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Abstract 

 

A few years ago, meat substitutes made of plant proteins were still regarded as a niche 

product, nowadays the sales of these products are constantly increasing. Particularly 

flexitarians value the meat-like products (here: extrudate) in taste and texture to the 

traditional meat products. The products with the most meat-like texture are produced 

by high moisture extrusion cooking. During this process, a co-rotating twin-screw ex-

truder is used, with the matrix being discharged through a long-drawn, double-walled 

cooling die.  

The solidification by cooling and simultaneous texturing of the matrix takes place in the 

cooling die. The exact structuring process is not sufficiently understood and depend-

ents on numerous factors, including the composition of the raw material and the pro-

cesses in the extruder barrel as well as in the cooling die.  

Experiments of coloring the matrix and determinations of the residence time distribution 

were done and allow an analysis of the flow fields. The experimental results are sup-

ported by numerical investigations. Thus, coloring tests can also be reproduced in nu-

merical simulations and are consistent with the results of the experiments. As a result, 

shear rate in the cooling die can be identified as the main influencing factor of the 

structuring process.  

 

1. Introduction 

 

Extrusion cooking is a continuous thermomechanical process with multistep or multi-

function operations. Thus, extrusion cooking sequentially leads to (1) mixing, (2) shear, 

(3) homogenization, (4) compression, (5) temperature and pressure build-up (Cheftel et 

al. 1992).  

High moisture extrusion cooking is a subunit of extrusion cooking containing 40 % to 

80 % water and represents a novel and useful technique in the field of texturisation to 

produce meat substitutes. Due to the growing demand for food proteins because of the 

growing world population and changes in dietary habits new food technology concepts 

are required. From an ecological and nutritional physiological point of view, the use of 

plant proteins represents a possible substitution of animal protein (Smil 2000). In addi-
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tion to vegetarians, meat products are also referred to as so-called flexitarians who 

want to reduce the consumption of meat without renouncing this completely. They con-

sider to be particularly important that meat-like products correspond in taste and tex-

ture to traditional meat products (Hoek et al. 2011). Therefore, extrusion cooking at 

high moisture contents offers considerable potential for the production of vegetable 

meat analogues that resemble the product properties of muscle meat. Due to mechani-

cal and thermal stresses during the extrusion process proteins are altered in their na-

tive structure; denaturation and changes in their molecular structures occur (Liu and 

Hsieh 2007; Chen et al. 2011; Osen et al. 2015).  

At the end of the extruder a long-drawn, double-walled cooling die is attached through 

which the protein matrix being discharged. In this cooling die an anisotropic fibre-like 

structure is developed (Arêas 1992; Cheftel et al. 1992). Additionally, the cooling die 

prevents expansion of the matrix. Until now the exact structuring process is not suffi-

ciently understood and dependents on numerous factors, including the composition of 

the raw material and the processes in the extruder barrel as well as in the cooling die. 

Through the solidification in the cooling die, the extrudate preserves fluid-mechanical 

stresses in its layered structure and shows a clearly defined, three-dimensional orienta-

tion, which is partly due to shear stresses during cooling; thus, the thermomechanical 

treatments influence the texture quality of the final product, leading to a process win-

dow to produce meat substitutes with different texture characteristics (Ilo and Berghofer 

2003). 

Several studies have focused on the high moisture extrusion cooking process to un-

derstand the effect of barrel temperature and moisture content on final product proper-

ties using soy and pea protein (Chen et al. 2010; Chen et al. 2011; Fang et al. 2013; 

Lin et al. 2002 ; Liu und Hsieh 2007; Osen et al. 2014). However, the influence of the 

cooling die on the texturisation of a viscoelastic protein matrix has not yet been investi-

gated. Therefore, we investigated the solidification in the cooling die on the formation of 

a meat-like product based on soy protein and linked experimental studies with numeri-

cal simulation. Numerical investigations can determine local distributions of shear rates 

as well as temperature distributions in the viscoelastic protein matrix. Due to systemati-

cal variation of non-determinable rheological parameters and iterative comparison with 

experimental data, (i) the role of the yield stress as well as (ii) the solidification models 

can be parameterized for practical application (Delgado et al. 2008; George et al. 

2014). 

