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Abstract

Numerical modeling of fluid flow, heat transfer and transformation is conducted for an
aqueous suspension of starch granules running throughout a four-heating-section tubular
exchanger. The numerical model considers the transformation kinetics and the rheological
behavior of the starch suspension as determined from laboratory work; further, the model
includes the geometrical characteristics of the heat exchanger, as well as the operating
conditions which were considered in running it. Model predictions are compared with results
from experimental work, after sampling the starch suspension under thermal processing and
later characterizing it using laboratory techniques. The numerical model predicts the bulk
swelling state of the starch suspension at a level of agreement (—41 % in volume mean
diameter increase) which is better than the one reached after assuming plug-flow and radially-
independent temperature (—66 %). The inclusion of two-way coupling between the relevant

phenomena constitutes therefore a positive improvement.
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1. Introduction

Manufacturing food products in a reproducible manner requires understanding the
mechanisms which drive the transformation of the ingredients along the processing pathway.
For instance, in dairy desserts the milk is mixed with starch, to which carrageenan is added as
a gelling agent (Doublier and Durand, 2008). Experimental work at laboratory scale has been
conducted in order to study the influence of thermal treatment on the structure of whey
proteins (Tolkach and Kulozik, 2007; Nicolai et al., 2011), of starch granules (Ratnayake and
Jackson, 2008; Liu et al., 2009; Schirmer et al., 2013) and of carrageenan chains (Piculell,
2006; Nunez-Santiago et al., 2011). The interactions occurring between these ingredients have
been studied and, for a variety of blends, the rheological behavior was analyzed along the
batch thermal history (Verbeken et al., 2006; Doublier and Durand, 2008; Noisuwan et al.,
2009; Huc et al., 2014; Matignon et al., 2014a, 2014b, 2015). The preparation of dairy
desserts at industrial scale includes, among other steps, thermal processing under continuous
flow. The phenomena of fluid flow, heat transfer and product transformation are strongly
coupled within heat exchangers: transformation affects the characteristics of the product (e.g.,
particle sizes), with consequences on its rheological behavior and hence on the velocity field
inside the processing unit. In turn, fluid flow influences heat transfer while the temperature
level drives the transformation rate. As a consequence, the final structure of the liquid product
can depend not only on the interactions between the ingredients but also on the geometry and
on the thermal and dynamical operating conditions associated with the heat exchanger.

To predict the transformation of a liquid food product along its thermo-dynamical
history is a challenging task. Physics-based and observation-based modeling approaches
constitute complementary tools for food product, processes, and equipment designers.

Physics-based models especially can provide a level of insight that is often not possible
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experimentally (Datta, 2008). The phenomena of fluid flow, heat transfer, and product
transformation need to be considered in the case of the thermal processing of liquid food
products under continuous flow. The rheological behavior of liquid food products is typically
non-Newtonian and temperature-dependent; therefore, it is difficult to derive analytical
solutions for the conservation equations of mass, momentum and energy.

Computational Fluid Dynamics (CFD) has been employed to study a number of
problems in food engineering and related disciplines (Norton and Sun, 2006; Galeazzo et al.,
2006; Lemus-Mondaca et al., 2011; Khatir et al., 2013; Norton et al., 2013; Rocha et al.,
2013; Defraeye, 2014). However, limited efforts were devoted to coupled problems involving
liquid food products whose rheological behavior evolves as the transformation progresses
along the processing pathway. Bouvier et al. (2014) studied the thermal denaturation-
aggregation of whey proteins flowing under turbulent flow in a plate heat exchanger; those
authors obtained promising agreement between model predictions and observations of the
transformation state reached by the liquid product, after assuming a simple rheological
behavior for the whey protein solutions under consideration (Newtonian, temperature-
dependent). Liao et al. (2000) considered a more complex rheological behavior and developed
a numerical model coupling fluid flow, heat transfer and gelatinization of waxy rice starch
paste; the apparent viscosity of the product was described through a power law, and both the
consistency coefficient and the behavior index were assumed to be temperature-dependent.
We can argue that describing the rheological behavior as a function of the local temperature is
not a robust strategy. It can be shown that the characteristics of the liquid product, and hence
its rheological behavior at a given position in the heat exchanger, depend not only on the local
conditions but also on the thermal (and eventually dynamical) histories associated with the
fluid parcels running at this position (Chantoiseau et al., 2012; Plana-Fattori et al., 2013). The

two-way coupling between product transformation, fluid flow and heat transfer phenomena
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via the rheological behavior constitutes a robust strategy for predicting the transformation of a
liquid product along its thermo-dynamical history.

