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Abstract  14 

The effect of particle properties on the rheological behaviour of carrot-derived suspensions was 15 

investigated systematically. Hereto, a range of relative monodisperse suspensions, with varying 16 

average particle size (~73, 176, 262 and 369 µm) and pulp content (from 30 to 65 w%), was 17 

prepared by the reconstitution of carrot tissue particles in water. Suspensions with average 18 

particle size of ~73 µm consisted of cell fragments whereas suspensions with larger particle sizes 19 

contained mainly cell clusters of which the cell number increased with increasing particle size. 20 

The rheological characteristics showed that the carrot-derived suspensions have a non-21 

Newtonian behaviour with a yield stress, depending on particle concentration, size and type). 22 

The network structure of all suspensions could be described as a weak gel. Increase in yield 23 

stress and storage modulus with particle concentration could be fitted to a power law model. A 24 

unique linear relation was found between the yield stress and the plateau modulus, independent 25 

of the particle size and type. Particle concentration, size and type appeared to be key structural 26 

parameters controlling the rheology of these carrot-derived suspensions. When comparing the 27 

rheological behaviour of the reconstituted suspensions with the original carrot purée of similar 28 

average diameter and pulp content, the network structure (measured as yield stress or storage 29 

modulus) in carrot purée was weaker which may be attributed to the broader particle size 30 

distribution.  31 

 32 

Keywords  33 

Rheology, microstructure, carrot purée, reconstitution, particle phase  34 
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1. Introduction 35 

Nowadays, large amounts of raw vegetables are processed into derived liquid products such as 36 

soups, juices and purées. The quality of these products (e.g. with regard to texture, 37 

bioaccessibility of micronutrients and flavour release), important for producers and consumers, is 38 

determined by their microstructure and the related rheology (Bayod et al., 2005). Hence, 39 

understanding the relation between the microstructure and the rheological properties of these 40 

products is needed to allow tailoring their quality characteristics.  41 

Vegetable juices, purées and soups are plant-based food suspensions consisting of plant-tissue-42 

based particles in a continuous serum phase with (among others) pectin, sugars and organic acids 43 

solubilised in it (Rao, 1987; Anthon et al., 2008). Their rheological properties are known to be 44 

determined by both the particle properties of the dispersed phase and the properties of the serum 45 

phase (especially of the solubilised pectin) (Tanglertpaibul & Rao, 1987a; Yoo & Rao, 1994; 46 

Beresovsky et al., 1995; Den Ouden & Van Vliet, 1997; Servais et al., 2002; Valencia et al., 47 

2003; Anthon et al., 2008). The particle properties that affect the rheology of the suspension 48 

include the concentration, the size distribution, shape, surface properties, deformability and 49 

interparticle forces (Gallegos et al., 2004; Genovese et al., 2007; Fischer et al., 2009). In non-50 

food suspension rheology, most authors focussed on the effect of particle properties for 51 

suspensions with spherical and/or rigid particles (Larson, 1995; Mewis & Wagner, 2011b). 52 

However, because of the irregular, deformable character of particles from cellular material, the 53 

rheology of food suspensions is much more complex than that of suspensions of monodispers, 54 

solid spheres. Moreover, interactions between the suspended particles and the continuous serum 55 

phase can occur, which further complicates the study of the rheology of food suspensions 56 

(Errington et al., 1998). 57 

To study the rheology of suspensions, both steady-shear and oscillatory tests can be performed. 58 

The first type of tests serves to obtain insight in the flow and processing behaviour of 59 

suspensions, whereas in the second type of tests the viscoelastic behaviour of suspensions is 60 

investigated (Steffe, 1996). With regard to flow, non-Newtonian behaviour is very common in 61 

fruit and vegetable-derived products (Rao, 2007). For example, shear thinning or thickening can 62 

occur and can be studied by fitting the flow curves of the suspensions to predictive models (e.g. 63 

the Herschel-Bulkley model). Estimated values of the model parameters can then be used to 64 

characterise the flow behaviour of the suspensions. Beside this shear rate dependence of the 65 
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viscosity, fruit and vegetable-based products often possess a critical stress below which no flow 66 

can be observed, referred to as the yield stress. Since the yield stress provides a measure for the 67 

structure of the material (Steffe, 1996; Tabilo-Munizaga & Barbosa-Canovas, 2005), this 68 

rheological parameter is also important for the characterisation of the flow behaviour of 69 

suspensions. According to Cheng (1986), the yield stress measured in an undisrupted sample is 70 

the static yield stress, while the yield stress of a sample with completely broken-down structure, 71 

often determined from extrapolation of flow curves to zero shear rate, is the dynamic yield stress. 72 

