did not accu-
rately predict the internal moisture profiles.®

Pel et al.” numerically calculated moisture diffusi-
vities as a function of moisture content. Their calcu-
lation was based on the integrated one-dimensional
moisture diffusion equation. A very clear dependence of
the value of the moisture diffusivity on the moisture
content was observed. The behaviour of the moisture
diffusivity was explained by the change in water trans-
port mechanism with change in moisture content. At
high moisture contents, the dominating mechanism is
liquid moisture transport. With decreasing moisture
content, the pores in the medium are drained and will
therefore make a decreasing contribution to liquid
transport, which leads to a lower moisture diffusivity.
Below a certain critical moisture content, the dominat-
ing mechanism is moisture vapour transport, driven by
differences in vapour pressure. With decreasing mois-
ture content, the corresponding vapour pressure gra-
dient increases, resulting in an increasing moisture
diffusivity at very low moisture contents.” Favier and
Chudek?® also applied the NMR imaging technique to
measure and model water diffusion in grains.

The objective of the work was to estimate both the
apple flesh and skin diffusivity for water with the aid of
NMR imaging in order to be able to predict the internal
water content distribution in apples during storage
under known conditions of air temperature and relative
humidity.

EXPERIMENTAL

Fruit

Jonagold apples were collected from the experimental
station at Rillaar (Belgium) in July 1995 [after 9 months
of ultra-low oxygen (ULO) storage], February 1996
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(after 4 months of ULO storage) and in May 1996 (after
7 months of ULO storage).

To determine the flesh diffusivity, cylindrical samples
of 1.5 cm diameter and 2.5 cm length were cut radially
from the apple fresh. The curved surfaces of the samples
were covered with Vaseline. In this way, a one-
dimensional drying geometry was realized which facili-
tated the estimation of the overal flesh diffusivity
considerably. Fixed into a Plexiglas holder, only the flat
surfaces of the flesh samples were exposed to drying. In
the experiment to determine the skin diffusivity, the
whole intact apple was exposed to drying.

NMR measurements and data analysis

The NMR equipment consisted of a Bruker 4.7 T
Biospec spectrometer (*H resonance frequency of 200
MHz) with a horizontal superconducting magnet (30 cm
bore). In the experiments to determine the apple flesh
diffusivity, the samples were positioned in cylindrical
resonator coil (70 mm id.). A transmit/receive surface
coil (15 mm diameter) was used in the experiments with
the whole intact apple to zoom in on a small region
near the skin and thus obtain a higher spatial resolution
(about 39 um) near the skin. The experimental set-up
for both types of experiments is shown in Fig. 1.

In the first experiment (July 1995), apple flesh samples
were allowed to dry for 10 h in an airstream at 30°C
and 30% relative humidity (RH). In Fig. 1 the experi-
mental set-up is shown. During this drying period,
coronal NMR images (slice thickness =4 mm,
FOV =70 mm, matrix = 256 x 256, one acquisition,
spatial resolution = 0.27 mm) were taken at regular
time intervals using a spin-echo sequence (TR/
TE = 6000/16 ms, imaging duration =25 min). An
example of such an image is given in Fig. 2, together
with a detail of a flesh sample with water concentration
profile. As a first approximation, the pixel intensity was
assumed to be proportional to the water content during
the whole experiment, as was also assumed by
McCarthy and Perez.® To obtain water concentration
profiles, the pixel intensities were scaled with a factor so
that the average of the internal pixel values was equal
to the average water concentration of the apple flesh,
obtained from dried apple flesh samples. For each posi-
tion (distance from the sample edge), the proton density
was averaged over about 20 pixels perpendicular to the
moisture flow direction to increase the signal-to-noise
ratio. A few images with TE = 30 ms were taken, to
detect variations in T, during drying.

In the second experiment (February 1996), apple flesh
samples were allowed to dry for 7 h in an airstream at
22°C and 62% RH. The RH was determined by means
of a dew-point hygrometer. To correct for the effect of
T, (change in the value of T, during drying or internal
variation in the sample), one needs to extrapolate the
echo signal amplitude to TE = 0. This was achieved
using a multi-echo sequence (TR/TE = 6000/18-36—
54-72 ms, slice thickness =3 mm, FOV =60 mm,
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Figure 1. Experimental set-up for the measurements of (a) apple flesh and (b) skin diffusivity for water.

matrix = 256 x 256, one acquisition, spatial
resolution = 0.23 mm, imaging duration = 13 min). The
exact position of the edge of the samples was deter-
mined with an edge detection algorithm.