In the logical continuation of previous efforts (Plana-Fattori et al., 2013), this study
presents a numerical model for predicting the transformation of a starch suspension running
throughout an existing four-heating-section tubular exchanger. We focus on a given starch
suspension (type and concentration), and the parameters relevant to the numerical model are
estimated through our own experimental protocol at laboratory scale. Both the swelling
kinetics and the rheological behavior are represented more realistically than in that previous
study; on the one hand, a threshold temperature is assumed for the swelling kinetics rate
(rather than an Arrhenius-like approximation); on the other hand, the progressive shear-
thinning behavior of the starch suspension is described. Later, we compare model predictions
of the swelling state reached by the suspension, with observations obtained at pilot scale by
running the tubular heat exchanger whose geometry and operating conditions are considered
in the numerical model. The objective of this study was double: firstly to implement the
coupled model for thermal processing at pilot scale by applying key model parameters
obtained from experimental work at laboratory scale, and secondly to assess the improvement
that this coupled model represents relatively to a simpler approach, based on the assumption
of plug-flow and radially-independent temperatures. Results constitute a meaningful step
towards the implementation of numerical models able to represent the variety of dynamical
and thermal conditions experienced by realistic food fluid parcels during their pathway in the
processing unit. They will be useful for the design of starch suspension thermo-mechanical

treatments.

2. Coupled physical problem

We are interested in the phenomena of fluid flow, heat transfer and liquid product
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transformation occurring within a tubular heat exchanger which is running under stationary

conditions. Conservation equations for mass, momentum and energy can be expressed as:

V.(pii)=0 ()
p(a.v)a=v(_pim(vm(w)T)_én(m)ij @)
pCp iV )T=v.(2VT) 3)

where u is the velocity (magnitude in m/s), p is the pressure (Pa), 7 is the temperature (K); p
is the product’s density (kg.m™), 7 its apparent viscosity (Pa.s), Cp its specific heat capacity
(J.kg' K™), and A its thermal conductivity (W.m™.K™).

In this exploratory study focus is on the transformation of an aqueous suspension of
chemically-modified waxy maize starch. Under heating, this liquid product undergoes a quite
simple transformation: starch granules swell without either rupture of swollen granules or
release of soluble species in water (Matignon et al., 2015). Hence, the volume occupied by the
granules can indicate the transformation state regarding its influence on the apparent viscosity
of the starch suspension. At a given time in the thermal history of a suspension droplet, the

solid volume fraction @ can be estimated as:
3
@ =@, (D/Dy) “4)
where D (um) is the volume mean diameter of starch granules; values D) and @, correspond

to the condition of untreated starch, before any thermal treatment. The transformation state
associated with the starch suspension can also be indicated by the dimensionless value of the

volume mean diameter (also known as swelling degree, S):
S=(D-Dy )/ (Dyprax —Dy) )
where Dy 4y is the volume mean diameter after the maximum thermal treatment here

considered.. In the case of a modified waxy starch suspension in water, the variation in the
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swelling degree over time can be described using a second-order kinetics equation

(Lagarrigue et al., 2008):

das Y
- =rrii=s) (©)

where V' is the temperature-dependent swelling kinetics rate s™). Equations (4, 5, 6)
summarize the product swelling for a travelling droplet in the starch suspension. The
following conservation equation puts in evidence the inherent coupling which occurs between

starch swelling, fluid flow and heat transfer at every position of the processing unit:

—

VS=v{T}(1-5 )V +V-(dg VS) 7

<)

where dg is a diffusion coefficient (m”.s™). Equation (7) states that the swelling state results

from a) convective transport, b) temperature-dependent swelling of starch granules, and c)

diffusion around the position under consideration. The coefficient dg¢ considered in this

equation expresses the Brownian (random) diffusion affecting the starch granules in the
suspension as well as some diffusion between parallel pathways along the exchanger.
Governing equations (1, 2, 3, 7) are solved in this study with the help of numerical
modeling tools throughout a sequence of computational domains, as summarized in Section 4.
The first step of our modeling approach is the description of the transformation kinetics and

the rheological behavior of the liquid product as functions of the state variables.

3. Estimation of model parameters
3.1. Experimental work

The liquid product is a 3.42 % w/w starch suspension in water. Chemically-stabilized
and cross-linked waxy maize starch (acetylated adipate distarch, C*Tex 06205) was kindly
supplied by Cargill (Baupte, France). It consisted of at least 99 % of amylopectin and a

maximum of 0.4 % w/w of endogenous proteins. The product was prepared by adding the
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starch powder to a 0.1 M NaCl aqueous solution. Before any thermal treatment, the resulting
liquid remained at 50 °C for 30 minutes under continuous gentle stirring. Test tubes of 50 mL
were used to ensure an equivalent thermal history for all the fluid parcels contained in the
sample, while being large enough to enable further analyses. Stirring was performed with a
magnetized bar under permanent rotation (500 rpm) inside the test tube.