In most studies on food suspensions, only one of these two is studied and differences between 73 

them are unfortunately ignored. To characterise the viscoelastic behaviour of suspensions, 74 

storage and loss modulus are typically obtained from oscillatory tests. The storage modulus at 75 

low frequencies can be used as a measure for the network stiffness, while the ratio of the loss 76 

modulus to the storage modulus gives insight into the network type (Steffe, 1996; Day et al., 77 

2010b). 78 

Despite its importance for tailoring food quality, unambiguous knowledge about the relations 79 

between particle properties and rheology of vegetable suspensions is missing at present. In this 80 

study, the effect of particle properties on the rheology of carrot-derived suspensions is 81 

investigated systematically. In order to extract unambiguous relations between rheological and 82 

structural properties, it is important to use well-characterised samples. Hereto, the reconstitution 83 

principle was used to prepare suspensions with various particle concentrations and well-84 

characterised particle size, distinguishing this study from most rheological studies on vegetable 85 

suspensions available in literature. High-pressure homogenisation (at different pressure levels) in 86 

combination with wet sieving was used as tool to prepare particles with different particle sizes. 87 

Although particle concentration and size were the only two deliberately chosen variables in the 88 

reconstitution process, changes in particle size turned out to be accompanied with changes in 89 

particle type (in this work referring to cell fragment, cell or cell cluster). Therefore, in the 90 

interpretation of the results, particle type will be another variable to take into account. The 91 

influence of the serum properties on the rheological characteristics of the food suspension was 92 

excluded by reconstituting in water rather than serum. Carrot, a common ingredient in ready-to-93 

eat foods, was selected as model system. Since particle charge and hence particle interactions are 94 

affected by pH, the carrot suspensions, having almost neutral pH, can serve as model systems for 95 

other plant-based suspensions with neutral pH.  96 
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The aim of this study was to identify the rheological parameters that can characterise the 97 

structure of the plant-based suspensions and vice versa. Attempts will be made to define several 98 

quantitative relations between structural properties and rheological parameters of the 99 

reconstituted carrot suspensions. These relations can be helpful in understanding and predicting 100 

the flow behaviour of carrot purées with different structural properties. 101 

 102 

2. Materials and methods 103 

2.1. Plant material 104 

Fresh carrots (Daucus carota cv. Nerac) were purchased from a local supplier in Belgium and 105 

stored at 4 °C until further use. 106 

 107 

2.2 Preparation of carrot suspensions 108 

For the preparation of the reconstituted suspensions, carrots were peeled and cut into pieces. The 109 

pieces were heated in a temperature-controlled water bath at 95 °C for 5 min (to inactivate 110 

intrinsic enzymes). After heating, the carrot pieces were immediately cooled in an ice water bath. 111 

Subsequently, they were mixed with deionised water in a 1:1 ratio to facilitate the blending 112 

process, which was performed during 1 min using a blender (Waring blender 7010G, Torrington, 113 

CT, USA). The carrot blend was further disintegrated with a high-pressure homogeniser (Panda 114 

2K, Gea Niro Soavi, Mechelen, Belgium) at two different pressures (20 MPa or 100 MPa). A 115 

single batch of heated and blended carrots was used to prepare all carrot purées homogenised at 116 

the same pressure.  117 

Purées obtained after homogenisation were further processed to prepare reconstituted carrot 118 

suspensions with different particle sizes and particle concentrations. After homogenisation, 119 

purées were separated in fractions with different particle sizes by using the technique of wet 120 

sieving (Retsch, Aartselaar, Belgium) with a set of sieves with pore sizes of 40, 80, 125, 250, 121 

