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ABSTRACT

The internal moisture distribution that arise indoproducts during drying, is a key factor for thtention of
quality attributes. To reveal the course of moistobontent in a product, internal moisture profilegroccoli
florets are measured by MRI imaging during dryingeriments with controlled air flow and temperature
The 3D images concern a matrix size of 64x64x64nefds. Signal intensity is converted to product
moisture content with a linear relationship, whiéing a minimum detectable moisture content of kKiy3
water/ kg dry matter into account. Moisture contesnt function of time is presented for a 2D cezsgional
area in the middle of a broccoli sample.

The average moisture contents for the cross sedtamra obtained from the MRI imaging are compavitd
spatial model simulations for the moisture disttibn. In that model the effective diffusion coeféint is
based on the Free Volume Theory. This theory hasatlvantage that the changed mobility of watehén t
product during drying is taken into account andttheory also predicts the moisture transport ingbius
broccoli floret. Key parameters for the Free Voluhteory are estimated by fitting to the experimemMRI
results and the effective diffusion coefficiengisen as a function of the product water content.
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INTRODUCTION

Drying is a main technology for food preservatidie low moisture content and water activity alloafes
storage of food products over an extended periotné. Due to the heat load and dehydration, qualit
attributes of food products change during dryimgy; éxample structure, colour, healthy components an
nutritional value. The changes in quality attritsutkepend on the local, time varying moisture canéerl
temperatures in the product rather than the averagisture content. As a result, the internal moestu
distribution and moisture diffusion are importamtstudying the influence of drying on quality ditries of
the product.

Drying of food particles process is controlled bffusion and is often described by Fick's law. Hawee
food products behave more complex during dryinge Broduct goes from a rubbery state to a glasgg,st
and the changes in water mobility, resulting ifedé#nt diffusion properties, may not be ignored.nieet the
changes in diffusivity, the free volume theory jphed to predict moisture transport during drythgThis
theory is based on the physical properties of fop@ael takes the mobility of the water molecule® int
account. Moreover, the free volume theory can h@iegh in porous media, like vegetables (for exanpke
floret of broccoli).

Moisture transport and distribution in products lkeg factors for the development of the productligyt To

control the quality development, knowledge of theisture content as a function of place and timéhin
product is required. For that purpose spatialygriiuted moisture profiles can be measured wattrdictive
methods by taking slices from the product or nostdetive methods such asray densitometry.
Drawbacks of these methods are the requirementiseosize of the sample, a limited resolution @ytban
only be applied in a one dimensional direcid.

As an alternative, magnetic resonance imaging (MR powerful method to study complex materials
food products. The pioneer technique allows thegin@ of the products’ interior non-destructively.iti/
continuous and controlled drying conditions, maistwansport during drying can be recorded. MRI thesn



applied in food applications to study the rehydnatdf extruded pasta dying of potatoé$, drying of apple
slab&?, and drying of food gefd.

In this work moisture profiles in broccoli duringyithg are obtained from MRI imaging data. Experita¢n
results of the moisture profiles and the effectivéusion coefficients are compared with simulatiohthe
Free Volume theory and key parameters are tuned.

THEORY AND MODELING

Fick’s second law for diffusion controlled partiaeying, is given as:
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with Dey is the effective diffusion coefficientfns®), W the moisture content(kgerkGary mater), T the
position(m) and the time(s).

According the Maxwell-Eucken relationship, the d#ffon coefficient for water in porous products is a
combination of the diffusion coefficient of water the continuous phadg(; product) and in the dispersed
phaseDy; air):

Dd + ZDC + 2(1 - g)(Dd - DC)
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with Dg( m?.s™) is the water diffusion coefficient in air which given by Olek (2003):
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whereP is the pressure(Pa), alidhe temperature(K).
D.( m’.sY) is the water diffusion coefficient in the solicatrix, and follows from the Darken relatffin
D, = Q(@Dy, + (1 —P)D;) (4)
Q=1-2x¢(1-9) Q)

D m’.s") is the self diffusion coefficient of water moldes, D m”s") the self diffusion coefficient of
solid particles,g(-) the volume fraction of the solid phas@(-) the thermodynamic factor, and (-) the
interaction parameter

The self-diffusion coefficient of water moleculBg( m”.s?), is given by the Free Volume theory:
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The free volume parameters for water and prodwcgien in Table 1:
Table 1: Free volume parameters
Water properties Value Product properties | Value
v, (ml.gh 0.91 v, (ml.g" 0.59
Ty1(K) 136 Toz (K) 360
Do (n?.sY) 1.39x10’ K,; (K) 69.21
AE (J.mol") 1.98x10 k (J.K% 1.38x10%
Ko (K) -19.73 a (m) 1x10
Kuly (m.L.g-.K™ 1.945x10°
Ds is the self-diffusion coefficient of solid partd, which follows from the Stokes-Einstein thédry
kT
7
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To solve equation 1, symmetry in the product isuassd, at the center of the product there is no mass
transfer and at the surface wher&, the boundary condition for mass transfer is:

aWr=R
ar

kc(Csurface - Cair) = Deffpp (8)
With k. the mass transfer coefficient (M) sCsurace @nd Cair @re respectively the vapour concentration at the

product surface and air (kg-inandp, the product density (kg.f)

MATERIALS & METHODS

Materials

Broccoli was bought from a supermarket. For eaehsurement, a piece of floret was taken from thi&.s
The size of this part was about 0.01 m in heighil(n in radius, the floret had a stalk part of08.0n in
height and 0.005 m in radius.

Drying chamber

The sample was fixed by a stick on a sample suppantd inserted into a drying chamber in the MRI
measurement device. The size of the drying chamlzex 0.032 m in diameter and 0.2 m in length. A
continuous flow and temperature controlled air wagplied. The air temperature was respectively 30i¢€
50°C, the air velocity 1.0m/s and the relative hditgi10%.

