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Highlights:  12 

• The model enables coupling relevant non-isothermal flow phenomena with fibre formation in 13 

the cooling die during high moisture extrusion. 14 

• The impact of cooling temperature on plug flow transition is explained through a mean-field 15 

phase separation/syneresis dependent wall-slip condition. 16 

• A simple shear history-dependent fibre alignment measure is proposed that enables a 17 

composite measure of fibre formation. 18 

• Qualitative agreement between microscopy data and the location of predicted oriented and 19 

randomly oriented fibre domains in the extrudate is obtained. 20 

• The model offers a practical coarse-grained alternative to solving the Cahn-Hilliard equation for 21 

prediction of fibre formation. 22 
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Abstract: 24 

In this study, a coupled model integrating flow, temperature, phase separation, fibre alignment, and 25 

wall-slip has been developed to elucidate the complex behaviour observed during high moisture 26 

extrusion (HME) fibre formation. By departing from previous high-resolution approaches, the model 27 

uses a mean-field simplification to conveniently address wall-slip, thus avoiding the numerical 28 

intractability associated with resolving microscopic phases through solving the full Cahn-Hilliard 29 

equations. The critical simulation parameters are justified through prior studies and microscopy data 30 

and may to a certain extent be quantifiable from dead-stop experiments. The model can capture key 31 

qualitative features of HME, including the spatial distribution of fibres in the cooling die and their 32 

orientation, as observed in microscopy. Moreover, the model explains a potential delicate interplay 33 

between die cooling, phase separation/syneresis and protein melt flow characteristics.  The study 34 

identifies extensional and pre-cooling die orientation of fibres as promising avenues for future model 35 

refinement. 36 

 37 

Keywords: Meat analogues, High moisture extrusion, Phase separation, Wall-slip, Simulation, Finite 38 

element model, Microscopy 39 

 40 

1. Introduction 41 

Global meat consumption has doubled from 1961 to 2009 and is still on the rise (Steinfeld, 2006). 42 

The food sector is responsible for 25% of all greenhouse gas emissions, with meat production alone 43 

accounting for a significant 14.5% (Gerber et al., 2013). This surge in meat consumption is concerning 44 

from a nutritional standpoint as well, as excessive intake of especially red meat has been associated 45 

with health issues like coronary heart disease and certain types of cancer (Di et al., 2023; Glenn et al., 46 
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2024; Tammi et al., 2024). Plant-based alternatives to meat, meat-analogues, are for these and other 47 

reasons gaining popularity. 48 

Fibrous meat-analogues are currently produced commercially from soy and pea protein, as well as 49 

from wheat gluten, using an extruder to create a protein melt under high moisture, temperature, 50 

and pressure, followed by active cooling upon exit. Similar fibre formation techniques are used in 51 

plastics production to enhance material strength (Ardakani et al., 2013). A common factor in fibre 52 

formation for both meat analogues and plastics is that the production process is known, but the 53 

mechanisms behind fibre formation are not fully understood. Existing hypotheses on the 54 

mechanisms provide insights but are insufficient for a complete explanation and cannot fully predict 55 

the fibre formation capability of protein melts. This limitation hinders the use of more sustainable 56 

protein sources in meat analogue production and limits the speed of processing. Hypotheses and 57 

models range from "chemical," highlighting the interactions between protein chains or polymer 58 

crystallites, to "physical," focusing on fluid dynamics, heat transfer, phase separation, melt fracture 59 

and deserve a more detailed presentation, as further elaborated upon below. 60 

Structural effects of covalent and non-covalent bonds has been studied, but does not provide a 61 

concrete kinetic fibre formation mechanism (Chen et al., 2011). In another model, extensional, 62 

kinetic energy and Poisson’s ratio-based mechanisms have been investigated for 63 

polytetrafluoroethylene (PTFE) and refer fibre formation to a consequence of forced attraction 64 

between polymer particles by extensional flow, thus neglecting the possible significance of shear 65 

contributions (Ardakani et al., 2013; Patil et al., 2006; Vavlekas et al., 2017). The model is highly 66 

relevant for the structure formation in PTFE, but as it describes fibre formation as reversible the 67 

relevance is limited for extrusion of high moisture meat analogues (HMMA).   68 

Several groups have proposed models based on phase separation coupled with heat transfer and 69 

mechanical deformation (Kaunisto et al., 2024; Sandoval Murillo et al., 2019; van der Sman and van 70 

der Goot, 2023; Wittek et al., 2021). The cooling die cools the melt from the outside causing high 71 
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melt viscosity along the walls and effectively a funnel-shaped flow profile with high flow of hot melt 72 

in the centre of the die and slow flow of cold melt along the walls (Högg et al., 2017; Kaunisto et al., 73 

2024; Osen and Schweiggert-Weisz, 2016; Sandoval Murillo et al., 2019). This causes extensional flow 74 

in the centre and high shear in the transition zone between cold and hot melt flow. Structure 75 

formation is assumed to arise from phase separation into a protein-rich and a protein-poor phase 76 

under a critical temperature, and can be described by the Cahn-Hilliard model (Cahn and Hilliard, 77 