500 and 1000 µm. For the purée homogenised at 20 MPa, the pulp retained on the sieves with 122 

pore sizes of 125 and 250 µm was collected, whereas for the purée homogenised at 100 MPa, the 123 

pulp retained on the sieves with pore sizes of 40 and 125 µm was assembled. Pulp was drained 124 

over a filter to remove excess water until constant weight was reached. These pulp fractions were 125 

stored at 4 °C (for maximally 2 weeks).  126 
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At the moment of further analysis, the pulp was reconstituted with deionised water in different 127 

pulp percentages (pulp%) (ranging from 30 to 65 w%) resulting in reconstituted carrot 128 

suspensions. The pulp% was defined as: 129 

pulp%      
             

                      
        (1) 130 

Figure 1 gives a schematic overview of the reconstitution process.  131 

For the preparation of the original carrot purées, carrots were also peeled and cut into pieces. 132 

However, before the heat treatment, pieces were vacuum-packed in plastic bags to avoid loss of 133 

solubilised pectin in the heating water. Packed samples were heated at 95 °C for 5 min, cooled, 134 

blended and homogenised at 20 MPa or 100 MPa. These original carrot purées were stored at 4 135 

°C until further analysis (maximally one week).  136 

Sample coding for the reconstituted suspensions and the original carrot purée is summarised in 137 

Table 1. 138 

 139 

2.3 Structural characterisation of the particles 140 

2.3.1 Particle size distribution  141 

The particle size distribution (PSD) of the suspensions was measured using laser diffraction 142 

(Malvern Instrument Ltd., Worcestershire, UK), which can detect particles between 0.05 and 880 143 

µm. Approximately 6 g of sample (50 w%) was poured in a stirred tank filled with deionised 144 

water. The diluted sample was pumped into the measuring cell. The volumetric PSDs were 145 

calculated from the intensity profile of the scattered light with the Mie theory by use of the 146 

instrument’s software. Parameters D[v,0.1], D[v,0.5] and D[v,0.9] (µm) indicate the particle 147 

diameter at which 10, 50 and 90 vol% of the particles have a smaller diameter, respectively. For 148 

each sample, also the volume-based (D[4,3]) and the area-based (D[3,2]) diameter (µm) were 149 

determined according to the equations: 150 

        
     

 
 

     
 

 
   (2) 151 

        
     

 
 

     
 

 
   (3) 152 

where ni is the number of particles of diameter di (µm). All analyses were carried out in 153 

duplicate. 154 

The relative width of the PSD, referred to as the spread, was calculated as:  155 
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         (4) 156 

2.3.2 Total solid content 157 

The total solid content of each suspension was determined (using the AOAC official method 158 

20.5 or 30.2) (Horwitz, 1980) by drying 3.0 ± 0.1 g of each sample in a vacuum oven (TCPS, 159 

Rotselaar, Belgium) at 70 °C and a pressure of 60 kPa until a constant weight was obtained (± 4-160 

5 h). All analyses were conducted in duplicate. 161 

 162 

2.3.3 Phase volume 163 

Samples (20 g) were centrifuged (Beckman J2-HS, Analis, Namen, Belgium) at 12900×g for 30 164 

min at 20 °C. The phase volume (φ) of the particles in each suspension was determined as: 165 

φ     
  

  
        (5) 166 

with Mp the mass of the precipitate (g) and Mt the total mass of the carrot suspension before 167 

centrifugation (g), assuming that the density of the carrot-derived particles was almost equal to 168 

that of water. All determinations were carried out in duplicate. 169 

 170 

2.3.4 Bright field microscopy 171 

Light micrographs were taken using an Olympus BX-41 light microscope equipped with an 172 

Olympus XC-50 digital camera (Olympus, Optical Co. Ltd., Tokyo, Japan) and were used to 173 

analyse the microstructure of the suspensions. The fractions were diluted tenfold with a toluidin 174 

blue solution to stain the cell walls. After 20 min, two droplets of the stained sample were placed 175 

on a glass slide (not covered). The samples were studied using an objective of 10× or 40× 176 

magnification.  177 

 178 

2.3.5 Fluorescence microscopy 179 

Micrographs were taken using an Olympus BX-41 microscope (Olympus, Optical Co. Ltd., 180 