MRI imaging

All measurements were performed on a 3T (128 MBIz grotons) MRI system (Bruker, Karlsruhe,
Germany), consisting of an Avance console, a sapelwcting magnet with a 0.5 m vertical free bore
(Magnex, Oxford, UK), a 1 T/m gradient coil, anBliedcage RF coil with an inner diameter of 0.04 m

MR Imaging

3D images were obtained using a Turbo Spin Ech&|T8RI sequend?’, a repetition time TR of 2 s, an
effective spin echo time TE of 3.35 ms and a spédiandwidth SW of 50 kHz. Only 16 echoes were
acquired in the TSE train to avoid T2-weighting.dOd@nd even echoes were separately phase encoded
forming two different images to avoid Nyquist ghissirtefacts, so the turbo factor was 8. Two adtjors
were averaged to improve image quality. The Field/@w (FOV) was 35x35x35 mrwith a matrix size

of 64x64x64 resulting in a spatial resolution 0f53%0.55x0.5um°. The interval time between
measurements was 34 minutes.

T2 mapping was done using a Multi Spin Echo (MSEging sequenf?, a TR of 2 s, a TE of 3.59 ms and
a SW of 50 kHz. Per echo train 128 echoes werei@tul6 acquisitions were averaged to improve ienag
quality. The FOV was 35x35 nfmwith a matrix size of 64x64 resulting in an iniaresolution of
0.55x0.55um?. The slice thickness was 3 mm. The interval tirmeveen measurements was 34 minutes.

Numerical methods and data analysis

MRI-measurement data handling and analysis wasnmeed with home-built software written in IDL (RSI
Boulder, CO). To solve Equation 1-8, the structiréroccoli is configured in COMSOL and the equatio
are defined for each part of the structure. Paramegtimation was done with Matlab in combinatiothw
COMSOL.

RESULTS & DISCUSSION

Moisture profiles from MRI imaging

Figure 1 gives 3D image measurements for the csestion at the centre of the broccoli sample. The
intensity of the colour indicates the moisture team distribution within the sample; the brightke tcolour,
the higher local moisture content. The outer serfacthe floret has a dark colour, whereas th& diak a
bright colour, which corresponds to the faster miyyat the surface and slower drying in the cei@hginkage
also has been recorded simultaneously. After some, the signal for the surface is too weak tortet



progress of drying by visual observation. In thghhtoncentration range, the signal intensity igppréonal
to the moisture content, but in the dry stagejntensity values may deviate from a linear relagiug?*>**!

Figure 1. Series of MRI intensity of the middlecsliin time. Progress during drying is given in the
pictures at the succeeding rows. The interval tieteveen the samples given in this figure is 68 meiswu

Moisture diffusivities

Major advantage of the Free Volume theory is thaismre diffusion is predicted from general phykica
properties. In previous work the physical properté simple sugars like sucrose were used to prBdjcby
the Free Volume theory. However, this assumptioly negult in a not fully accurate result. In equat®
universal constants and water properties are unddparameters as(the ratio between molar volume of

solvent versus solute, can be up to OIZQ)* (the critical volume of a component, up to 0.8ga (the
porosity, which may range between 0.6-0.7) carubed towards the experimental data.

To convert the intensity to moisture content eitaerexponential relationship or a linear relatiopstan be
used®¥ Here a linear relationship is applied, while keggn mind that the minimum detectable moisture
content equals to 0.3 k@e/KUary matter . The average moisture content in the cross seasoshown in the
images was used for data fitting on a spatial thsideulated in COMSOY!. The dimensions and form used
in the COMSOL model were close to the sample us@dRI experiments.

Average moisture content form simulations were camag with the average moisture content derived from
the MRI signal intensity. The parametesy, ¢ and k. were obtained by minimizing the error between
model and experimental results. Results are gimeRigure 2. The obtained parameter values Wer6.9,

172* =0.9,e=0.6, the mass transfer coefficidgtwas 0.023 at 5€C and 0.013 at 3C. The standard error for
the measurements at 50°C was 0.284 and at 3072.01 was respectively 0.982 and 0.989 .

Figure 3, shows the resulting effective diffusiomefficient as a function of moisture content. Thapd
shows that the effective diffusion coefficient teasnaximum value and decreases for the lower meistur
contents. Here the product approaches the glassiticen temperature which results in a lower mapitf

the water molecules.
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Figure 2. Measured and estimated drying profileg:Tat 50°C, bottom at 30°C

35 x10
—— Deff-floret-30C
—<o— Deff-stalk-30C
3r —— Deff-floret-50C
— Deff-stalk-50C

Deff (mZS—l)

0 2 4 6 8 10

Moisture content (Kgwater /K9 dry matter)

Figure 3. Effective diffusion coefficients for biaali florets and broccoli stalks at 30 and
50°C



CONCLUSION

MRI imaging is successfully applied to monitor tmeisture content and its spatial distribution iodmoli
during drying. Moisture is proportionally to thetémsity signal, but in the region of low moistuntents
the resolution of the equipment limits the intetptien of the signal.

The MRI imaging results in a cross section allowslestimation of the effective diffusion coeféiot from
the Free Volume theory. The results show that ffeetve diffusion coefficient varies during dryingrhich
is a consequence of the changed mobility of waiténé product.

MRI imaging makes it possible to study the intépraperties of food products during processingth/e
resulting information on the effective diffusionefficients, moisture profiles during drying candsdculated
which are essential to find processing conditiohat tretain heat sensitive healthy and nutritional
components. Further process optimization work @addne based on this work as well.
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