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Abstract

Integral enthalpy balance model was applied for the description of the thermal forming process of starch based suspensions in a closed mould. The model parameters were identified from experiments with the apparatus ensuring combined surface heating and direct volumetric ohmic heating (alternating current 50 Hz and electrodes attached at the mould wall). Temperatures inside a thin plate of the heated material were measured by a string-form thermocouple and pressures at the wall were recorded by a pressure transducer. Results confirm previously reported conclusion that the temperature of material is determined by the steam pressure during the second and the third stage of water evaporation. Preliminary experiments indicate, that the direct ohmic heating affects mostly the first stage of heating, because electrical conductivity of starch suspension decreases during the phases of water evaporation. While the simple integral model is useful for prediction of temperatures and the mean pressure, a 2D finite element model is aimed to the description of sample expansion in more complicated geometries of moulds (an approximately triple increase of volume was recorded in experiments with potato starch suspensions).

Nomenclature

A
heat transfer surface [m2]
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heat transfer parameter [kg2.s-1]

c
specific heat [J.kg-1.K-1]

E
intensity of electric field [V.m-1]

H
thickness of sample [m]

h
thickness of liquid layer [m]

hi
heat transfer coefficient [W.m-2.K-1]

hc
overall heat transfer coef. [W.m-2.K-1]
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ohmic heating parameter [S.m2.K.J-1]

M,Mf,Mb mass of sample, mass of free and bound water [kg]
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mass flux of steam [kg.m-2.s-1]

p
pressure [bar]


r
latent heat [J.kg-1]

r*
(=r/c) [s-1]

t
time [s]

T
sample temperature [0C]

Tw
wall temperature [0C]

ux,uy
mean velocities [m.s-1]

(
coeff.of expansion [m3.kg-1]

( 
coeff.of evaporation [s-1]

(
specific elect.conductivity [S.m-1]

(
dynamic viscosity [Pa.s]

(
density [kg.m-3]

(
mass fraction of starch [-]

(
permeability [kg.s-1.bar-1]

1.  Introduction

Thermally processed materials based on starch can be used for various packaging products, for example trays, dishes or cups. The technology of pressure thermal forming in a mould, in fact a baking process at an elevated pressure, is aimed to the replacement of plastics by biodegradable materials. One of many other drawbacks of the thermal baking technology is a long process time, which can be in principle shortened by using a volumetric, i.e. microwave or direct ohmic heating, nevertheless no attempt to carry out such a feasibility study has been reported yet. Experiments with manufacturing of thin potato starch plates in a simple planar mould having a constant temperature of walls (approximately 200 0C) were presented by Tsiapouris et al. (2001). The most interesting phenomenon was a non-monotonous temperature variation of heated samples (sometimes even a temporary temperature decrease was observed at about 140 0C). This anomaly can be explained by the variable flow of evaporated steam, manifested by a peek in the time behavior of pressure inside the mould, which determines the temperature of sample at temperatures above 1000C. The idea of pressure determined mean temperatures of heated material was used in the two integral models, Žitný et al. (2002a,b), rather complicated CCC (crust-crumb-core) model and a simple model of homogeneous sample which will be also used in this study for mathematical modelling of process with the combined heating. 

While the integral models are useful for scale up, as well as for prediction of temperatures and mean pressures, they are not suitable for description of the sample expansion in more complicated geometries of moulds. The more detailed view can be obtained by a 2D FEM Lagrangian model operating with an expanding mesh of triangular elements; this approach will be discussed in the following paragraphs. Wu and Irudayaraj (1996) modelled drying of a hydrated starch using 2D FEM by solving a system of three partial differential equations for temperature, moisture potential and pressure, not taking into account porous structure or volumetric expansion. A probably more relevant problem is the bread baking, numerically modelled first by Zanoni et al.(1994), (1995) by using finite differences. This 2D model is focused upon identification of moving crust/crumb front by solving partial differential equations of heat and moisture transfer, however expansion of material is described quite empirically assuming expansion of sample not related to the temperature history and expressed as a linear function of time. Deeper insight into the problem of expansion stems from the idea of expanding foam, formed by a starch matrix and liquid film encapsulating gaseous cells, Gan et al. (1995). According to this, the dough expansion during the early stages of baking or the expansion of starch in extrusion can be related to the expansion rate of a spherical hollow starch particle filled by steam. Numerical models are based upon rheological properties of starch+water+proteins forming the wall of spherical bubble. The power law model is used below the gelatinisation temperature of starch, while the Williams-Landel-Ferry model for description of apparent viscosity of gelatinised structure, Fan et al. (1999). Even if there are some similarities between the bread baking and the thermal pressure forming, first of all gelatinisation of starch and expansion of crumb, the bread baking process takes place at atmospheric pressure and is completed when the whole crumb reaches 1000C, in contrast to the thermal pressure forming characterized by the elevated pressure up to 7 bars (0.7 MPa) and much higher temperatures, typically 180 0C. This is a qualitative difference, because at temperatures below and above 100 0C the process is controlled by different mechanisms.