Tokyo, Japan) equipped with epifluorescence illumination (X-CiteR Fluorescence Illumination, 181 

Series 120Q, EXFO Europe, Hants, United Kingdom). For fluorescence microscopy, the 182 

fractions were diluted tenfold and stained with the fluorescent dye acridine orange. Two droplets 183 

of the stained sample were placed on a glass slide and studied using an objective of 10× or 40× 184 

magnification.  185 
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 186 

2.4 Rheological characterisation of the suspensions 187 

Prior to the rheological measurements, the stability of the reconstituted suspensions against 188 

creaming or sedimentation within a time span of 20 min was checked by use of a Turbiscan MA 189 

2000 (Formulaction SA, l'Union, France). No significant sedimentation was noticed, indicating 190 

that sedimentation will be negligible during rheological measurements. 191 

The rheological properties of the suspensions were measured with a stress-controlled rheometer 192 

(MCR 501, Anton Paar, Graz, Austria) at 25 °C. As geometry, a six-bladed vane with a diameter 193 

of 11 mm and a height of 16 mm was used to avoid wall slip. Approximately 50 mL of sample 194 

was loaded into a cup with 28.92 mm diameter. As it is known that a shear rate distribution 195 

occurs by the use of a vane geometry, all the shear rates indicated are representative shear rates. 196 

Because of the relatively short duration of each measurement (i.e. 20-30 min), evaporation was 197 

considered negligible. To avoid the effect of loading history on the structure, samples were 198 

presheared for 1 min at a shear rate (  ) of 100 s
-1

 followed by 2 min of rest (   = 0 s
-1

) before all 199 

measurements.  200 

The rheological characteristics of the suspensions were studied by the execution of steady-shear 201 

tests (for the estimation of viscosity and yield stress) and oscillatory tests (to study the 202 

viscoelastic behaviour). The former measurements give information about the sample under large 203 

deformations. The flow curves (shear stress versus shear rate: σ = f(  )) and the viscosity curves 204 

(viscosity versus shear rate: η = f(  )) were measured by decreasing    linearly from 100 to 0.1 s
-1

. 205 

Each shear rate was applied to the sample for 20 s and it was verified that steady state viscosities 206 

were obtained in this way. Thixotropy was checked by the execution of successively a rate sweep 207 

up and back down. The hysteresis area between viscosity curves obtained with increasing versus 208 

decreasing    appeared negligibly small. Hence, irreversible changes in flow behaviour due to 209 

particle depletion around the vane blades at high shear rates, as found by Ovarlez et al. (2011) do 210 

not occur for the studied carrot suspensions. The static yield stress (σ0S) was determined by the 211 

conduction of a stress ramp test from 0.1 to 1000 Pa until the yield stress was reached. In total, 212 

40 measuring points per decade of the shear stress were obtained and each shear stress was 213 

applied to the sample for 10 s. The calculated values of σ0S were nearly independent of the 214 

number of measuring points and measuring time.  215 

http://www.sci-tec-inc.com/Turbiscan%20Classic%20MA%202000.html
http://www.sci-tec-inc.com/Turbiscan%20Classic%20MA%202000.html
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Beside steady shear tests, oscillatory-shear measurements, during which the oscillatory 216 

deformation is small, were performed to obtain information about the sample’s network structure 217 

at rest. For each sample, an oscillatory strain sweep test was carried out at a constant angular 218 

frequency (ω) of 10 rad/s to establish the range of linear viscoelastic response. A frequency 219 

sweep test was performed at a constant strain (γ) of 0.1% (within the linear viscoelastic region) 220 

from 100 to 0.1 rad/s to determine the frequency dependence of the storage modulus (G′) and the 221 

loss modulus (G″) of the suspensions. 222 

All measurements were performed in duplicate. For each measurement, fresh sample was loaded 223 

into the cup.  224 

 225 

2.5 Statistical analysis 226 

Particle size analyses and rheological measurements were all carried out in duplicate. Results are 227 

given as the mean of the two measurements ± standard deviation.  228 

The flow curves of the suspensions were fitted to the Bingham and Herschel-Bulkley models 229 