Thermal treatments consisted of a heating and a cooling step, both under continuous
stirring. The role of the cooling step was to stop product transformation as rapidly as possible
in order to associate different "heating times" with their corresponding "swelling states". The
heating step started when the product sample was removed from the 50 °C water bath and
immersed immediately in the second water bath, which was maintained at 90 °C. The cooling
step started when the sample was removed from the hot water bath and immersed
immediately in the third water bath, maintained at about 4 °C. The product’s temperature was
initially between 62 and 92 °C (depending on heating duration) and then rapidly fell. The
cooling step was halted when the temperature reached 10 °C.

The product’s temperature was recorded every 15 seconds during the whole heating
and cooling steps. The choices regarding the temperature in the hot water bath (90 °C) and the
heating duration (up to 64 minutes) enabled significant changes in the particle size
distribution and apparent viscosity. Temperatures close to 90 °C are involved in industrial
starch processing (see for instance Thomas and Atwell, 1999).

Figure 1A summarizes the thermal history obtained after each test: starting at 50 +/—
0.2 °C, the product’s temperature firstly increased during the prescribed heating time and then
decreased during the cooling step. Tests are labeled in terms of heating time duration.

The particle size distribution associated with each sample was measured using a
Malvern Mastersizer 2000 laser granulometer (Malvern Instruments Ltd, United Kingdom)

equipped with a 300 mm Fourier cell (range: 0.05-879 um). Drops of product were placed in
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the cell (100 mL) until obscuration reached about 20 %, corresponding to a dilution of 1/100.
Typical values were assumed for the real and imaginary parts of the refractive index of starch
granules (1.53 and 0.01; Nayouf et al., 2003). Samples were analyzed twice within less than
15 minutes at room temperature, and the volume mean diameter was retained for further
application. For a given sample, the two estimates of the volume mean diameter were always
closer than 0.5 pm.

Rheological measurements were performed using a MCR 301 rheometer (Anton Paar,
Austria) equipped with coaxial cylinders. The temperature was controlled with a Peltier
system. The flow behavior of the suspension was measured at 20 °C. Increasing and
decreasing shear scans were performed stepwise following a logarithmic scale, firstly from 1
to 500 s and then from 500 to 1 s”'. Each shear scan was performed twice, and the whole
sequence took less than 15 minutes. The range 1 to 500 s includes the maximum shear rate

expected at the heat exchanger.

3.2. Kinetics parameters

Figure 1B presents the volume mean diameter as a function of the heating time. This
display offers evidence that the first four minutes of heating play a major role in driving the
swelling state of the starch suspension. Between 1 and 8 min of heating, replicating a test
associated with a given heating time can allow volume mean diameters differing by some
micrometers. After 64 minutes of heating, the replicates agreed by better than 1 °C in
temperature and better than 0.5 pm in volume mean diameter.

The influence of temperature on the swelling kinetics rate is a challenging issue when
it comes to representing the transformation of starch suspensions under heating. Indeed, as
revealed by studies performed since the 1940s, starch granules can suddenly increase many

times in size within a small range of temperature at about 65 °C while the viscosity of the
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suspension also increases rapidly (Freund, 1944). Such a sudden influence of temperature on
the swelling kinetics rate can be approximated by:

V{T} =20 if T<Ta, (8a)

V{T}=Va(T-Ta) if T>Ta, (8b)
where Ta is a threshold temperature and Va is a constant value (s.°C™). Recent observations
have shown that the changes in starch granule size become significant above a certain
temperature (e.g. Malumba et al., 2013); from this perspective, equations (8) constitute a first-
order approximation for such a change in the swelling kinetics rate.

The volume mean diameter D after a given time ¢ depends on the whole thermal

history of the sample, since the beginning of the thermal treatment (integration of equation 6):

D{ t }=Dy+(Dypqx =Dy )(1=1/(1+X{1t})) (9a)

X{t}:jé VITIE ) ) dff (9b)

where V{ T { t }} is estimated through equation (8) for temperature 7 at time ¢. Equations (9)

can be used to estimate the parameters Va and Ta, after exposing the starch suspension to a
number of thermal treatments.

All the available tests are shown in Figure 1. Parameters Va and 7a were estimated
from tests corresponding to the heating times of 1 min (three replicates), 1.5 min, 2 min (three
replicates), 4 min (two replicates) and 8 min. Sample temperatures corresponding to these five
heating times were about 62, 70, 72, 83, and 89 °C respectively. Tests corresponding to the

heating times of zero (no hot bath) and 64 minutes allowed assessing the extreme values D,

=163 pm and Dy, y = 43.3 um. The values for parameters Va and Ta were estimated by

minimizing the sum of squared deviations between the experimental values of D and those
calculated from equation (9), considering their respective thermal histories; we obtained 7a =

61.1°C and Va=3.79 10> s'.oC,
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Figures 1B and 1C compare volume mean diameter values obtained from experiment
and predicted through equation (9), assuming the longest thermal history (heating time 64
min). Predictions agreed with experiment by better than 3 um, and often better than 1 pm.
The averaged relative error between predictions and experimental values is about 6 % for
heating times from 0 to 64 minutes.