The damping of the required echo signals as a func-
tion of echo time TE was approximated by

ITE = IO exp(_ TE/’TZ, app) (2)

with I, the intensity at echo time TE, I, the intensity
at echo time TE = 0 or proton density, TE the echo
time (ms) and T, ,,, the apparent transverse relaxation
time constant (ms) which includes spin—spin as well as
spin—diffusion effects. The purpose of this approx-
imation is solely to extrapolate, for each pixel, the echo

intensity to TE = 0, which is taken as the water proton
density value. A linear regression of the logarithm of the
intensity value of each pixel vs. its corresponding echo
time was calculated. The value for the proton density
was derived from the intercept of this line. For each
position (distance from the sample edge), the proton
density was averaged over about 20 pixels perpendicu-
lar to the moisture flow direction to increase the signal-
to-noise ratio. The proton density obtained was now
supposed to be linearly related to the water concentra-
tion in the voxel. The effect of T; on the signal can be
neglected because of the long TR. To obtain water con-
centration profiles, the pixel intensities were scaled with
a factor so that the average of the internal pixel values

b)

Figure 2. (a) Image of drying flesh samples and (b) detail with internal water profile.
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was equal to the average water concentration of the
apple flesh, obtained from dried apple flesh samples. In
the third experiment (May 1996), apple flesh samples
were allowed to dry for 12 h in an air stream at 23°C
and 25% RH. The imaging parameters and data manip-
ulation were the same as in the second experiment.

In the fourth experiment (May 1996), a whole intact
apple was allowed to dry for 7 days in an air stream at
20°C and 0% RH (high-pressure air, dried at —60 °C).
A multi-echo sequence was used (TR/TE = 6000/15-
30-45-60 ms, slice thickness = 2 mm, FOV = 10 mm,
matrix = 256 x 256, four  acquisitions,  spatial
resolution = 0.039 mm, imaging duration = 103 min).
An example of such an image is given in Fig. 3. The use
of a surface coil has the advantage that the image FOV
is reduced and that the spatial resolution is very high
(39 um in this case), but it has the disadvantage that the
excitation (i.e. the value of the pulse angle) at a certain
position in the sample, as well as the detected signal
from this position, are determined by the distance of
this position to the centre of the surface coil. The excita-
tion power was adjusted so that the 90°/180° pulse con-
dition was fulfilled in the immediate vicinity of the
surface coil; the pulse angle and the signal intensity
then roll off with increasing distance from the coil. To
correct for this effect, a glass bulb (7 cm diameter) filled
with water was placed in the same position as the apple
and images were taken with the same parameters since
we verified that the surface coil loading was unchanged.
The decrease in intensity of the pixels in this image is
due only to their distance from the coil centre. A para-
bola was fitted through these points. The intensity I(x)
of each pixel in the apple images was adjusted for the
distance from the coil centre by the equation

Lgj(x) = I)LT*(x)/15] ©)

with I_4;(x) the adjusted intensity at a distance x from
the coil centre, I(x) the intensity at a distance x from the

Figure 3. Image of whole drying apple.
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coil centre, I*(x) the intensity in the water bulb at a
distance x from the coil centre and I*, the intensity in
the water bulb at the coil centre. The exact position of
the edge of the samples was determined with iterative
selection of the threshold. An exponential fit of the
intensity values at the different echo times yielded the
proton density, T, and R? of the fit for each pixel. For
each position (distance from the apple edge), an average
proton density was calculated from about 30 lines
around the axis of the coil. To obtain water concentra-
tion profiles, the pixel intensities were scaled with a
factor so that the average of the internal pixel values
was equal to the average water concentration of the
apple flesh, obtained from dried apple flesh samples.

A gradient-echo (GE) image was made of the apple to
visualize the thickness of the apple skin (FLASH
sequence with TR/TE = 1000/6 ms). The GE image is
very sensitive to susceptibility variations such as in the
neighbourhood of flesh/air interfaces, resulting in signal
void. As there are no air spaces in the skin, the signal
does not decay as fast as in the apple flesh, and the skin
appears as a bright line. An example of such a GE
image is shown in Fig. 4. The bright line consisted of an
average of three pixels, which corresponds to a skin
thickness of about 120 pm.