(Equation 6 and 7 respectively) by the use of linear and non-linear regression procedures, 230 

respectively (statistical software package SigmaPlot, version 11, London, UK) :  231 

            (6) 232 

              (7) 233 

with σ = shear stress (Pa),    = shear rate (s
-1

), σ0D = dynamic yield stress (Pa), μ = plastic 234 

viscosity (Pa·s), K = consistency coefficient (Pa·s
n
) and n = flow index. The data points were 235 

fitted without weighing. 236 

To evaluate the effect of particle concentration on rheological parameters such as dynamic and 237 

static yield stress and storage modulus, experimental data were fitted to a power law model with 238 

two parameters by means of non-linear regression analysis (cf. Equations 8,9 and 13). Also the 239 

frequency dependence of G’ and G” was investigated by the use of this type of power law model 240 

(cf. Equations 11 and 12) (SigmaPlot).    241 

 242 

3. Results and discussion 243 

3.1. Preparation of the suspensions 244 

The relations between the structural (particle) properties and the rheological properties of carrot 245 

suspensions have been investigated. Hereto, particles with different particle sizes were 246 
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reconstituted with water in different concentrations to create reconstituted suspensions with 247 

different structural characteristics. The preparation of these reconstituted suspensions proceeded 248 

in different steps. To start, original carrot purées were prepared from carrots who first received a 249 

thermal treatment (to inactivate enzymes) and were then blended and homogenised in a high-250 

pressure homogeniser (at pressures of 20 or 100 MPa) to disintegrate carrot tissue into carrot 251 

particles. In this first step, two kinds of original carrot purées were prepared: one homogenised at 252 

20MPa (P_20) and the other homogenised at 100 MPa (P_100). In a second step, particles with 253 

different size were obtained from the original carrot purées by the use of wet sieving 254 

(RS_40µm(100), RS_125µm(100), RS_125µm(20), RS_250µm(20)). At last, particles were 255 

combined with water in different amounts to prepare the reconstituted carrot suspensions. By the 256 

use of water instead of serum, possible interference of the pH, the present ions and dissolved 257 

polymers on the rheology was eliminated. In Figure 1 the reconstitution process is schematically 258 

described. 259 

In what follows, the reconstituted suspensions and the original carrot purées will first be 260 

structurally characterised. Subsequently, the rheological characteristics of these suspensions 261 

(flow behaviour and viscoelastic behaviour) will be discussed and the relations between the 262 

rheological characteristics and the structural properties will be investigated. 263 

 264 

3.2. Structural characterisation of the particles 265 

3.2.1. Particle size  266 

Particle size distributions (PSD) were measured by laser diffraction both for the four separated 267 

particle fractions and for the original carrot purées homogenised at 20 or 100 MPa. 268 

Measurements showed a monomodal size distribution, both for the separated fractions and the 269 

purées. The cumulative volumetric PSD of all fractions and both original carrot purées is shown 270 

in Figure 2.  271 

Based on the PSDs, various characteristic diameters could be calculated (Table 2). It is important 272 

to mention that values from laser diffraction are calculated assuming spherical particles. These 273 

values should be treated with caution because particles in plant suspensions are not spherical. 274 

The average particle size, expressed as D[v,0.5], of material retained on the sieves with pore 275 

sizes of 40 and 125 µm from purée homogenised at 100 MPa were 73 and 176 µm respectively. 276 

Pulp collected from the sieves with pore sizes of 125 and 250 µm from purée homogenised at 20 277 
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MPa possessed average particle sizes of 262 and 369 µm respectively. D[v,0.5] of P_100 and 278 

P_20 were 170 and 350 µm respectively, what is almost identical to D[v,0.5] of RS_125µm(100) 279 

and RS_250µm(20) respectively.  280 

Particle size was also measured as the area-based (D[3,2]) or the volume-based diameter 281 

(D[4,3]). D[4,3] is highly influenced by the presence large particles, whereas the contribution of 282 

small particles to D[3,2] is larger as compared to D[4,3]. Although values of D[4,3] were larger 283 

than those of D[3,2], trends in both parameters were the same. As expected, it can be seen from 284 