Anyway, either the expansion of sample or the volumetric heating need to be evaluated first of all experimentally, because this is the only way how to asses the influence of the variable porosity, electrical resistance of material and the contact resistance at the wall. Experiments should also help with answering the question whether it is necessary to distinguish between forming of the crumb sticking to the wall and the core of material flowing in a narrow gap. If this is so, it would be necessary to model the process by two overlapping meshes of 2D finite elements, the first one at wall being steady and the other one moving. The question can be reformulated as follows: What kind of models are more relevant to the thermal pressure forming process, those considering an expanding foam or the models assuming squeezing flow of a liquid layer displaced by a gradually forming porous crumb? There are several possibilities, how to verify these hypothesis experimentally: 

a) by measuring pressure profile along the surface of processed sample – almost uniform pressure would indicate foaming structure, 

b) temperature profiles along the sample are related to pressures, therefore uniform temperatures would also support the hypothesis of expanding foam structure, 

c) by tracing paths of markers being initially at the same cross section - substantial change of trajectories corresponds to the idea of a flowing layer.

2.  Integral model

The model of integral enthalpy balance assumes uniform temperature T(t) and water content Mf(t), Mb(t) in the whole sample and is independent of the previously discussed hypothesis. The model, developed by Zitny (2002b), distinguishes the three stages of process, the first is heating a sample without phase changes (T<1000C), the second is free water evaporation (Mf>0) and the last bound water evaporation (Mf=0). The model has three important features: (a) During heating the heat transfer coefficient decreases due to increasing thickness of porous layer and at the same time the heat transfer area increases due to sample expansion – it is assumed that two effects are mutually compensated, i.e. the product of heat transfer coefficient k and the contact surface A is approximately constant. (b) Mean temperature T is controlled by pressure p in the second stage of free water evaporation (pressure is a function of temperature, e.g. according to Antoine’s equation) and the mass flow-rate of steam is proportional to pressure p. (c) Rate of evaporation is a continuous function of time, even during transition from the second to the third stage of process. This model can be easily modified for the case of combined heating – by conduction from hot wall (Tw>T) and by direct ohmic heating for a given transversal intensity of electrical field E. 

The first stage (mass of sample M0 is constant, model parameter 
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the second stage (free water evaporation, pressure of saturated steam p [bar] is approximated by (T/100)4 , which is a simplified form of Antoine’s equation for water)
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and the third stage (Mf=0) based upon assumption that the mass flowrate of steam is proportional to the amount of bound water
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This model represented by ordinary differential equations was implemented in the program FEMINA, Zitny (2004) and integrated using Runge-Kutta method with variable time step. The operational parameters are M0, Mf0, Mb0 [kg] (initial mass of sample, free and bound water), temperature of wall Tw [0C] and electrical intensity E [V/m]. The other parameters must be identified from experiments, time behaviour of temperature: the parameters 
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 [kg2/s] characterize heat transfer into liquid and porous material respectively, ( [kg.bar-1.s-1] permeability of porous structure and r* [0C] represents latent heat. The model has in fact only four parameters 
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, (, r* because the parameter ( follows from the requirement that the rate of evaporation is a continuous function and can be evaluated from the rate of evaporation at the end of the second stage of processing, see equation (5). These parameters are almost independent of the processed sample thickness H and therefore can be used for equipment scale-up and also rough pressure estimates. The parameters are easy to identify, because they are directly related to the characteristic slopes and plateaux of time behavior of temperature at the first and the second stage of process. The additional parameters 
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 [S.m2.K.J-1] are proportional to the effective electrical conductivity in respective stages and must be determined from recorded electric power.
3.  Finite element models

Experiments showed that the marking particles placed initially into the sample centre ended their paths near the mould perimeter. This observation supports the idea of a flowing core, displaced from the wall by a gradually formed crumb, see figure 1.
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Figure 1. Geometry of the liquid core (expanding mesh), and porous crumb (fixed grid).