It must be noted that the swelling kinetics described by equations (6) and (8) is
empirical; these equations describe how the thermal history of suspension droplets can be
translated into changes affecting the volume mean diameter of the starch suspension as seen
through laser granulometry. No attempt was made to study the heat and mass transfers
occurring between starch granules and the surrounding water. We can anyway estimate the
heat penetration time from granule surface down to the center, by considering typical values
for the thermal diffusivity of starch (about 2 107" m?/s; see for instance Rodriguez and de la
Cruz, 2003). The result obtained (a few milliseconds) is four orders of magnitude smaller than
the mean residence time of the starch suspension in the heat exchanger considered (about 50
seconds). Therefore, we can assume that starch granules exhibit a uniform temperature, and
that it varies during their pathway throughout the heat exchanger in the same manner as the

surrounding water temperature.

3.3. Rheological parameters

Figure 2 shows the apparent viscosities of pasted starch suspensions gathered through
Couette rheometry at 20 °C. These measurements were obtained after the tests corresponding
to heating times of zero (no hot bath), 1, 2, 4 and 8 minutes. The starch suspension became
shear-thinning as granule swelling progressed, suggesting describing the apparent viscosity
through an Ostwald power law with a flow behavior index depending on the swelling state. In

addition, the apparent viscosity increased with the heating time, suggesting that the
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consistency coefficient can be expressed as a function of the swelling state too. Finally, as a
consequence of the relatively low mass concentration of starch in the suspension (3.42 %), the
apparent viscosity at a given swelling state is expected to decrease with the local temperature,
following a behavior similar to that exhibited by pure water.

The apparent viscosity associated with the starch suspension is hereinafter described

using the following approximations:

7. @7 }=k{@1 7" P! (10a)
K{@’T} = k; exp( k> @) nwater{T} (10b)
n{@ = nx+(1-n*)exp(—k; (D-Dy)) (10c)

where K is the consistency coefficient (Pa.s"), n is the flow behavior index, y is the shear rate
(s') and Mwater 18 the dynamic viscosity associated with pure water (Pa.s). Equation (10c)

expresses that the flow behavior index exhibits an asymptotic pattern towards the value n* as
the solid volume fraction increases. Equations (10) express the mean dependence of the
apparent viscosity with the shear rate, the solid volume fraction, and the temperature, while
requiring only few parameters. More-detailed descriptions could reconcile the Newtonian
plateau and the shear-thinning behavior (see for instance the grey squares in Figure 2);
however, such an improvement would require a higher number of parameters.

The parameters required by equation (10) were estimated from the experimental
values shown in Figure 2. Best fit values were estimated by minimizing the sum of squared
deviations between the predictions and experimental values of apparent viscosity; we
obtained k; = 0.662 sn'l, k) =13.6, k3 = 4.91 and n* = 0.55. Lines in Figure 2 indicate the
predictions of the apparent viscosities corresponding to the five thermal treatments; the
averaged relative error between predictions and experimental values is about 17 %.

It must be noted that the rheological behavior described by equations (10a) to (10c) is
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empirical, with no considerations on the changes affecting starch granules under thermal
treatment. Equations (10a) to (10c) associate the apparent viscosity of the starch suspension
and the volume mean diameter of starch granules provided by Couette rheometry and laser
granulometry respectively; changes in size are explicitly described via the volume mean
diameter, while changes in other starch granules' characteristics (like shape and deformability)
are implicitly accounted for in the mean general behavior described through equations (10) by

modifying the values of constants k1, k2 and k3.

4. Numerical model

The heat exchanger under consideration is represented in Figure 3A. It is constituted
by four tubular heating sections, one holding section, and a number of short curved tubes
which are here grouped into three "bends". The liquid product executes counter-flow with
respect to super-heated water along the heating sections; the product travels through the
holding section and also the bends under thermally-insulated conditions. Figure 3B
summarizes how the heat exchanger is represented in the numerical model: a sequence of
two-dimensional, axi-symmetrical computational domains. Considering a volume flow rate of
15 L/h, the mean residence time is about 50 seconds.