Parameter estimation

In all simulations it was assumed that the diffusivity of
apple flesh and skin does not depend on the moisture
concentration as suggested by McCarthy et al.®> As a
consequence, Eqn (1) becomes linear, which simplified
further analytical and numerical solutions. However,
there are indications that this assumption is not valid
for building materials’ and model food gels® and
further work is in progress to investigate the extent to

Figure 4. Gradient echo to visualize the skin taken with
surface coil.
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which the diffusivity of apple tissue and skin is indepen-
dent of the moisture concentration.

The flesh diffusivity in the first, second and third
experiments were estimated by minimization of the
quadratic error between measured and simulated
values. In the first experiment the analytical solution of
Fick’s law for one-dimensional diffusion was used to
calculate the water concentration at positions spaced
with the same resolution as in the imaging experiment
and at times corresponding to the centre of the imaging
periods. The initial water concentration distribution in
the apple sample was assumed to be homogeneous. The
corresponding value was obtained from drying apple
samples at 70 °C until constant weight. The boundary
condition was set as the equilibrium water concentra-
tion under the conditions of 30°C and 30% RH. This
value was obtained by keeping apple samples under
these conditions until equilibrium (constant weight).
The analytical solution of Fick’s law under these condi-
tions can be written as®

x x
0(x, t) =6, erfc(z—\/D_) + 6, er‘<2—\/D—t> @

where 0, is the initial water concentration in the sample
(kg m~3) and 6, the equilibrium water concentration of
apple flesh under the conditions of the experiment (kg
m~3).

In the second and third experiments, a numerical
solution with finite elements was chosen to correct for
the spatial resolution in the imaging experiment, the
imaging duration and inhomogeneities in the initial
water concentration distribution in the sample. Since
there are no analytical solutions available for Fick’s law
under these conditions, the partial differential equation
was solved in a numerical way by using the finite
element method.!® The model consisted of a row of
two-dimensional quadrilateral elements that are inter-
connected in a finite number of nodes. In every element
the unknown moisture concentration can be approx-
imated by a low-order interpolating polynomial. The
element equations are obtained by applying the Galer-
kin weighted residual method, and the resulting first-
order differential system was solved numerically.!! The
elements had a length equal to half the sample length
and the mesh density corresponded to the experimental
spatial resolution. At the drying boundary, the water
concentration was set equal to the equilibrium water
concentration for the imposed conditions of tem-
perature and relative humidity. At the other end, corre-
sponding to the middle of the sample, a no-flux
boundary condition was set because of the symmetry.
The initial conditions for each node were set as the cor-
responding water concentrations obtained from the first
image taken during the drying experiment. A starting
value for the flesh diffusivity was given and the simula-
tion was run for the period of the drying experiment
(time step 60 s). As the image duration was 13 min, 14
successive simulated water concentration profiles were
averaged to correct for the imaging duration. The
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resulting water concentration values of the nodes of
each corresponding element were then averaged again,
to correct for the spatial resolution of the pixels in the
image.

In the fourth experiment, two approaches were fol-
lowed. In the first the flesh diffusivity was assumed to be
known from the previous experiments and the skin dif-
fusivity was estimated by means of a least-squares algo-
rithm. The same finite element programme was used but
now the model was approximated by a flat plate,
neglecting the very small curvature in the considered
area of pixels. The model consisted of a row of elements,
with a length equal to the radius of the apple. The three
outer elements were assigned to the skin and the other
elements were assigned to the flesh. At the drying
boundary, the water concentration was fixed to a value
of zero. At the other end, corresponding to the middle
of the apple, a no-flux boundary condition was set
because of the symmetry. The initial conditions for each
node were set as the corresponding water concentra-
tions obtained from the first image taken during the
drying experiment. Starting values for the skin and flesh
diffusivity were given and the simulation was run for the
period of the drying experiment (time step 26 min). As
the image duration was 103 min, five successive simu-
lated water concentration profiles were averaged from
the starting time (x min after the first image was taken)
of the image on. Similarly to the previous experiments,
the resulting water concentration values of the nodes of
each corresponding element were then averaged again,
to correct for the spatial resolution of the pixels in the
image. In a second approach, both the flesh and skin
diffusivity were estimated simultaneously.