1958). The phase separation has been simulated under the assumption of spinodal decomposition 78 

(Kaunisto et al., 2024; Sandoval Murillo et al., 2019), and has alternatively been suggested to possibly 79 

depend on cross-linking (van der Sman and van der Goot, 2023). The Cahn-Hilliard model only 80 

postulates phase separation under a critical temperature, but an underlying multi-phase system has 81 

also been suggested to occur already in the hot screw section of the extruder, based on dead-stop 82 

experiments (Wittek et al., 2021). The fibrous structure induced by the phase separation was 83 

simulated and fibres were found to align in the high-shear flow regions of the cooling die (Kaunisto et 84 

al., 2024; Sandoval Murillo et al., 2019). The shear structuring has been thoroughly studied by the 85 

Van der Goot group, but in a shear-cell rather than in an extruder cooling die (Cornet et al., 2022; 86 

Dekkers et al., 2018; Grabowska et al., 2014). 87 

The fibrous structure in HMMA has also been suggested to arise from viscoelastic mass fracture 88 

arising from flow instabilities such as melt-fracture trapped by distinct solidification (Guan et al., 89 

2024; Sägesser et al., 2025). A sudden drop in shear viscosity was observed when shearing soy-90 

protein and pea protein melts in a high pressure cell (Sägesser et al., 2025).  91 

High moisture extrusion (HME) of HMMA has two main experimental challenges in validating any of 92 

the suggestions and models: harsh conditions in the extruder and the instable nature of the 93 

extrudates. Extrusion is typically performed at temperatures up to 150°C and high pressure like 10 94 

bars, which is difficult to reproduce in any experimental technique. Furthermore, any experimental 95 

method that should mimic extruder conditions must involve significant deformation, as that drives 96 

structure formation. The extrudates in themselves also pose a challenge. Pulled pork can be used as 97 
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a metaphor in explaining the dilemma. It appears solid and structureless until deformed, and when 98 

pulled apart the fibres appear. The extrudates appear solid and fibres appear only when the 99 

extrudates are deformed, frozen-thawed or swelled (Lorén et al., 2025; Nieuwland et al., 2023). 100 

Meso-scale areas formed by phase separation or other mechanisms have only been visualised after 101 

freezing or sample preparation (Lorén et al., 2025). 102 

Experiments for validating models should preferably be performed directly in the extruder and the 103 

cooling die and there are a few reported results. A small extruder and cooling die was placed in a 104 

neutron beamline to elucidate nano-scale structure development during extrusion (Guan et al., 105 

2024). Globular proteins (~9nm) and nanoaggregates (~40nm) were found throughout the cooling 106 

die and no further structuring at the nanoscale was observed. Flow profiles have been obtained 107 

directly in the cooling die using pulsed ultrasound velocity profiling (Kaunisto et al., 2025). Velocity 108 

profiles were accurately reproduced but the resolution close to the die wall was not sufficient to 109 

validate the bell-shaped velocity profiles predicted by simulation (Kaunisto et al., 2024). A popular 110 

experimental technique is “dead-stop” experiments, with or without added dyeing of the material, 111 

where the extruder is suddenly stopped, opened and samples collected along the extruder screws 112 

and in the cooling die (Chen et al., 2011; Högg et al., 2025; Wittek et al., 2021; Zhang et al., 2022). It 113 

gives information along the whole extrusion process such as arrested flow profiles and chemical 114 

composition, but as the method suddenly release the high pressure and drops the temperature it 115 

may change structures in the melt. The process also takes several minutes so the non-equilibrium 116 

state in the extruder will have time to relax.  117 

In the present study we have added the effect of wall-slip on fibre formation to previously described 118 

mechanisms by using a practical and computationally faster mean-field simplification to avoid the 119 

numerical and theoretical difficulties associated with solving the Cahn Hilliard equations under wall-120 

slip.  The present study aims to couple wall-slip to phase separation mechanism, to explain an 121 

interplay between die cooling, phase separation/syneresis and protein melt flow characteristics.        122 

 123 
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2. Materials and methods 124 

2.1. Experimental input data 125 

The present study uses the same experimental input data and assumptions for pea protein from 126 

rheological measurements and literature, as we have previously presented (Kaunisto et al., 2024). 127 