Table 1 summarizes the boundary conditions assumed for the radial u, and axial u,
components of the velocity, for the temperature 7, and for the swelling degree S. Some of
these boundary conditions are closely related to the operating conditions which were specified
in running the heat exchanger, namely the volume flow rate (¥ ), and the temperature at key
positions: at the exchanger's inlet (7';), at the second heating section's outlet (77), and at the
fourth heating section's outlet (7'3). These three temperatures allowed us to estimate, through
global energy budget considerations, the averaged inward heat flux to be applied as boundary

condition at the walls of the first and the second heating sections (about 6930 W/m?) and at
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the walls of the third and the fourth heating sections (about 4210 W/m?).

Looking for the resolution of equations which govern the coupled phenomena, every
computational domain has to be subdivided into a number of small, non-overlapping cells.
The rectangular geometry of these domains suggests the adoption of rectangular cells
characterized by dimensions dr and dz along the domain's radius and axis respectively. We
chose cells whose length is four times their width (dz / dr = 4), as a compromise for
representing gradients along both directions. Three grids were successively assumed, each of
them associated with an increasing number of identical cells in the radial direction: nr = 2> =
32, 20 = 64, and 27 = 128. For the last grid, we obtain nz = 6400 in the case of our heating
sections (length 800 mm); considering all the domains required to represent the heat
exchanger, the final number is over 4.3 million cells. The mesh resolution corresponding to nr
=2 is the highest allowed by computer memory capabilities (Intel Xeon CPU X5650 @ 2.67
GHz, 64-bits, 32-Gb RAM computer).

Governing equations (1, 2, 3, and 7) are solved under steady-state conditions by
applying the finite-element method as implemented in the simulation package COMSOL
Multiphysics, version 4.4 (Zimmermann, 2006). The solution of the large linear system
resulting from the linearization of the coupled equations is reached with the help of the
Multifrontal Massively Parallel Sparse Direct Solver (MUMPS; Amestoy et al., 2001, 2006).
Satisfactory model convergence was reached after assuming the diffusion coefficient dg =
108 m%s” in equation (7).

Lastly, we are aware that curved tubes situated between two successive heating or
holding sections can induce some mixing which tends to homogenize temperature and liquid
product properties. Such an influence can be significant, as put in evidence through numerical
modeling (Hajmohammadi et al., 2013) as well as analysis of experimental residence time

distributions (Ndoye et al., 2012). In developing our numerical model, the curved tubes
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("bends") situated between successive heating or holding sections are assumed to play the role
of thermally-insulated perfectly-mixed reactors. On the one hand, the mass-weighted value of
the product temperature remains unchanged while the fluid parcels travel from the bend's inlet
to its outlet. On the other hand, additional transformation is allowed should the product

temperature exceed the threshold value 7a = 61.1 °C (see Section 3).

5. Results

Figure 4 presents the main results obtained with the numerical model throughout the
heating and the holding sections of the heat exchanger. Grey rectangles indicate the curved
tubes (bends) situated between two successive sections. The results were obtained using nr =
27 = 128 rectangular cells in the radial direction when building the mesh in all the
computational domains.

The temperature field is exhibited in display A. In the heating sections (domains Hel,
He2, He3, and He4), the starch suspension is warmed from the wall: its temperature increases
more rapidly in the vicinity of the wall than at the axis of symmetry.

The starch suspension undergoes progressive transformation should its temperature
exceed the threshold value 7a = 61.1 °C. The volume mean diameter and the solid volume
fraction are exhibited in displays B and C respectively. In the heating sections, their patterns
match the temperature field. In the bends, the product is mixed and subject to additional
transformation. Indeed, the fluid leaving the bends is characterized by mass-weighted values
of solid volume fraction of 3.58, 5.36, and 8.21 %, which are gradually higher than the values
at the outlets of the preceding heating sections: 3.57, 4.82, and 7.63 %, respectively. No
transformation occurs in the holding section because it succeeds a bend whose outlet
temperature (60.1 °C) is lower than the threshold value 7a.

The apparent viscosity of the starch suspension is shown in display F. At the heat
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exchanger's inlet, the apparent viscosity is associated with low values (about 0.7 mPa.s) and

Newtonian behavior due to the occurrence of untreated starch granules only (@ = @, in

equation 10c). Moving forward in the heat exchanger, the apparent viscosity is slightly
affected before the onset of starch swelling (7 = 7a). Beyond this point, the transformation
state progresses; as a result, the liquid becomes shear-thinning (the flow behavior index
decreases with @ in equation 10c) while the apparent viscosity values rise (the consistency
coefficient increases with @ in equation 10b). The swelling state is the highest at the wall of
the fourth heating section's outlet (domain He4).

The apparent viscosity of the starch suspension is here assumed to decrease with
temperature following the behavior associated with pure water (equation 10a). The apparent
viscosity decreases at the axis of symmetry throughout the two first heating sections (Hel and
He2) because the temperature rises under low transformation. Inversely, the temperature’s
influence on the apparent viscosity can be dominated by that associated with the swelling
state when the latter is significant, like in the vicinity of the wall near the outlet of the fourth
heating section.