 

2. Material and methods 

 

2.1. Materials 

 

Commercial soy protein concentrate (ALPHA® 8) was kindly provided by DuPont de 

Nemours (Germany) GmbH (Neu-Isenburg, Germany). Refill Ink (Light Cyan) for color-

ing the matrix was kindly supplied by vhbw - B & W Handelsgesellschaft mbH (Ka-

menz, Germany).  

 

To simulate the solidification during high moisture extrusion cooking different material 

parameters have been used from the literature (see Table 1). 
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Table 1: Material parameters for the viscoelastic protein matrix  

Parameter Value Unit Comment 

Moisture content XW 0.60 - Experimental studies 

Molar mass 2516 kg/mol Fang et al. 2013 

Density 𝜌 1078.59 kg/m
3
 Calculated based on mass flow rate of 13 kg/h and ve-

locity of 0,0062 m/s: 

Specific heat capacity 𝑐𝑣 3241,5 J/(kg K) 𝑐𝑣 = 1480 + 2710 ∙ 𝑋𝑊 

(Heldman and Singh 1981) 

Thermal conductivity 𝜆 0.4296 W/(m K) 𝜆 = −0.228 + 0.000249𝜌 + 1.304𝑋𝑊 − 0.926𝑋𝑊
2  

(Wallapapan 1984) 

 

2.2. Experimental studies 

 

2.2.1. High moisture extrusion cooking 

Experiments of high moisture extrusion cooking were performed using a co-rotating 

twin screw extruder ZSK 25 (Coperion, Stuttgart, Deutschland) with a screw diameter 

of 25 mm and a length–diameter ratio of 28.8. The extruder barrel is segmented into six 

temperature-controlled zones which were heated at constant temperature by an oil-

operated temperature control system (SINGLE Temperiertechnik GmbH, Hochdorf, 

Germany), except of the first two segments. These segments were tempered with tap 

water at ambient temperature. The dry protein concentrate was fed into the first section 

of the extruder by a gravimetrically controlled twin screw feeder K-Tron T22 (Coperion 

K-Tron GmbH, Niederlenz, Switzerland) and tap water was added into the second ex-

truder segment by a diaphragm metering pump (LEWA ecoflow ®, LEWA GmbH, 

Leonberg, Germany). For the trails, a screw profile with low shear intensity was used.  

The experimental studies were run at constant screw speed of 400 U min−1, feed rate 

of 13 kg h−1, barrel temperature of 140 ℃ and moisture content of 60 % (wet basis). 

Material temperature as well as extruder pressure were measured at extruder exit, di-

rectly before the inlet of the cooling die, using a thermocouple type J (Voltcraft, Wol-

lerau, Switzerland) and a melt pressure sensor MDT422 (Dynisco Instruments, LLC, 

Franklin, Massachusetts, USA), respectively.  

 

2.2.2. Cooling die 

Texturisation of the protein matrix was conducted by attaching a transition plate and a 

long cooling die to the extruder (see Table 1). 

 

Figure 1: Schematic illustration of the transition plate and cooling die used to study the effect of 

texturisation on a viscoelastic protein matrix. 

 

INLET 

OUTLET 

𝐻 = 9 mm 

𝐵 = 60 mm 

𝑥 𝑦 
𝑧 
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The cooling temperature was set to 40°𝐶 by an air-cooled thermostat (LAUDA DR. R. 

WOBSER GMBH & CO. KG, Lauda-Königshofen, Germany) and tap water functioned 

as coolant. The pressure gradient in the cooling die was measured using five melt 

pressure sensor MDT422 (Dynisco Instruments, LLC, Franklin, Massachusetts, USA) 

at a distance of 0.03 m; 0.06 m; 0.12 m; 0.18 m and 0.24 m along the cooling die. Addi-

tionally, the temperature gradient was detected measuring the temperatures at a dis-

tance of 0.05 m; 0.14 m and 0.23 m along the cooling die using thermocouples type J 

(Voltcraft, Wollerau, Switzerland). The positions of the pressure senores were in the 

middle of the die plate. However, the thermocouples were positioned 0.01 m outwards 

from the center.  