The obtained power-law exponent for the protein melt at 62% moisture content was  𝑛 = 0.13 and 128 

the temperature dependence followed an Arrhenius-type expression, given in equation (1) below for 129 

convenience, 130 

 131 

𝐾ሺ𝑇ሻ = 𝑧1 ∗ 𝑒
𝑧2

𝑧3+𝑇     (1) 132 

 133 

where 𝑧1=100.2, 𝑧2=637.9 and 𝑧3=28.4 with 𝑇 in degrees Celsius. The physical properties of the 134 

protein melt were 𝐶𝑝 = 3.39
𝑘𝐽

ሾ𝐾𝑔𝐾ሿ
,  𝑘 = 0.43

𝑊

ሾ𝑚𝐾ሿ
 and 𝜌 = 1000 ቂ

𝑘𝑔

𝑚3
ቃ, as defined in Section 3.2, 135 

giving a thermal diffusion coefficient 𝛼 =
𝑘

𝜌𝐶𝑝
≈ 0.127

𝑚𝑚2

𝑠
. The reader is referred to the previous 136 

study for more experimental details (Kaunisto et al., 2024). 137 

 138 

2.2. Microscopy of extrudate samples 139 

2.2.1. Light microscopy 140 

Microscopy data was obtained for extrudates at similar extrusion operating conditions, as mentioned 141 

in our previous study (Kaunisto et al., 2024) to enable a qualitative comparison with the simulations. 142 

A light microscope (LM, Olympus BX53F2) equipped with a CMOS colour camera (Olympus SC50) and 143 

the software Olympus CellSense Entry was utilized to visualize the extruded samples at different 144 

positions in the samples and from different directions. The samples were analysed using 4x, 10x, 20x, 145 
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40x and 100x objectives. The samples were prepared as follows: The extrudates were cut into pieces 146 

of approximately 1 x 2 x 4 mm in two different directions related to the extrusion direction. The 147 

rectangular blocks were airfixed by lying on a grid above formalin and glutaraldehyde in CaO3 for 3 148 

days in a closed chamber. The third day they were placed above 2% OsO4 for 3h. In a graded series of 149 

ethanol solutions (50, 70, 90 and 100% by volume) the samples were dehydrated at room 150 

temperature and subsequently embedded in epoxy resin (Technovit 7100). Sections of 1.0 µm were 151 

cut with an RMC Power Tome XL using glass knives; the samples were subsequently placed on glass 152 

slides. The sections were stained with Lugol’s iodine solution to visualise the starch phase and the 153 

dye Light Green in acetic acid was used to visualise the protein phase. 154 

 155 

2.2.2. Confocal laser scanning microscopy 156 

The extrudates were stained with 0.01% Texas Red solution and Direct Yellow 96. Micrographs were 157 

acquired using confocal laser microscopy (CLSM; Leica TCS SP5, Heidelberg, Germany). A 488 nm 158 

argon laser and a 594 nm HeNe laser and an HCX PL APO CS 10.0x 0.40 DRY UV objective, was used. 159 

Emissions were collected at 500–540 and 610–650 nm using an image format 1024 x 1024 pixels with 160 

an eight lines average. 161 

 162 

3. Calculation and theory 163 

3.1. Model and geometry assumptions 164 

The present work uses similar model assumptions as we have previously presented (Kaunisto et al., 165 

2024), where the fibre formation process can be effectively regarded as a phase separation process, 166 

although possibly connected to the hypothesized syneresis and solidification mechanisms in the 167 

cooling die (van der Sman and van der Goot, 2023). Further, the 2D parallel plate assumption is used 168 
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(Kaunisto et al., 2024), where the half-width and length are set as 2.5 mm and 200 mm, respectively, 169 

in accordance with one modular section of the updated cooling die studied here.  170 

 171 

3.2. Mathematical model 172 

3.2.1. Flow and temperature 173 

The flow field is modelled as previously (Kaunisto et al., 2024) and stated here again for convenience.  174 

The stationary incompressible Navier-Stokes (NS) equations (2–3) are coupled to a calibrated 175 

temperature-dependent constitutive power-law model (4–5) and the associated stationary 176 

temperature field (6), 177 

 178 

𝜌𝒖 ∙ 𝛻𝒖 = −𝛻𝑝 + 𝛻 ∙ ൣ𝜇𝑒𝑓𝑓ሺ𝛻𝒖 + ሺ𝛻𝒖ሻ𝑇ሻ൧   (2) 179 

𝛻 ∙ 𝒖 = 0      (3) 180 

𝜇𝑒𝑓𝑓 = 𝐾ሺ𝑇ሻ𝛾ሶ 𝑛−1     (4) 181 

𝛾ሶ = ඥ2𝑢𝑥
2 + ሺ𝑣𝑥 + 𝑢𝑦ሻ2 + 2𝑣𝑦

2    (5) 182 

𝜌𝐶𝑝𝒖 ∙ 𝛻𝑇 = 𝛻 ∙ ሺ𝑘𝛻𝑇ሻ     (6) 183 

 184 

where 𝜌 is the mass density, 𝒖 = ሺ𝑢, 𝑣ሻ is the flow field, 𝑝 is the pressure, 𝜇
𝑒𝑓𝑓

 is the effective 185 

viscosity, 𝐾 is the consistency index, 𝑛 the power-law exponent, 𝑇 the temperature, 𝛾ሶ  the strain-rate 186 

scalar, 𝐶𝑝 is the specific heat capacity and 𝑘 the thermal conductivity. It can be noted that the 187 