The suggested model is oriented towards description of mean velocities ux, uy induced by decreasing thickness h (squeezing flow). Assuming incompressible core and neglecting transversal velocity component uz, the continuity equation reads,
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Due to high viscosity of gelatinised core the inertial terms in the momentum balances can be neglected and substantial simplification can be achieved by considering only the viscous stresses corresponding to the transversal velocity profile. In this case the Navier Stokes equations reduce to
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where the factor 12 corresponds to a parabolic velocity profile, i.e. to the flow of a Newtonian liquid with a viscosity ( [Pa.s]. Combining equations (7),(8) we arrive to the Poisson’s equation for pressure distribution,
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Strong boundary conditions are obviously atmospheric pressure at the perimeter of expanding sample. This boundary condition is to be modified only in the vicinity of the mould boundary, where the expansion is blocked, and a simple linear penalty function of pressure proved to be sufficient, see figure 2. 
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Figure 2. Initial and expanded mesh of triangular finite elements

The right hand side of equation (9), the rate of a layer narrowing, can be, in principle, determined from another Poisson’s equation for distribution of pressure of evaporated steam, which can be derived in a similar way like equation (9). Assuming that the steam pressure is the same as the pressure in the liquid core in a place x,y, and comparing right hand sides of these equations, a relationship between (h/(t and the mass flux of evaporated steam 
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can be derived, giving the final form of pressure equation
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where the parameter ( describes crumb expansion (the model assumes, that a liquid layer dh is replaced by a thicker dried layer of the thickness ((wdh if the free water is removed). ( depends upon the flow resistance of the porous crumb, first of all upon the thickness, size of pores and porosity of crumb. In our preliminary numerical experiments a constant ( was supposed. The mass flux 
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 is related to the heat flux q and the enthalpy of evaporation r in a given place, and can be estimated in the simplest way as
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(11)
where hc is the overall heat transfer coefficient, kc is thermal conductivity of crumb and temperature of liquid core T is derived from the pressure of saturated steam. 

Numerical solution of Poisson’s equation (10) is based upon Galerkin FEM, using linear shape functions Ni(x,y) for approximation of pressure in triangular elements, resulting in the system of algebraic equations which is to be solved in each time step


[image: image35.wmf]i

j

j

ij

b

p

K

=

å

,










(12)

where pj are nodal pressures. Permeability matrix K and the right hand side vector b (b is a function of unknown pressure, making the problem non-linear) are calculated as integrals over the region ( occupied by the heated material at a time t
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The whole procedure is implemented into the FEMINA program: Each time step comprises of the steam mass flux calculation and the crumb thickness update, followed by a repeated solution of Poisson’s equations (12) using the frontal method (pressure penalty is applied at boundary nodes moving towards the mould perimeter). Knowing pressures, the velocities at nodes are calculated according to equations (8) and nodal coordinates are updated by increments 
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. The equations (10-11) concern only the second stage of the process, when free water is evaporated. It is assumed that no flow exists during the first and third stage of heating and temperatures of elements in these stages are calculated from enthalpy balances in a similar way like in the integral model.


This finite element model predicts pressure profiles, which do not agree with reality. The reason can be seen from the equation (10) – the thickness of liquid layer h goes to zero in the end of the second stage of process, and therefore the pressure p increases to infinity as soon as the parameter ( is constant (to proceed into the last stage of the bound water evaporation, it was necessary to set an upper limit of pressure in the program). Without an artificial modification of ( or an artificial pressure constriction, the model can be used only for description of the sample expansion during initial stages of process. 

From this point of view the idea of expanding foam seems to be more promising. Instead of a flowing layer of a homogeneous liquid displaced by a growing solidified crumb, there is a layer of steam bubbles enclosed by an expanding and gradually solidifying starch matrix. Steam, evaporated during the second stage, cannot stay in bubbles, because the steam pressure would be too high, approximately 200 bars in our case of the starch suspension ((=0.4 and temperature 400 K). Steam therefore flows through the porous starch matrix and the Poisson’s equation describes the pressure distribution again. The model of foam with gradually changing properties, which takes into account the crust formation representing another barrier to the steam flow, is rather complicated and has not been implemented as a FE program. However, the previously described integral model can be considered as a rough approximation of the expanding foam with a parameter ( interpreted as a local flow resistance of starch matrix. The enthalpy and mass balances described by equations (1-6) can be applied at each finite element together with the previously described procedure for the pressure driven mesh expansion (now assuming constant thickness of foam H).