The progressive transformation of the starch suspension affects its rheological
behavior, which in turn drives the flow field in the heat exchanger. The velocity magnitude
and the shear rate predicted by the numerical model are presented in displays D and E. At the
heat exchanger's inlet, a fully-developed velocity profile is assumed. In the first heating
section (domain Hel), the velocity magnitude decreases at the axis from the inlet to the outlet,
whereas it increases in the vicinity of the wall; such a result can be related to the apparent
viscosity values at the wall, which decrease as a consequence of progressive warming under
low product transformation. In the three other heating sections (He2, He3 and He4), on the
contrary, the velocity magnitude increases at the axis and decreases near the wall as a

consequence of product transformation and increase in apparent viscosity near the wall: fluid
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parcels travelling in the vicinity of the wall are slowed down, while those running at the axis
undergo acceleration. Such a feature is quite severe in the fourth heating section; relatively
high shear rate values are obtained towards its outlet, along a tongue-like region which
separates the vicinity of the heating wall (where velocity is vanishing) and the region near the
axis (where velocity is the highest).

Figure 5 displays the radial distribution of the volume mean diameter at the outlet of
the last heating section (domain He4) as predicted by numerical model simulation after
assuming three mesh resolutions. Figure SA shows results obtained with the highest mesh
resolution here considered (nr = 128), while Figure 5B presents the differences between
results from a given mesh and those corresponding to nr = 128. Firstly, these differences are
often negative (swelling is underestimated); secondly, they become stronger as the mesh
becomes coarser; finally, their strongest values occur at about 2.5 mm from the axis, where
the radial variation of the volume mean diameter is the highest. These findings can be
explained by the progressively-finer representations of the gradients of state variables as the
mesh resolution increases.

The influence of mesh resolution can also be assessed in terms of volume mean
diameter which corresponds to the mass-weighted value of the solid volume fraction at the
outlet of a given section of the heat exchanger. After assuming 32, then 64, and finally 128
cells in the radial direction, the bulk values of the volume mean diameter predicted by the
numerical model were respectively of 18.19, 18.26 and 18.30 um at the outlet of the second
heating section, and 25.37, 25.42 and 25.44 um at the outlet of the fourth heating section.
Differences between results corresponding to two successive meshes decrease as the latter
become finer, suggesting a convergence-like behavior. We argue that a further leap in mesh
resolution, from nr = 27=128 tonr=2% = 256, would allow closer results, with differences

between respective predictions of the volume mean diameter smaller than 0.05 pm.
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Figures 4 and 5 put in evidence that we have satisfactorily solved the coupled
problem: while Figure 5 shows that we reached some degree of convergence in solving the
equations which govern the relevant phenomena, the two-dimensional fields displayed in
Figure 4 are physically consistent. Assessing the performance of model predictions requires
comparisons with experimental values. Such a comparison can be performed in terms of
mass-weighted values of the swelling state resulting from numerical model simulations.

Experimental results were obtained after running the available heat exchanger under
the operating conditions which were applied in numerical modeling simulations (see Table 1).
The starch suspension was sampled three times at the outlet of both the second and the fourth
heating sections, and immediately cooled down to about 4 °C to avoid additional product
transformation. The size distribution analysis of the product samples provided volume mean
diameter values of about 16.5 and 31.6 um respectively after the second and the fourth
heating sections, with standard deviations of 0.4 um. Considering the numerical model
simulations which were conducted with the highest mesh resolution allowed, the bulk values
for the predicted volume mean diameter after those two heating sections were respectively
18.30 and 25.44 pm (+11 % and —19 % respectively compared to the experimental values).

The level of agreement of numerical coupled modeling with experiment can be
compared with that obtained through a simpler modeling approach. The simplest way to
characterize the path followed by fluid parcels along a heat exchanger consists in neglecting
the radial dependence of both velocity and temperature. In such a one-dimensional model, it is
assumed that fluid parcels move according to a plug-flow velocity field, and that they are
exposed to a temperature which depends only on the distance from the exchanger inlet. The
swelling state of the starch suspension at selected positions of the heat exchanger was
estimated through equations (9). For this, the swelling kinetics rate was represented as in the

numerical coupled model; in building the thermal history, the bulk temperature was assumed
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to vary linearly along the heating sections, and to be constant along the bends and the holding
section. At the outlet of the second heating section, the predicted volume mean diameter is
identical to the value assumed as boundary condition at the exchanger's inlet; this result is
easily understandable because the temperature value at the second heating section's outlet
(60.1 °C) is lower than the threshold value 7a = 61.1 °C. Starch swelling takes place along the
following sections according to this one-dimensional model; at the outlet of the fourth heating
section, the predicted volume mean diameter is 21.5 pum (-32 % compared to the
experimental value).