 

2.2.3. Determination of velocity fields and residence time distribution  

To analyse the velocity fields in the cooling die experiments of coloring the protein ma-

trix and determinations of residence time distributions were done enabling an optical 

detection. For coloring the protein matrix and thus for measuring the residence time 

distribution (RTD) refill ink was used as colorant, since ink was determined to have no 

significant influence on texturisation. For the coloring tests ink was added for two sec-

onds into the last extruder segment with a constant flow rate of 10 ml min−1 by a high-

pressure pump (KNAUER Wissenschaftliche Geräte GmbH, Berlin, Germany). Dead 

stops were performed to determine the flow field in the cooling die.  

Colored samples were collected and immediately stored in sealed airtight plastic bags 

at −20 ℃. For analysis, the frozen samples were cut in the middle (𝑧 =  0.0045 𝑚) par-

allel to the flow direction by an electrical kitchen slicer (Gebr. Graef GmbH & Co. KG. 

Arnsberg, Germany). 

 

2.3. Numerical studies on high moisture extrusion cooking 

 

Inverse modeling is initially based on numerical simulations of the flow and temperature 

field of a single-phase, non-rigid viscoelastic protein matrix. By comparing the numeri-

cal and experimental results, a direct validation is carried out. The inverse modeling 

assumes the boundary conditions to be implemented by the experimental data. The 

commercial Software ANSYS CFX (ANSYS, Inc., Canonsburg, Pennsylvania, USA) is 

used for the numerical studies. 

To simulate the solidification of a viscoelastic protein matrix, different boundary condi-

tions are set and listed in Table 2. 

Table 2: Type of applied boundary condition 

 Velocity  Pressure Temperature 

Inlet mass flow rate zero gradient fixed temperature 

Outlet zero gradient fixed pressure zero gradient 

Wall slip condition zero gradient heat transfer coefficient 

 

The heat transfer coefficient describes the boundary condition at the die wall and is 

determined by measuring the temperature difference of the extrudate between die inlet 

and outlet as well as the heat flux during the experimental studies: 

𝛼 =
�̇�

𝐴 𝛥𝑇
 

As the second boundary condition at the wall a slipping condition has been defined 

which allows a slipping of the extrudate along the die wall starting above a critical shear 

stress 𝜏𝑐: 
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𝑢𝑤𝑠 = 𝑈𝑠 (
𝜏𝑤 − 𝜏𝑐

𝜏𝑛
) , 𝜏𝑤 > 𝜏𝑐 

Herschel-Bulkley Model with Arrhenius term (see Extrusion Cooking, p. 216) was used 

as the flow function with a yield stress 𝜏0: 

𝜏 = 𝜏0 + 𝑘�̇�𝑛, 𝑘 = 𝑘0 exp (
𝐴

𝑇
) 

In total, four parameters (𝜏0, 𝑛, 𝑘0, 𝐴) from the flow function and another three parame-

ters (𝑈𝑠, 𝜏𝑐, 𝜏𝑛) from the wall slipping condition must be determined. Table 3 shows the 

assumed values for these seven parameters:  

Table 3: Assumed values for the numerical studies 

Parameter 
 

Value Unit 

slip speed 𝑈𝑠 0,007 mm s
(-1)

 

normalizing stress 𝜏𝑛 100 Pa 

critical stress 𝜏𝑐 18000 Pa 

yield stress 𝜏0 1000 Pa 

flow index 𝑛 0.34 - 

consistency parameter (adjusted) 𝑘0 0.79 - 

Arrhenius parameter 𝐴 4000  

 

3. Results and discussion 

 

To assess non-measured material parameters, the numerical simulation is compared 

with experimental studies and adapted to experimental data. The numerical simulations 

shown below are based on the process variables (see Table 4) form the experimental 

studies.  

Table 4: Process variables of the high moisture extrusion cooking 

Process and material parameters

  

 Value Unit 

moisture content 𝑋𝑊 0.60 − 

temperature at extruder output (direcly 

before die inlet) 

𝑇in 116.4 ℃ 

maximal temperature at die outlet 𝑇M,out 102.1 ℃ 

mass flow rate �̇� 13 kg h−1 

specific heat capacity 𝑐𝑝 3106 J kg−1 K−1 

thermal conductivity 𝜆 0.4296 W m−1 K−1 

heat transfer coefficient ℎ 436.79 W m−2 K−1 

 