Table 2 and Figure 2 that particles of RS_250µm(20) were the largest, whereas those of 285 

RS_40µm(100) turned out to be the smallest. Particle size was also larger for particles in 286 

RS_125µm(20) in comparison to particles in the same fraction obtained from purées 287 

homogenised at 100 MPa. This difference in particle size can be caused by a difference in PSD 288 

between the original carrot purées. 289 

The size at which 90 vol% of the particles have a smaller diameter (i.e. D[v,0.9]) (Table 2) for 290 

each fraction was larger (~1.3-1.8 times) than expected from the sieve pores (80 µm, 250 µm or 291 

500 µm). This remarkable observation may be explained by the fact that parenchyma cells, 292 

accounting for the majority of cells in vegetable suspensions, are highly deformable (Den Ouden 293 

& Van Vliet, 2002) and by the fact that carrot-derived particles are non-spherical (cfr. 3.2.2). 294 

Hence, they can pass through pores with a smaller size than the size of the particle itself. In 295 

addition, only the second smallest dimension should be smaller than the pore size to pass through 296 

the sieve. All other dimensions can be larger, as a result of which particles can have a D[v,0.9] 297 

larger than the pore size of the sieves they pass. 298 

Beside these characteristic diameters, also the relative width of the PSD, expressed as the spread, 299 

was calculated using Equation 4. D[3,2] was used for the normalisation in this calculation 300 

because D[4,3] and D[v,0.5] are highly influenced by larger particles what can distort the spread. 301 

As expected, the spread of the reconstituted suspensions turned out to be smaller than the spread 302 

of the original carrot purées. 303 

 304 

3.2.2. Particle type 305 

Carrot tissue cells have an average diameter of 60-70 µm (Zdunek et al., 2007; Day et al., 2010a; 306 

Lopez-Sanchez et al., 2011b). Consequently, RS_40µm(100) can be assumed to consist of single 307 

cells and cell fragments, while in RS_125µm(100) and RS_125µm(20) small clusters of cells can 308 
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appear. Large cell clusters can be found in RS_250µm(20). These differences in particle type 309 

among the particle fractions were confirmed with micrographs (Figures 3A-D). On these images 310 

and, in more detail, on the micrographs of Figures 3E-F, particles with rough edges and broken 311 

cells rather than separate intact cells are visible. This shows that cell breakage occurred during 312 

mechanical breakup rather than cell separation along the middle lamella. Thus, heat treatment of 313 

the carrot pieces (95 °C for 5 min) during the production of the carrot purée turned out to be 314 

insufficient to degrade pectin in the middle lamella enough to cause cell separation. In what 315 

follows, the changes in particle type, accompanying the changes in particle size, are another 316 

important factor to take into account when interpreting the rheological results. Other studies 317 

reported that different types of particles, such as tissue particles mainly consisting of cell 318 

fragments, single cells or clusters of cells, could lead to different functional properties of 319 

materials (Day et al., 2010a; Day et al., 2010b; Lopez-Sanchez et al., 2011b).  320 

Unfortunately, the micrographs could not be used to describe the structure of the suspensions 321 

because the suspensions had to be diluted for microscopic analysis, causing changes in structure. 322 

  323 

3.2.3. Particle concentration 324 

Particle concentration was expressed as the phase volume (φ), the total solid content and the pulp 325 

percentage (pulp%). However, due to the compressible nature of plant-based suspensions, the 326 

value of φ determined by centrifugation may differ from the exact phase volume occupied by the 327 

particles in the suspension. Since φ and total solid content were found to be almost proportional 328 

to the pulp% (data not shown), the pulp% was chosen as parameter to express the particle 329 

concentration in the following results. 330 

 331 

3.3. Characterisation of flow behaviour  332 

3.3.1. Qualitative description of the non-Newtonian flow behaviour 333 

It has been reported that the flow behaviour of most vegetable and fruit products deviates from 334 

the simple Newtonian behaviour (Steffe, 1996). Also here, all the reconstituted suspensions and 335 

the original carrot purées listed in Table 1 turned out to be non-Newtonian liquids exhibiting a 336 