We can summarize that: a) when the suspension bulk temperature does not reach the
threshold value 7a, the plug-flow and radially-independent temperature approach is unable to
predict any starch swelling, contrarily to the numerical coupled model; b) when that threshold
is overcome, the simpler approach underestimates the swelling state reached by the starch
suspension. Starch swelling can be compared in terms of volume mean diameter value
increase between the exchanger's inlet and outlet: we obtain (31.6—-16.3) = 15.3 um from
experiment at pilot scale, (25.4—16.3) = 9.1 um from the numerical coupled model, and
(21.5-16.3) = 5.2 um from the simpler approach. In other words, the numerical model
predicts the bulk swelling state of the starch suspension at a level of agreement (—41 % in
volume mean diameter increase) which is better than that reached after assuming plug-flow
and radially-independent temperature (—66 %).

Finally, a number of reasons can contribute to explain the differences between
predictions from the numerical coupled model and respective experimental values. Firstly, the
curved tubes (bends) were assumed, in numerical model simulations, to play the role of
thermally-insulated perfectly-mixed reactors; actually, we expect the occurrence of slight
cooling and incomplete mixing, whose consequences on product transformation are difficult

to anticipate. Secondly, starch swelling under heat treatment was assumed to follow a single
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temperature-dependent swelling kinetics (equation 6), independently on the granule size. The
influence of starch granule size on the swelling onset has been scarcely studied (Myllarinen et
al., 1998; see references in Sasaki and Matsuta, 1998); however, no generalization seems
possible regarding the starch type. On the other hand, we cannot discard some experimental

bias in sampling the starch suspension while it flows in the heat exchanger.

6. Conclusions and Forthcoming Work

Conclusions

The key parameters describing the swelling kinetics and the rheological behavior of a
starch suspension were estimated from a limited number of experiments at laboratory scale,
after studying small volumes of product under heat treatment and continuous agitation. The
application of these parameters allowed model predictions of the final swelling state reached
by the starch suspension which did agree, to some extent, with observations conducted while
running the heat exchanger. We can therefore conclude that kinetics and rheological model
parameters can be transferred from laboratory to pilot scale.

The plug-flow hypothesis implies no influence of product viscosity on the velocity
field, and therefore no coupling between fluid flow, heat transfer and transformation. Such a
simpler approach provides worse estimates of the final swelling condition reached by starch
granules in suspension, relatively to those obtained with the numerical coupled model. We
conclude that the consideration of two-way coupling between the relevant phenomena
constitutes a positive improvement in looking for realistic predictions of the product’s

transformation level.

Forthcoming work
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This study indicates three key issues that deserve attention in implementing numerical
coupled models to represent the transformation of realistic food fluid parcels during their
pathway in thermal processing units.

Firstly, after representing the heat exchanger under consideration by a sequence of axi-
symmetrical two-dimensional (2D) domains, the most obvious following step should be to
solve the coupled problem by considering the actual three-dimensional (3D) geometrical
characteristics of the equipment. In fact, the thermal mixing due to the secondary flow in
curved tubes can be more or less effective depending on the flow rate and the fluid
rheological behavior (e.g. Cvetkovski et al., 2015). Inclusion of secondary flow is certainly a
positive improvement, and its implementation requires higher computer memory and time
resources. The challenging task to solve a similar coupled problem by considering the tubular
heat exchanger schematized in Figure 3A is already under way.

Secondly, additional efforts are required in representing the product transformation, as
the following step towards more realistic predictions from the numerical model, even in the
case of a relatively simple liquid product like a starch suspension. Towards such a goal,
experiments were conducted with an optical microscope coupled to a warming plate in order
to continuously observe the starch granules’ behavior during thermal treatments. Indeed,
visual observation of individual granules suggested us that, in the case of modified waxy
maize starch, the swelling mechanism presents some stochastic nature while being associated
with diffusion of surrounding water into the granule.

Finally, the whole strategy could be adapted to product formulations associated with
increasing complexity and industrial relevancy, for instance by studying starch swelling in
skim milk and later by adding carrageenan. The notion of swelling degree (associated with
starch granules in water) could be replaced by that of "filling degree" associated with all

objects floating in the continuous phase. Further attention should be paid to estimating the
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relevant solid volume fraction. The main structure of the numerical model could be
maintained, as the changes would only affect the key parameters describing transformation

kinetics and rheological behavior.
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Table

Table 1: Boundary conditions taken into account for the radial u, and axial u, components

of the velocity, for the temperature 7, and for the swelling degree S.

fluid flow heat transfer transformation
inlet (a)(b)(c) | velocity: u, =0, u_{r} temperature: 7{r} swelling degree: S{r}
null pressure,
outlet P convective flux: 2—T =0 | convective flux: Z—S =0
no viscous stress - :
axis symmetry: u, =0, Ouy =0 symmetry: or =0 symmetry: ) =0
or or or
wall no slipping: u,. =u, =0 flux density (d)(e) no diffusion: 95 _ 0
or

(a) first heating section: the suspension is assumed to be at the temperature 7, = 43.9 °C,

containing untreated starch granules only (S = 0); the axial velocity follows the fully-
developed parabolic profile associated with the volume flow rate ¥ = 15 L/h (mean velocity
ir,=0.083 m.s~', Reynolds number of about 1040).