The extrusion of a viscoelastic protein matrix shows that the solidification takes place 

from the walls of the cooling die towards the center. Thus, the extrudate becomes solid 

from the outside to the inside. The material temperature at extruder exit, directly before 

the die inlet, was measured at 116.4 ℃. The maximal measured temperature in the 

core of the extrudate at die outlet was 102.1 °𝐶. For the numerical studies, the above-

mentioned measured input temperature was set as boundary condition at the inlet. The 

maximum material temperature at the outlet of the cooling die resulted in a temperature 

of 100.4 °𝐶 and corresponds to the maximal measured material temperature of the ex-

periment. During high moisture extrusion cooking temperature gradient as well as 
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pressure gradient along the cooling die was recorded. These experimental data were 

compared with the numerical studies and the results are shown in Figure 2.  

Comparing the temperature gradients of the experiment with the simulation reveals 

slightly higher temperatures in the numerical studies. However for the pressure 

gradient, the numerical simulations and the experimental results were highly 

concordant. Therefore, the rheological data of the viscoelastical protein matrix must be 

determined and implemented to optimise the temperature gradient of the numerical 

simulation. 
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Figure 2: Measured temperature gradient along the cooling die during high moisture extrusion 

cooking compared to the calculated temperature gradient along the cooling die in numerical 

studies (left). Measured pressure gradient along the cooling die during high moisture extrusion 

cooking compared to the calculated pressure gradient along the cooling die in numerical studies 

(right). 

Furthermore, Figure 3 illustrates the velocity profile perpendicular to the flow direction 

at different distances from the inlet.  

The slipping velocity increases along the cooling die from 0.4 mm s−1 at 𝑥 = 0.01 m to 

6.0 mm s−1 at = 0.2 m. The approach to the mean velocity leads to a reduction of the 

maximum speed in the center of the cooling die. Additionally, the influence of the yield 

stress and the increase of viscosity due to a decrease in temperature results in an al-

most constant speed. As the viscosity increases, the effect of the yield stress becomes 

smaller. 

Figure 3: Velocity profile along the cooling die. 
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flow direction 

During experimental studies, the protein matrix in the cooling die was colored to deter-

mine the flow profile. Afterwards the colored extrudate was cut in half and a picture was 

taken. The colored sample that was taken out of cooling die after dead stop is shown in 

Figure 4. 

Figure 4: Picture of the colored extrudate to determine the flow profile during high moisture ex-

trusion cooking experiments. The sample was cut in the middle (𝑧 = 0.0045 𝑚) parallel to the 

flow direction (on top). The sample was cut lengthwise and perpendicular to the flow direction 

(below). 

The blue color indicates the flow profile in the cooling die in Figure 4. The matrix was 

colored twice within 10 seconds. The dead stop was performed 35 seconds after the 

first staining. According to Figure 4, a change of the profile along the cooling die cannot 

be clearly derived. 

The color tests can be simulated in numerical studies by calculating streamlines (in 

steady state flow equivalent to particle paths), see Figure 5. The stationary flow profile 

is taken as the basis and the streamlines are performed by calculating the distance a 

particle has traveled in a corresponding time. Additionally, the streamlines were plotted 

in xz-plane to determine the effect of the shear rate on the solidification.  

 

 
 

Figure 5: Streamlines after 5 s (light blue), 10 s (red), 15 s (green) and 20 s (blue) in x-direction 

on xy-plane (on top). Resultant streamlines after 5 s (light blue), 10 s (red), 15 s (green) and 

20 s (blue) in x-direction on xz-plane (below). 
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By comparing the flow profiles of the experimental studies (see Figure 4) with the 

streamlines of the numerical investigation (see Figure 5), the simulation clearly shows 

a change of the profile along the cooling die. Thus, the tip of the profiles become 

tapered along the cooling die and the experiments of coloring the protein matrix are 

consistent with the results of numerical investigations. Regarding the flow profiles in x-

direction on xy-plane as well as the streamlines in x-direction on xz-plane, the 

extrudate shows a clearly defined, three-dimensional orientation, which is partly due to 

shear stresses during cooling and the extrudate preserves fluid-mechanical stresses in 

its layered structure. Thus, conclusions can be drawn about fluid-mechanical fields 

even after the high moisture extrusion cooking process. 

 

In the further approach of the inverse modelling, rheological variables (e.g. yield stress) 

should be implemented for describing temperature and shear dependent solidification 

within the cooling die. 
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