4.  Experimental setup

A simplified scheme of the experimental apparatus used for the thermal forming of rectangular plates is shown in figure 3. The apparatus consists of two parallel steel plates enclosing a vented cavity 270x200xH mm, where the thickness H can be adjusted to 2,4 and 8 mm. Electrical resistors installed in these plates secure maximum power of 8 kW, while the stainless steel electrodes are fed by a separated laboratory source delivering maximum of only 1 kW (purpose of these preliminary experiments is first of all to identify electrical properties of processed materials at higher temperatures and pressures). Wall temperatures are recorded by several thermocouples not shown in the figure 3, which demonstrates only the way, in which the temperature inside the sample is measured. The problem of accurate thermocouple junction adjustment in the mid-plane of expanding material was resolved by arrangement of the thermocouple as a stretched filament of constantan (left) and copper (right). The rate of sample expansion is estimated from the time records of similar thermocouples having a junction inside the mould but outside the sample at the beginning of experiment, see figure 3. Pressure of steam at wall is measured by a pressure transducer ISI 0170, fa. Special Instruments. All data are concentrated to the data acquisition unit Agilent 34970A with a multiplexer 34901A and processed by a PC. The relative motion of particles near the wall and near the central plane is evaluated by marking particles (poppy-seed) – in this way it is possible to identify only the final positions of markers. Application of CARP with radioactive labeled particles monitored by an array of collimated (-radiation detectors is envisaged.
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Figure 3. Schematic sketch of the apparatus (not in scale-thickness H is typically only 2% of width)

5.  Potato starch suspension properties
Potato starch suspension used in experiments with thermal pressure forming was prepared from commercially available starch powder (Solamyl) mixed with tap water at a mass fraction of starch 0.4 (60% water, the same concentration was used by Tsiapouris et al. (2001)). Basic thermodynamic properties of pure starch were reported by Zanoni et al. (1991), Wang and Hayakawa (1993), Maroulis et al (1990) as a function of temperature T [0C]
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and the properties of water mixture can be estimated by a simple additive rule. Only density of the starch mixture was evaluated from our experiments at 200C with different mass fraction of starch 
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 and this correlation is used for calculation of initial volume of processed samples (density of processed samples was 1160 kg.m-3). Some part of water in the suspension is free, and some part is bonded. The relative mass fraction of the bound water was evaluated by using sorption isotherms published by Lind and Rask (1991), giving Mb/Mf=0.44 at mass fraction of potato starch 
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. Electrical conductivity of the potato starch water suspension was measured by Wang and Sastry (1997) using a small direct ohmic heater (60 Hz, 100V), however only for rather dilute solution (=0.2 and with electrical conductivity artificially increased by addition of NaCl (1%). Therefore the conductivity was very high, rising from 1.5 to 3 S/m in the temperature range 30 - 900C. Interesting result of this research is a temporary decrease of conductivity during gelatinisation at about 700C. Electrical conductivity of suspension without salt is much lower, slightly greater than the conductivity of tap water. Measurements at temperatures below the gelatinization temperature by using standard laboratory instrument WTW with the four-electrode conductivity probe Tetracon 625 can be summarized in the following correlation
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valid within the temperature range T((20,60) 0C and the mass fraction of potato starch (((0,0.4). Electrical conductivity at higher temperatures was evaluated from experiments on the heater discussed above, therefore only for 
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. Accuracy of these measurements is not very high (only voltage and electrical current were recorded), due to uncertainties of active surface of electrodes (sample expands, therefore the area increases above 1000C) and first of all by increasing porosity of material and contact resistance. The resulting temperature behavior of effective electrical conductivity is therefore valid only for the current arrangement of thermal pressure forming apparatus and operating parameters
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6.  Experiments and results

Potato starch Solamyl (mass fraction 0.4) was used in all experiments, carried out in the same mould but with different height of inner rectangular cavity. Temperature of heating plates was held close to Tw=185 0C and recorded by constantan-copper thermocouples. Precise location of thermocouples in plates, as well as position of thermocouple inside the heater cavity is in table 1.

Table 1. Location of thermocouples (positioning x,y, see figure 2)

	Thermocouple
	     x [m]
	     y [m]
	   Transversal position

	T1
	
	
	upper plate, 6mm from wall

	T2
	
	
	

	T3
	
	
	

	T4
	
	
	

	T5
	
	
	


Figure 3. Temperatures recorded by thermocouples T1,T2,… and pressure p(t) for sample H=

Table 2. Identified parameters of integral model, and characteristic linear velocity of expansion. Tw=… 0C

	H [m]
	M0 [kg]
	E [V/m]
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Figure 4. Temperature T(t) recorded by thermocouple T1 and integral model prediction for samples H=2,4,8 mm

Figure 5. Rate of expansion calculated by FEM V(t)/V0
Table 3. Initial and final position of marking particles (x,y see figure 2, z is distance from central plane)
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