For the estimation of the flesh diffusivity from drying
apple flesh samples, confidence intervals for the esti-
mated parameter were obtained from the repetitions. In
the fourth experiment, no repetitions were available.
The standard deviations for skin diffusivity, or skin and
flesh diffusivity, were estimated from the variance of the
residuals and from the Jacobian matrix. The correlation
between the two estimated parameters was also calcu-
lated according to.!2

Gummerson et al.® used a technique suggested by
Bruce and Klute* to estimate the moisture diffusivity of
porous inorganic media. This technique is based on the
application of the Boltzmann transform to the non-
linear diffusion equation. As it involves the (ill-condi-
tioned) calculation of derivatives of the transformed
coordinate with respect to the moisture concentration,
it is unsuitable for the present purpose, given the rugged
appearance of the moisture concentration profile (see
Fig. 2).

RESULTS

The estimated values of the flesh diffusivity for the first
experiment are given in Table 1. The average value was
84 x 107 m? 571, with a relative standard deviation
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Table 1. Estimated apple flesh diffusivities D;,.,, for water (m? s—1)

Replicate Experiment 1 Experiment 2 Experiment 3
Rep. 1 5.46 x 10~ 11 11.5 x 1071 7.64 x 10”11

Rep. 2 431 x 10711 7.56 x 10711 11.6 x 10711

Rep. 3 145 x 10711 10.1 x 1071 9.25 x 10711

Rep. 4 9.23 x 10711 122 x 1071 122 x 10711
Average 84 x 10711 104 x 10711 10.2 x 107 1¢

o (RSD) 229 x 10711 (27%) 2.07 x 10711 (20%) 2.13 x 10711 (21%)

201

(RSD) of 27%. In Fig. 5, some water concentration pro-
files obtained from the analytical solution and the esti-
mated diffusivity values are shown together with the
experimental water concentration profiles during the
drying of the samples.

In Fig. 6, the intensity profiles for different echo times
(16 and 30 ms) are shown, in addition to the ratio of the
intensity at 16 ms (I,4,,) to that at 30 ms (I5,,,), for

90 min after start
182 min after start
277 min after start
404 min after start

water conc. (kg/m?)

636 min after start

0 2 4 6 8 10 12

distance in sample (mm)

’ ........... measurement ... Simulation |

Figure 5. Simulated and experimentally measured water
concentration profiles after different periods of drying
for experiment 1.

0 20 40 60 80

Figure 6. Internal intensity profiles (arbitrary units)
through apple flesh sample after different echo times,
and the ratio of these intensities for the first experiment.
The dashed line is the ratio of the intensities at 16 and
30 ms.
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each pixel in a cross-section through the drying flesh
samples. If the assumption of a constant T, was correct,
the ratio of the intensity at different echo times should
be constant, which is not the case. At the drying edges
of the sample the I,¢ ../I30ms ratio is higher than that
in the sample centre. At the edges of the drying sample,
less free water is present because of the evaporation. As
free water has a higher T, than bounded water, areas
with a lower content of free water, and thus a faster
decay of the signal, will exhibit a higher I;¢ ./I30ms
ratio than areas with more free water such as the centre
of the flesh samples. From the results of this experiment,
it was concluded that a correction for changes in T,
during drying is required. To solve this problem, a
multi-echo sequence was used in the subsequent experi-
ments. As can be seen from Fig. 5, large inhomoge-
neities were present in the flesh samples. The
homogeneous initial condition was therefore abandoned
in the subsequent experiments. By using finite elements,
it is possible to correct for this and also for the spatial
and time resolution, inherent to the experiments.

In the second and third experiments, the flesh diffusi-
vity values were 1.04 x 1071% and 1.02 x 1071 m2 s~ 1
respectively (Table 1). In Figs 7 and 8, some corre-
sponding simulated and experimental water concentra-
tion profiles for these experiments are shown. Figure 9
shows water concentration profiles during drying and
the corresponding T, values, obtained from an exponen-
tial fit through four intensity values at different echo

700

12 min after start
84 min after start
197 min after start
286 min after start
374 min after start

water conc. (kg/m?)