yield stress. This non-Newtonian character of the suspensions is a result of the structural 337 

modifications produced while shearing (Steffe, 1996; Gallegos et al., 2004). Before starting a 338 

quantitative description of this non-Newtonian behaviour, it is visualised in Figure 4 for several 339 
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representative suspensions. From Figure 4A, it is clear that RS_40µm(100) showed shear 340 

thinning behaviour. Also for RS_125µm(100), RS_125µm(20) and RS_250µm(20), the viscosity 341 

decreased when the shear rate (  ) was increased from 0.1 to 100 s
-1

. Changing particle 342 

concentration from 30 w% to 60 w% for RS_40µm(100) caused an increase in viscosity with a 343 

factor of more than 100. In Figure 4B, the appearance of a yield stress is demonstrated for all 344 

reconstituted suspensions. Particle size appeared to have an effect on the magnitude of the yield 345 

stress. 346 

 347 

3.3.2. Quantitative description of the non-Newtonian flow behaviour by the use of 348 

predictive models 349 

The flow curves were fitted to different models to investigate the influence of the particle 350 

properties (concentration and size) on the model parameters (and thus on the flow behaviour of 351 

the suspensions). Both the Bingham model (Equation 6) and the Herschel-Bulkley model 352 

(Equation 7) were used because these models take into account the appearance of a yield stress. 353 

However, whereas the Bingham model assumes linear flow behaviour, the Herschel-Bulkley 354 

model includes parameters to describe shear thinning or thickening. As an example, fits of both 355 

models are shown for the flow curve of the suspension RS_40µm(100)_30% in Figure 5. The 356 

Herschel-Bulkley model clearly better described the experimental flow curve (e.g. Radj
2
), 357 

indicating that the suspensions are no simple Bingham liquids. Indeed, the Herschel-Bulkley 358 

model is more often used to describe the non-Newtonian flow behaviour of dispersed food 359 

systems exhibiting a yield stress like many fruit or vegetable products (purées, juices and sauces) 360 

(Duran & Costell, 1982; Steffe, 1996).  361 

The flow index (n) and the consistency coefficient (K) in the Herschel-Bulkley model were 362 

estimated by nonlinear regression analysis of the experimental flow curves based on Equation 7. 363 

Good fits of the experimental data points were obtained for al cases (Radj
2 

> 0.95). For the 364 

reconstituted suspensions, n increased with particle size and concentration whereas no 365 

unambiguous effect of particle concentration and size on the parameter K was noticeable. When 366 

comparing n of P_100 with n of P_20, the former was smaller than the latter. Purée homogenised 367 

at higher pressure contains less cell clusters and more small particles by result of which n 368 

decreases. 369 
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Contrary to the present results on reconstituted carrot suspensions, most other studies observed a 370 

decrease of n (for n < 1) with increasing particle concentration in plant-based suspensions 371 

(Bhamidipati & Singh, 1990; Cantu-Lozano et al., 2000). However, these studies were 372 

performed on tomato sauce and apple suspension, not on carrot suspensions. Moreover, lower 373 

particle concentrations were used. Similar to the results obtained here, Sato & Cunha (2009) 374 

observed the highest n (n < 1) for suspensions reconstituted from jaboticaba pulp with the largest 375 

particle size. Also Cantu-Lozano et al. (2000) concluded that n for apple dispersions with larger 376 

particles was higher. Ahmed et al. (2000), on the other hand, reported a decrease of n (n < 1) in 377 

chilli purée retained after using a mesh screen with large pores to prepare purée with larger 378 

particle size. In several studies on tomato suspensions, K was reported to increase with particle 379 

concentration (Rao et al., 1981; Alviar & Reid, 1990; Bhamidipati & Singh, 1990; Yoo & Rao, 380 

1994; Bayod et al., 2005). Ahmed et al. (2000) observed an increase of K with increasing particle 381 

size. 382 

As can be seen from Figure 4A, the flow curves are highly dominated by the yield stress (straight 383 

lines with slope approximately -1). Hence, although fitting of the Herschel-Bulkley model to the 384 

flow curves was good within the range of measured shear rates, the flow behaviour at higher    (> 385 