(b) other sections, when the preceding one is not a bend: the temperature, the swelling degree

and the axial velocity follow the distributions 7{r}, S{r} and u,{r}, which were predicted at

the outlet of the preceding section.

(c) other sections, when the preceding one is a bend: the temperature assumes its mass-

weighted (bulk) value T at the bend's outlet; the swelling degree assumes the value S which

corresponds to the mass-weighted value @ of the solid volume fraction at the bend's outlet;

(i+1)

the axial velocity follows u,{r!=u, (in +]]j(] —%) " where 7 is the flow behavior
n+

index given through equation (10c) by replacing @ = D.




(d) heating and holding sections: inward heat flux estimated from the section's global energy

budget, by taking into account the temperatures 7, = 43.9 °C at the exchanger's inlet, 7, =
60.1 °C at the second heating section's outlet, and 7 = 70.0 °C at the fourth heating section's
inlet.

(e) bends: thermal insulation.



Figure Captions

Figure Captions

Figure 1: Key results regarding the evolution of the starch suspension under thermal
treatments: A) the sample thermal history; B) the mean volume diameter as function of the
heating time, obtained from experiment and estimated through the second-order kinetics; C)

predicted versus experimental values for the mean volume diameter.

Figure 2: Apparent viscosity values at 20 °C of the starch suspension, after selected thermal
treatments. Lines indicate the corresponding predictions of apparent viscosity as a function of

shear rate and solid volume fraction.

Figure 3: Three-dimensional (A) and two-dimensional axi-symmetrical (B) schematic
representations of the heat exchanger under consideration. The heating sections are indicated
in red, the curved tubes (bends) in blue, and the holding section in green. In scheme B, the
dashed line and the red continuous lines indicate the axis of symmetry and the heating walls,

respectively.

Figure 4: Numerical model predictions for the temperature, the mean volume diameter and the
volume fraction associated with starch granules, the velocity magnitude, the shear rate, and

the apparent viscosity throughout the heating and holding sections of the heat exchanger.

Figure 5: Mean volume diameter as predicted by the numerical model at the outlet of the
fourth heating section: A) results obtained by assuming a mesh consisting of 128 rectangles in
the radial direction; B) difference between results obtained by assuming successively 64, and

32 rectangles in the radial direction, and results shown in the display A.
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Table

Table 1: Boundary conditions taken into account for the radial u, and axial u, components

of the velocity, for the temperature 7, and for the swelling degree S.

fluid flow heat transfer transformation
inlet (a)(b)(c) | velocity: u, =0, u_ {r} temperature: 7{r} swelling degree: S{r}
null pressure,
outlet P convective flux: (z—T =0 | convective flux: (Z—S =0
no viscous stress - :
axis symmetry: u, =0, Ou =0 symmetry: or =0 symmetry: ) =0
or or or
wall no slipping: u, =u, =0 flux density (d)(e) no diffusion: 5 _ 0
or

(a) first heating section: the suspension is assumed to be at the temperature 7, = 43.9 °C,

containing untreated starch granules only (§ = 0); the axial velocity follows the fully-

developed parabolic profile associated with the volume flow rate ¥ = 15 L/h (mean velocity
ir,=0.083 m.s™', Reynolds number of about 1040).

(b) other sections, when the preceding one is not a bend: the temperature, the swelling degree

and the axial velocity follow the distributions 7'{r}, S{r} and u,{r}, which were predicted at

the outlet of the preceding section.

(c) other sections, when the preceding one is a bend: the temperature assumes its mass-

weighted (bulk) value 7 at the bend's outlet; the swelling degree assumes the value S which

corresponds to the mass-weighted value @ of the solid volume fraction at the bend's outlet;

(i+1)

the axial velocity follows wu,{r}=u, (311 +]lj(1 —%) " \where 7 is the flow behavior
n+

index given through equation (10c) by replacing @ = D.




(d) heating and holding sections: inward heat flux estimated from the section's global energy

budget, by taking into account the temperatures 7', = 43.9 °C at the exchanger's inlet, 7, =
60.1 °C at the second heating section's outlet, and 73 = 70.0 °C at the fourth heating section's
inlet.

(e) bends: thermal insulation.