definition of the strain-rate scalar in equation (5) follows that of Slattery (Slattery, 1999), 188 

corresponding to the strain rate in viscometric flows. Further, in the constitutive model, the 189 

temperature dependency is assumed to be carried solely by the consistency index parameter, similar 190 
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to other work (Wittek et al., 2021). The main reason for working with a power-law constitutive model 191 

is, to the best of our knowledge, a lack of evidence in the literature for the significance of 192 

elongational effects in HMMA fibre formation. Another important reason is that such models are 193 

often hard to calibrate from available experimental data and may exhibit limited shear-thinning 194 

behaviour, as compared to the experimentally observed 𝑛 = 0.1 − 0.2.   195 

 196 

3.2.2. Simplified phase separation model 197 

As an alternative to using a thermodynamic potential when solving the Cahn-Hilliard equations for a 198 

random instantiation of the phase separated state in the extruder die (Kaunisto et al., 2024), the 199 

same thermodynamic potential was instead used as the basis to develop a simplified phase 200 

separation model to account for fibre formation. The thermodynamic potential is stated in equation 201 

(7) below for convenience. 202 

 203 

𝛹 = 2𝑇𝑐𝑅𝑐ሺ1 − 𝑐ሻ + 𝑇𝑅ሾሺ1 − 𝑐ሻ 𝑙𝑛ሺ1 − 𝑐ሻ + 𝑐𝑙𝑛ሺ𝑐ሻሿ  (7) 204 

 205 

where 𝑐 =
𝜙+1

2
 is the concentration, 𝜙 is the order parameter, 𝛹 the symmetric thermodynamic 206 

potential, 𝑇𝑐 the critical temperature, 𝑇 is the temperature and 𝑅 the gas constant. The local 207 

equilibrium phase separation, 𝛽𝑒𝑞 = ȁ𝜙0ȁ, was calculated numerically by setting 
𝜕𝛹

𝜕𝜙
= 0, and solving 208 

for the order parameter, ±𝜙0, for specific values of 𝑇 and 𝑇𝑐. An explicit expression, equation (8), 209 

was then fitted over the relevant potential temperature ranges, see Figure 1,  210 

 211 

𝛽𝑒𝑞ሺ𝑇𝑐 , 𝑇ሻ = ൜
ሺ p1𝑇𝑐

2 +p2𝑇𝑐+p3ሻtanhሾሺp4𝑇𝑐
2+p5𝑇𝑐+p6ሻሺ𝑇𝑐-Tሻሿሺp7𝑇𝑐+p8ሻ, 𝑓𝑜𝑟 𝑇 < 𝑇𝑐

0,                                                                                                            𝑓𝑜𝑟 𝑇 ≥ 𝑇𝑐
  (8) 212 
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 213 

 where 𝑝₁ =  −4.33 × 10⁻⁵, 𝑝₂ =  1.16 × 10⁻², 𝑝₃ =  1.94 × 10⁻¹, 𝑝₄ =  1.50 × 10⁻⁶, 𝑝₅ =214 

 −4.00 × 10⁻⁴, 𝑝₆ =  3.40 × 10⁻², 𝑝₇ =  −1.48 × 10⁻⁴ and 𝑝₈ =  5.07 × 10⁻¹ are the fitted 215 

parameters, as determined by non-linear regression. The use of a hyperbolic tangent construction is 216 

a natural choice due to the inherent symmetry, smoothness and sigmoid-like behaviour of the phase 217 

transition, as governed by the thermodynamic potential. Figure 1 shows that equation (8) accurately 218 

captures the equilibrium order parameter to be conveniently used in a simplified phase separation 219 

model for any given and valid 𝑇𝑐. Thus, a stationary mean-field transport equation for the local 220 

amount of phase separation can be formulated according to equation (9) 221 

 222 

−∇ ∙ ቂ
0.1𝐷ሺ𝑇𝑐ሻ𝐾ሺ𝑇𝑐ሻ

𝐾ሺ𝑇ሻ
∇𝛽ቃ + 𝒖 ∙ ∇𝛽 =

𝐷ሺ𝑇𝑐ሻ

𝜀2

𝐾ሺ𝑇𝑐ሻ

𝐾ሺ𝑇ሻ
൫𝛽𝑒𝑞ሺ𝑇𝑐 , 𝑇ሻ − 𝛽൯  (9) 223 

 224 

where 𝛽 is the local amount of phase separation, defined on the interval [0,1], 𝜀 is the characteristic 225 

distance between phase separated domains and 𝐷ሺ𝑇𝑐ሻ = 0.1𝛼 is the diffusion coefficient with an 226 

associated scaling with the consistency index, as previously discussed by Kaunisto et al. 2024 and 227 

