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. Physical modeling studies
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(a) Velocities. (b) Temperature. (c) Vapor concentration.

Figure 4.22. Representative ®eld data of the conjugate thermal food processing model at = 1200 s

closer investigations, temperature, water saturation and the derived heat transfer coe cient are
evaluated at the interface between the food item and oven cavity, see Fig. 4.23a. To render the
comparisons fairer, the data for the lower food item is reversed in -direction, owing to the reversed
¯ow direction over the lower baking plate. Nonetheless, extreme variations can be observed over

boundary of the two food items and, foremost, when comparing the two food items mutually.
The temperature di erences between the two food items are map = 7 2% and max = 46 3 K
In the detached, less heated region of the lower ellipsoid, strong water saturation hot spots can
be found, where crust formation may be delayed or even hindered, see central illustration in
Fig. 4.23a. The forced convection around the food items induces an irregular temperature pattern.
Evaluating the derived, convective heat transfer coe cient at the interface reveals local variations
of derv [15 W m , see the right-hand plot in Fig. 4.23a. The local variations are
somewhat comparable to the values [20 W m reported for the side faces of
cuboids by Ateeque et al. [10]. Higher peak values can be explained by the fact that Ateeque et al.

ulate bulk ¯ow ( = 4 m s ) passing over the sharp edges of the cuboids.

To investigate the temporal evolution of the conjugate heat transfer, derv is line-averaged at
face and plotted over time, see Fig. 4.23b. One can observe a transient trend of the heat

transfer coe cient during the ®rst third of the simulation. At the steady-state operational state,
derived heat transfer coe cient of the upper and lower food item di ers by map = 34%

The di erences between the two food items would be even more prominent when radiation is
not considered. Figure 4.23b illustrates the average, relative radiative heat ¯ux compared to
convection over time. Whereas the upper food item receives up to19 1% radiation, the lower item
receives up to31 6%. Indeed, radiation acts as an equilibrating mechanism inside the convection
oven. The radiation of the upper baking plate heats (convective) cold spots on the lower food

A closer comparison of upper and lower food items can be found in Fig. 4.24a. The in¯uences on
food-speci®c variables are investigated on a vertical cut through the two half ellipses, indicated

by dashed lines in Fig. 4.20b. Comparing the food processing progress of the two ellipsoids results
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. Reduced-order modeling studies
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Figure 5.1. Schematic procedure for the data-driven ROM training.

. The TwinLab framework

This section describes the ROM training and testing procedure and introduces the TwinLab
framework. Moreover, the generation of excitation signals and their resulting properties are
presented. An exemplary ROM training and testing demonstrates the derivation of six global test
errors that qualify the accuracy of a ROM.

. Model selection and training procedure within the TwinLab framework

In the previous chapter, the derivation of a conjugate heat and mass transfer simulation model
of food processing is shown. Its superiority in predicting local temperature and moisture con-

ation di erences is demonstrated. However, conjugate models are scarce in food science.
Transfer-coe cient-based models enjoy great popularity in the industry and research, as high-

in the state of the art, see Sec. 1.3. This and the following sections aim to derive a valid
ROM framework for both worlds. The soft-matter model comes with consistent sensory models,
as introduced in Sec. 4.1.3. Such sensory quantities are relevant for the MPC studies in Chapter 6,

ch rely on the ROMs found in this chapter. Consequently, the soft-matter model is prioritized
for the ROM training investigations. However, a digital twin of a conjugate model is ultimately
targeted, as it is believed to be more accurate than transfer-coe cient-based models. The validity
of the ROM training method is thus demonstrated for the conjugate hygroscopic, capillary-porous
model in a consecutive step. This proceeding proves the generality of the correlation-based
training data selection for a broader class of thermal food processing models.