0 2 4 6 8 10 12

distance in sample (mm)

; —simulaion measurement ‘

Figure 7. Simulated and experimentally measured water
concentration profiles after different periods of drying
for experiment 2.
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© 300 L 159 min after start
‘§ 200 | 19 min after start

100

0

0 2 4 6 8 10 12

distance in sample (mm)

’ . SiTUlAtON . measurement

Figure 8. Internal water concentration profiles and T,
profiles after different periods of drying in experiment 3.

times. In the initial measurement a higher T, is noticed
at the recently cut edge. By cutting, cell walls and mem-
branes were broken so that water was released. Before
the evaporation started, the free water caused the T,
near the edge to increase. It is clear that at the drying
edges a lower T, was measured after some period of
drying. This can be explained by the smaller amount of
free water in these regions and it agrees with the find-
ings of the first experiment. As can be seen from Table
1, the values of the flesh diffusivity for the different
periods of ULO storage were not significantly different.
In the fourth experiment, it was assumed in a first
approach that the value of the flesh diffusivity was
known from the previous experiments. The average dif-
fusivity value, 1.02 x 10712 m? s, was imposed for
the pixels in the apple flesh. Minimization of the mean
sum of squared errors then resulted in a value of
1.32 x 10713 m?2 s~ ! for the skin diffusivity, with an
RSD of 5.4%. Experimental water concentration pro-
files and simulated profiles, obtained with these values
for the skin and flesh diffusivity, are shown in Fig. 10(a).
As the previous profiles do not seem to have a similar
shape, simultaneous estimation of both parameters was
performed in a second approach. The shape of the
experimental water concentration profiles in this case
was more similar to the simulated profiles, obtained

1200 60

1000 £y, 50
T 800 0
)
e -
~ []
¢ 600 J . i w0 E
H initial measurement =
o S =
§ 400 . 57 min after start 20
[
3 £ 374 min after start

200 10

0 [+]

0 2 4 6 8 10 12

distance in sample (mm)

| _ waterconc. ........... i¥] ‘

Figure 9. Internal water concentration profiles and T,
profiles after different periods of drying in experiment 2.
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with the estimated skin and flesh diffusivities, as is
shown in Fig. 10(b). The flesh diffusivity value was
2.8 x 10712 m? s~ ! (RSD = 16%), which is about 30
times lower than the value from the experiment with the
flesh samples. The corresponding skin diffusivity was
6.3 x 1071> m? s~ ! (RSD = 19%). The value of 0.43
obtained for the correlation coefficient between the skin
and flesh diffusivity indicates that the parameters were
not much correlated. The resulting RSDs were 16 and
19% for the flesh and skin diffusivity, respectively.

CONCLUSIONS

Different drying experiments were carried out to obtain
values for the skin and flesh diffusivity for water in
apples. In the very dry parts of the samples, the T, was
consistently lower, indicating a decrease in free water.
From these results, it was concluded that a multi-echo
sequence to correct for T, influences was required to
obtain the water concentration. The estimated average
flesh diffusivity was 10.3 x 10~ ! m? s~ 1. No significant
differences were observed for apples after different
periods of ULO storage. When the flesh and skin diffu-
sivity were estimated simultaneously, the value of the
flesh diffusivity was about 30 times lower than the value
obtained from the experiments with the flesh samples.
Similar results were obtained for the skin diffusivity.
The correlation coefficient did not indicate a strong
correlation between the parameters, and the RSDs of
both estimated parameters were still reasonably low.
The observed discrepancies in the values for the mois-
ture diffusivities can be attributed to several causes.
First, during the drying of flesh samples the shrinkage
was considerably more pronounced than during the
drying of the intact apple. In the simulations, this
shrinkage was not taken into account. Second, an
important error source may be the edge detection,
which can be experimentally distorted (an edge pixel
may be partly empty). As the skin is only three pixels
thick, an error of half a pixel may be considerable and
will be investigated with a sensitivity analysis. A final
explanation may be the dependence of the moisture dif-
fusivity on the moisture content, described by other
workers. This aspect is currently under investigation.
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Figure 10. Simulated and experimentally measured water concentration profiles after different periods of drying. (a)
Two-step estimation procedure; (b) simultaneous estimation of skin and flesh diffusivity.
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