Murillo et al. 2019 (Kaunisto et al., 2024; Sandoval Murillo et al., 2019). Equation (9) accounts for the 228 

local average production and convection of phase separated fluid material with a relatively small 229 

added diffusion term for numerical smoothing. It should be noted here that the characteristic 230 

distance between phase separated domains needs to be small enough for the present coarse-grained 231 

model to be arguably valid and that interfacial surface tension and gradient penalization effects are 232 

not explicitly modelled. 233 

 234 

An inherent challenge with using a scalar field to represent fibre formation is the lack of orientational 235 

information regarding fibre alignment, which is crucial for the texture of HMMAs. Recent literature 236 
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suggests that fibres are likely the result of multiscale texturization mechanisms (van der Sman and 237 

van der Goot, 2023), including non-isothermal shear flow, making it arguably non-trivial to define a 238 

meaningful fibre orientation through a conformation tensor approach, such as the Folgar-Tucker 239 

model (Folgar and Tucker, 1984). However, it seems reasonable that the local accumulated shear in 240 

the cooling die could act as an approximation of the amount of multiscale fibre alignment that can be 241 

expected. Therefore, an additional simple transport equation (10) is proposed,               242 

 243 

−∇ ∙ ቂ
0.1𝐷ሺ𝑇𝑐ሻ𝐾ሺ𝑇𝑐ሻ

𝐾ሺ𝑇ሻ
∇𝜃ቃ + 𝒖 ∙ ∇𝜃 =

𝛾ሶ ሺ1−𝜃ሻ

𝜃𝑟𝑒𝑠
    (10) 244 

  245 

where 𝜃 is the fibre alignment measure defined on the interval [0,1], and 𝜃𝑟𝑒𝑠 is the fluid resistance 246 

to alignment. Equation (10) assumes that alignment is produced by the local effective shear, i.e. the 247 

shear rate for viscometric flows. With both 𝛽 and 𝜃 defined, it is possible to define the oriented and 248 

randomly oriented fibre composite measures of the fluid as 𝐹𝑜 = 𝛽𝜃 and 𝐹𝑟𝑜 = 𝛽ሺ1 − 𝜃ሻ, 249 

respectively, i.e. combining the effects of shear-induced fibre alignment and preservation of the 250 

structure through phase separation-induced solidification. 251 

 252 

3.2.3. Boundary conditions 253 

The non-trivial boundary conditions in the present model are summarised in Figure 2, showing the 254 

solution domain, 𝛺, and associated boundaries,  𝑑𝛺𝑖  for 𝑖 = 1, 2, 3, 4, 5. Dirichlet conditions are used 255 

to specify assumed fully developed flow, 𝒖𝑖𝑛𝑙𝑒𝑡, the inlet temperature, 𝑇𝑖𝑛𝑙𝑒𝑡 = 140 °𝐶, phase 256 

separation, 𝛽𝑖𝑛𝑙𝑒𝑡 = 0 and alignment, 𝜃𝑖𝑛𝑙𝑒𝑡 = 0, at the inlet boundary 𝑑𝛺1. A no-slip condition is 257 

used over the initial part of the cooling die, 𝑑𝛺2, followed by a phase separation dependent wall-slip 258 

and a Dirichlet condition for the cooling temperature that are imposed on the remainder of the die 259 

length, 𝑑𝛺3. The expression for the slip length, 𝐿, is based on a smooth ramping function, where a 260 
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finite asymptotic slip length, 𝐿0 = 20 𝑚𝑚, and a regularization parameter, 𝜅 = 1 𝑚𝑚, are assumed 261 

to model the slip behaviour and to avoid numerical problems for low values of 𝛽. The physical 262 

justification for the current wall-slip condition is the hypothesized syneresis/solidification mechanism 263 

that expels water at the surface, thus creating a slippery surface.  A symmetry condition is further 264 

imposed at the half-channel width, 𝑑𝛺4, and at the die exit, 𝑑𝛺5, a zero-pressure regular outlet 265 

condition is specified. In all other cases, and if not specified in Figure 2, a natural boundary condition 266 

is used.  267 

 268 

3.2.4. Numerical implementation 269 

The model is cast on weak form and implemented in COMSOL Multiphysics 6.3 (COMSOL, 2021), 270 

using a combination of existing fluid and heat flow interfaces and two custom PDE interfaces for a 271 

straightforward implementation of the simplified phase separation and alignment equations. Before 272 

solving, the necessary fitting parameters in equation (8) were generated with a simple MATLAB script 273 

and the smooth ramping function for the slip-condition was defined in COMSOL in terms of its 274 

dimensionless position and transition length arguments, 0.5 and 1, respectively, yielding values over 275 

the interval [0, 1] for a given 𝛽. The stationary model was then solved by using the PARDISO 276 

stationary parametric solver, where the wall temperature was ramped down from the inlet 277 

temperature to the specified wall cooling temperature. The initial guess for the solution variables 278 

was a fully developed velocity profile, 𝒖 = 𝒖𝑖𝑛𝑙𝑒𝑡, 𝑇 = 𝑇𝑖𝑛𝑙𝑒𝑡, 𝛽 = 𝛽𝑖𝑛𝑙𝑒𝑡  and 𝜃 = 𝜃𝑖𝑛𝑙𝑒𝑡. A mesh 279 

density of approximately 140,000 triangular mesh elements over the given solution domain (see 280 

section 3.1 and Figure 2) was used to solve all the equations. The equation system was quite stiff 281 

with a solution time in the order of days on an Intel® Xeon® w5-3435X, 3096 MHz, 16 Core(s), 32 282 