For the upcoming ROM studies, the validation setup of the soft-matter model of Sec. 4.1.2
is employed. The studies focus on replicating temperature probes at speci®c points of the full-
order model, see Fig. 5.1. Investigating point data ROMs provides a condensed, minimalistic

p to closely investigate the e of training data selection. Nonetheless, an extension to
®eld data ROMs is demonstrated at the end of this chapter. Only temperatures are chosen for
training to exclude the e of di erent physics and scales in one ROM, as recommended
by ANSYS [8]. The core temperatures and surface temperature are selected as they are
considered representative of the possible temperature trajectories in the model. Core temperatures
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. Conjugate simulations of thermal food processing
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(a) Variations without considering radiation.

(b) Variations with considering radiation.

Figure 4.18. Comparison of conjugate ¯at plate setup at = 0 01 m (dashed lines) with the transfer-
coe cient-based validation case (solid lines) at = 20 min (black) and = 60 min (red).

iations of tot of the sensitivity study are represented by a gray band.

varies signi®cantly in space and time, see Fig. 4.19a. For the ®rst quarter of the potato slab, the
coe cient varies more than over time, although the preceding channel wall is pre-chilled with

wall . The cause of the deviations is rooted in the temperature-dependent material properties of
dry air ( , and ). As the potato heats up, so does the thermal boundary layer, and heat transfer
becomes less e cient owing to the decreased driving temperature gradient. A similar explanation
holds for the local variation from left to right, as the hot air gets cooled during the passage
over the porous food item. The derived mass transfer coe cient, calculated with Eq. (2.75), is
approximately constant during the simulation, see Fig. 4.19b, as the driving material property

va,e remains unchanged and given the steady-state velocity ®eld. However, the magnitude of

derived is one order higher than the estimation given in the article of the validation test case by
Ni [ . Presumably, turbulent e as simulated in this conjugate setup, were not considered
in the empirical estimation of the mass transfer coe cient. So far, this study has demonstrated

successful extension of a food processing model into a multi-dimensional, conjugate heat
and mass transfer model. The results foreshadow why the thermal processing of food should
not be simulated with constant heat transfer coe cients, although geometric, temperature and
¯uid ¯ow variations or thermal radiation have not been considered yet. The deviations for this

ple conjugate setup exceed most of the model's sensitivities of food-speci®c modeling terms,
recapitulate study 21 in Tab. 4.2.

Adding radiation for demonstration purposes to this setup with wall = 0 and face = 0
approximately doubles the deviations in all variables, see 4.18b. With a maximum error of35 6 K

. Conjugate simulations of thermal food processing
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Figure 4.18. Comparison of conjugate ¯at plate setup at = 0 01 m (dashed lines) with the transfer-
coe cient-based validation case (solid lines) at = 20 min (black) and = 60 min (red).

iations of tot of the sensitivity study are represented by a gray band.

varies signi®cantly in space and time, see Fig. 4.19a. For the ®rst quarter of the potato slab, the
coe cient varies more than over time, although the preceding channel wall is pre-chilled with

wall . The cause of the deviations is rooted in the temperature-dependent material properties of
dry air ( , and ). As the potato heats up, so does the thermal boundary layer, and heat transfer
becomes less e cient owing to the decreased driving temperature gradient. A similar explanation
holds for the local variation from left to right, as the hot air gets cooled during the passage
over the porous food item. The derived mass transfer coe cient, calculated with Eq. (2.75), is
approximately constant during the simulation, see Fig. 4.19b, as the driving material property

va,e remains unchanged and given the steady-state velocity ®eld. However, the magnitude of

derived is one order higher than the estimation given in the article of the validation test case by
Ni [ . Presumably, turbulent e as simulated in this conjugate setup, were not considered
in the empirical estimation of the mass transfer coe cient. So far, this study has demonstrated

successful extension of a food processing model into a multi-dimensional, conjugate heat
and mass transfer model. The results foreshadow why the thermal processing of food should
not be simulated with constant heat transfer coe cients, although geometric, temperature and
¯uid ¯ow variations or thermal radiation have not been considered yet. The deviations for this

ple conjugate setup exceed most of the model's sensitivities of food-speci®c modeling terms,
recapitulate study 21 in Tab. 4.2.

Adding radiation for demonstration purposes to this setup with wall = 0 and face = 0
approximately doubles the deviations in all variables, see 4.18b. With a maximum error of35 6 K
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