Logical Processor(s) with 256 GB RAM, depending on parameter settings. Mesh convergence was also 283 

checked for the flow variables to ensure a converged solution.   284 

 285 
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4. Results 286 

4.1. Impact of cooling temperature 287 

4.1.1. Additional simulation parameters 288 

The model was used to study the impact of cooling temperature on the flow profiles in the extruder 289 

die and specifically at the extruder die outlet. A maximum inlet velocity of 5 mm/s and critical 290 

temperature for phase separation, 𝑇𝑐 = 110 °𝐶, was specified in accordance with previous studies 291 

(Kaunisto et al., 2024; Sandoval Murillo et al., 2019). In addition, a characteristic distance between 292 

phase separated domains, 𝜀 = 50 𝜇𝑚, and a fluid resistance to alignment, 𝜃𝑟𝑒𝑠 = 100. The values of 293 

the latter two parameters are further discussed in relation to Section 4.3 and Section 5.      294 

 295 

4.1.2. Extruder die flow profile 296 

The effect of varying cooling temperature on the velocity profile in the extruder die is shown in 297 

Figure 3. Figure 3A shows small initial deviations from the fully developed inlet flow profile already at 298 

a cooling temperature corresponding to the critical temperature of 110 °C, where the flow exhibits a 299 

weak initial core slip caused by the formation of a viscosity-induced funnel, as earlier pointed out 300 

(Kaunisto et al., 2024), where recovery of the inlet flow profile is then achieved towards the end of 301 

the die due to limited cooling. On the other hand, in Figure 3B, the initial core slip is stronger by the 302 

lowered cooling temperature, resulting in both relatively higher thermal penetration and phase 303 

separation that, in turn, causes wall-slip and a transition towards plug flow. In contrast to Figure 3A, 304 

continuity and loss of wall-shear require the peripheral streamlines to bend significantly from the 305 

high-shear initial core-slip region of Figure 3B towards the sides of the die, whereas the central 306 

streamlines remain essentially unaffected. When the fluid is further cooled, the initial core-slip and 307 

central velocity are too strong, implying that thermal penetration, phase separation and wall-slip 308 

cannot manage to recover the plug flow over the remainder of the die, as shown in Figure 3C.  309 
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 310 

4.1.3. Die outlet velocity profile 311 

The shape of the velocity profile at the outlet was investigated for different cooling temperatures, as 312 

illustrated in Figure 4. For higher cooling temperatures, the velocity profile shows a regular shear-313 

thinning velocity profile with higher velocity gradients at the wall due to the low wall-slip. However, 314 

close to a cooling temperature of 90 °C, the flow reaches almost plug flow like behaviour and then 315 

switches to an s-shape, with stronger core-slip, at even lower cooling temperatures. The results in 316 

Figure 3-4 thus provide a potential explanation for the delicate interplay between protein melt 317 

rheology, wall-slip, thermal penetration and phase separation to yield optimal conditions for fibre 318 

formation during high moisture extrusion.  319 

 320 

4.2. Fibre formation 321 

4.2.1. Local amount of phase separation 322 

To further explain the onset of wall-slip, the local amount of phase separation in the extruder die was 323 

assessed. In Figures 5A-C, phase separation is plotted against three different cooling temperatures, 324 

illustrating the varying degree of solidification and thermal penetration. In Figure 5A, the subcooling 325 

below the critical temperature is too low, causing limited phase separation towards mainly the edges 326 

of the die and a weak wall-slip. In Figure 5B, the flow situation is that of Figure 3B where wall-slip 327 

increases, yielding longer residence times towards the end of the die, improved thermal penetration 328 

and phase separation. With further subcooling in Figure 5C with the corresponding flow situation in 329 

Figure 3C, the thermal penetration is indeed further increased, causing more phase separation at the 330 

edges and in the core towards the end of the die, but the resulting core-slip and lack of plug flow 331 

would make the associated operating conditions unfeasible in this case.  332 

 333 
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4.2.2. Fibre alignment measure 334 

To investigate how the fluid is subjected to shear-induced fibre alignment, the associated measure 335 

was plotted for the same temperatures as in Figure 5, see Figure 6. Alignment is being produced 336 

already at walls in the fully developed inlet region in Figures 6A-C with a broadening of the 337 

production region towards the centre of the cooling die. In Figure 6B the alignment seems to be 338 

gradually produced in the cooled fluid region closer to the walls, either due to the longer residence 339 

times or the higher shear in the transition towards the inner core. When the plug flow is formed due 340 

to increasing slip, the alignment is further advected along the streamlines to the walls, for reasons of 341 

continuity, thus contributing to a potential gradual concentration of alignment in this region and 342 

along the length of the cooling die.  In Figure 6C the alignment is even more pronounced towards the 343 

centre of the cooling die, although not feasible, as previously mentioned.  344 

 345 

4.2.3. Composite fibre measure 346 

The local amount of phase separation and resistance to fluid alignment were used to assess the 347 

composite measures of fibre formation, see Figure 7. From Figures 7A-B it is evident that the present 348 

model predicts oriented fibres close to the walls and randomly oriented fibres in the core. These 349 

results are consistent with our previous simulation results (Kaunisto et al., 2024), although with the 350 

added refinement of accounting for the non-trivial effects of wall-slip. Notably though, the oriented 351 

fibres are quickly and continuously formed along the cooling die, whereas the die length and 352 

transition to plug flow both contribute to the increased thermal penetration and formation of the 353 

randomly oriented fibres.  354 

 355 

4.3. Light microscopy and model validation 356 

To validate the model, extrudates have been studied visually on the micrometre scale, see Figure 8A, 357 

where a planar image of the extrudate with a perspective as in the simulations has been generated 358 
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by cutting from the side and about 1 cm into the sample. Figures 8B-D show how the structure looks 359 

near either the bottom or the top edge of the extrudate, while Figure 8E shows the structure in the 360 

middle. As can be seen in Figure 8A, the extrusion direction (from left to right) in the sample is visible 361 

and protein fibre strands are delimited by areas that contain either a lower proportion of protein or 362 

bran components or starch. At an overall level of structure in the CLSM image in Figure 8B and in the 363 

LM image in Figure 8C, with slightly higher magnification, the protein is seen to form fibres with an 364 

average width of about 40-80 µm, which corresponds well with a characteristic distance between 365 

phase separated domains of 50 µm. The LM image in Figure 8D shows the oriented protein phase 366 

close to the top or bottom edges at high magnification, while the LM-image in Figure 8E shows a 367 

more randomly distributed protein phase, which is obtained from the middle of the extrudate, at the 368 

same magnification. The fact that different degrees of fibre orientation are obtained at different 369 

positions is in good agreement with the simulation model. 370 

 371 

5. Discussion 372 

The present study aims to couple flow, temperature, phase separation, fibre alignment and wall-slip 373 

to explain observed flow and fibre formation characteristics during HME extrusion, where the model 374 

simplifications, as compared to previous work, deserve to be discussed. In this regard, it is important 375 

to emphasize that solving e.g. the full Cahn-Hilliard equations for a time-dependent random 376 

instantiation of the phase separated state is of practical limited value when formulating a simplified 377 

wall-slip condition. That is, if the microscopic details of the phases are resolved by an alternative 378 

model, and thus allowed to randomly alternate at the wall, both viscosity and the wall condition 379 

should vary significantly over very small length scales. The latter would make the model numerically 380 

intractable, and the present mean-field approach therefore seems to be a reasonable compromise to 381 

account for wall-slip. However, if phase separation is considered fast, one could consider just solving 382 

equation (8) algebraically for the equilibrium value to reduce the numerical complexity of the model, 383 
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and for direct use in the boundary condition for the wall-slip. Such an approach would imply that the 384 

temperature would act as the natural proxy variable for phase separation, which would disregard any 385 

significant resistances to mass transfer at the boundary.  386 

Regarding the temperature boundary condition, it should also be mentioned that a cooling 387 

temperature of 100-110 °C naturally requires pressurized water or another medium. This is 388 

considered a detail, as the model parameters likely need to be calibrated so that the model predicts 389 

the same behaviour over other temperature ranges, as observed in any experiment. From previous 390 

studies and measurements, we have tried to justify the chosen simulation parameters, except for the 391 

fluid resistance to alignment. In principle, resistance to alignment could potentially be quantifiable to 392 

some degree from a dead-stop experiment, since unintentional fast solidification of the structure 393 

from flash cooling should preserve alignment, in contrast to the amount of phase separation. 394 

Nonetheless, the parameters chosen in this study are deemed sufficient to indicate the potential 395 

non-linear phenomena of fibre formation to be expected during HME. Importantly, from the light 396 

microscopy images of the extrudate cross-section, it can be concluded that the characteristic 397 

distance in the present study seems feasible. Moreover, the present study manages to qualitatively 398 

explain the observed distinction of oriented fibre and randomly oriented fibre domains close to the 399 

die wall and in the centre, respectively, where the creation and transport of alignment seems to play 400 

an important role. 401 

As an alternative to the present model, one could assume that fibre formation and wall-slip is only 402 

dependent on e.g. temperature, local shear, critical shear stress and a fibre conformation tensor. 403 

Such an approach would however still raise questions on how to explain any potential coupling to the 404 

recently postulated syneresis or phase separation mechanism behind solidification, which is indeed 405 

addressed by the present model. On the other hand, it is worth noting that if shear history is 406 

considered the only mechanism behind fibre alignment, as in the present model, it is indeed hard to 407 

justify why HME processing would yield any oriented fibres in the centre of the cooling die. 408 
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Additional mechanisms, e.g. extensional flow forming fibres in the core region of the die or pre-409 

oriented fibres from the barrel section may thus be of complementary value to the present model. 410 

Future work may thus try to address any such discrepancies through further model development.   411 

                412 

6. Conclusions 413 

This study presents a simple model for predicting flow behaviour and fibre formation during high 414 

moisture extrusion (HME) by incorporating the coupled effects of flow, temperature, phase 415 

separation, fibre alignment and wall-slip. The results demonstrate that cooling temperature plays a 416 

critical role in shaping the velocity profile, phase separation/syneresis and fibre alignment within the 417 

extruder die. Specifically, the model indicates a balance between cooling temperature and plug flow 418 

development to form oriented fibres near the die walls and randomly oriented fibres in the core 419 

while maintaining feasible flow conditions. 420 

The model’s mean-field approach to wall-slip and phase separation offers a practical compromise 421 

between physical accuracy and computational tractability. Validation through microscopy confirms 422 

the model’s ability to qualitatively reproduce the spatial distribution of fibre orientations observed in 423 

the extrudate samples. However, model limitations remain, particularly in explaining any fibre 424 

alignment in the die centre solely through shear history. 425 

Future work should aim to refine the model by incorporating additional mechanisms, such as 426 

extensional flow and barrel pre-orientation, and by quantifying fluid resistance to alignment through 427 

e.g. dead stop experiments. These enhancements will likely improve the model’s predictive capability 428 

and support the development of more robust control strategies for fibre formation in HME 429 

processing. 430 

 431 
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Figure 1. Comparison between the fitted explicit expression and implicit solutions for the equilibrium 

order parameter as a function of temperature.  

 

Figure 2. Schematic picture of the simulated die geometry with the non-trivial boundary conditions.  

 

Figure 3. Velocity magnitude, ȁ𝒖ȁ, and streamlines (black) in the cooling die at three different cooling 

temperatures for (A) 𝑇𝑐𝑜𝑜𝑙 = 110 °𝐶, (B) 𝑇𝑐𝑜𝑜𝑙 = 90 °𝐶 and (C) 𝑇𝑐𝑜𝑜𝑙 = 60 °𝐶. 

 

Figure 4. Outlet cross-sectional velocity profile, ȁ𝒖ȁ,  for different cooling temperatures. 

 

Figure 5. Local amount of phase separation, 𝛽, and streamlines (black) in the cooling die at three 

different cooling temperatures for (A) 𝑇𝑐𝑜𝑜𝑙 = 100 °𝐶, (B) 𝑇𝑐𝑜𝑜𝑙 = 90 °𝐶 and (C) 𝑇𝑐𝑜𝑜𝑙 = 60 °𝐶.   

 

Figure 6. Fibre alignment measure, 𝜃, in the cooling die and streamlines (black) for three different 

cooling temperatures for (A) 𝑇𝑐𝑜𝑜𝑙 = 100 °𝐶, (B) 𝑇𝑐𝑜𝑜𝑙 = 90 °𝐶 and (C) 𝑇𝑐𝑜𝑜𝑙 = 60 °𝐶.   

 

Figure 7. Composite fibre measures at 𝑇𝑐𝑜𝑜𝑙 = 90 °𝐶 in the cooling die and streamlines (black) for (A) 

oriented fibres, 𝐹𝑜, and (B) randomly oriented fibres, 𝐹𝑟𝑜.   

 

Figure 8. (A) LM image of the extrudate sample like in the simulations at lower magnification and at a 

position as indicated by the red frames, (B) CLSM image and (C-E) LM images of an extrudate at 

different magnifications and positions with (B-D) close to the edges and (E) in the centre. The 
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positions of (C) and (E) in (A) are indicated by the blue and black frames, respectively. The scale bars 

are (A) 200 µm, (B) 100 µm, (C) 50 µm and (D-E) 10 µm. Protein is shown in red in the CLSM image 

and in green in the LM images and fibres are green in the CLSM image and white in the LM image, 

where also starch is shown in violet. 

Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



 

 

Highlights:  

• The model enables coupling relevant non-isothermal flow phenomena with fibre formation 

in the cooling die during high moisture extrusion. 

• The impact of cooling temperature on plug flow transition is explained through a mean-field 

phase separation/syneresis dependent wall-slip condition. 

• A simple shear history-dependent fibre alignment measure is proposed that enables a 

composite measure of fibre formation. 

• Qualitative agreement between microscopy data and the location of predicted oriented and 

randomly oriented fibre domains in the extrudate is obtained. 

• The model offers a practical coarse-grained alternative to solving the Cahn-Hilliard equation 

for prediction of fibre formation. 
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