100 s
-1

), i.e. shear thinning, shear thickening or reaching a plateau viscosity, can not be 386 

unambiguously predicted. Higher shear rates should be measured to estimate K and n over a 387 

wider range of shear rates, but particle inertia in the carrot suspensions at shear rates above 100 s
-

388 

1
 rendered measurements at these shear rates impossible.  389 

As mentioned earlier, the contribution of the yield stress to the total viscosity is large. Therefore, 390 

in the paragraph below, the appearance of a yield stress is discussed. 391 

 392 

3.3.3. The dynamic yield stress 393 

The presence of a yield stress is another rheological characteristic of concentrated suspensions, 394 

and can be used as a measure for the strength of the network structure. The magnitude of the 395 

yield stress depends on the particle-particle interactions and the obtained microstructure, which 396 

are both affected by a number of factors such as particle concentration, shape, size and 397 

polydispersity (Dzuy & Boger, 1983; Cheng, 1986; Yoo & Rao, 1994; Larson, 1995; Coussot & 398 

Ancey, 1999).  399 



15 

 

Because of the complexity of food systems, models such as the Bingham and Herschel-Bulkley 400 

model often fail to describe the flow properties of these systems over a wide range of shear rates 401 

(Fischer et al., 2009). From Figure 5, it was clear that the Herschel-Bulkley model was not suited 402 

to fit data points at low   . Therefore, the dynamic yield stress (σ0D) was determined for each 403 

suspension from the data points at low    (as the average of the shear stress measured at shear 404 

rates 0.1, 1.11 and 2.12 s
-1

) and not from the fitted model. Results of σ0D are shown in Figure 6A 405 

for all suspensions. σ0D increased with particle concentration following a power law model:  406 

               (8) 407 

The results of these fits are shown in Figure 6A and parameter estimates for a and b are 408 

summarised in Table 3A. This observed increase of yield stress with increasing particle 409 

concentration in plant-based suspensions is in agreement with a number of other studies (Yoo & 410 

Rao, 1994; Yoo & Rao, 1995; Bayod et al., 2007; Day et al., 2010a). Yoo & Rao (1994) also 411 

used the power law model to describe the increase of the yield stress with increasing pulp%. 412 

Since the power law exponent b is an indication of the type of network structure in the 413 

suspensions (Buscall et al., 1987; Bayod et al., 2007), the difference in exponent b for 414 

suspensions prepared from particles with different size can indicate differences in network 415 

structure. In Table 3A can be observed that the power exponent b was possibly increasing when 416 

cell clusters became larger, as also observed by Day et al. (2010a). Assuming a structure of 417 

fractal aggregates, the power law exponent b can be interpreted in terms of the fractal dimension 418 

of the aggregates. Higher values of b correspond to a lower fractal dimension and hence a more 419 

open network structure (Piau et al., 1999; Mobuchon et al., 2009). However, for the relatively 420 

high volume fractions studied in the present work, contact between aggregates can occur with 421 

only a few particles per aggregate, which makes the interpretations based on fractal concepts less 422 

straightforward (Bayod & Tornberg, 2011; Mewis & Wagner, 2011a). 423 

The effect of particle size on σ0D at constant pulp% is less clear from the present experiments. At 424 

constant pulp%, σ0D for fractions made at the same homogenisation pressure decreased with 425 

decreasing particle size. In Figure 7, this trend is shown for suspensions with a pulp% of 50 w%. 426 

Also Schijvens et al. (1998) reported lower values of the yield stress in reconstituted apple 427 

sauces of smaller particle size (d < 0.355mm). In most other studies, the inverse trend was 428 

reported, namely an increase of σ0D for decreasing particle size, mostly explained by the fact that 429 

smaller particles have a larger interaction surface at the same volume fraction or pulp content as 430 
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compared to larger particles. However, none of these studies worked with reconstituted carrot 431 

suspensions and, in most cases, the yield stresses of only two particle sizes were compared, 432 

making general statements about the effect of particle size on the yield stress doubtful (Buscall et 433 

al., 1987; Qiu & Rao, 1988; Yoo & Rao, 1994; Cantu-Lozano et al., 2000). Moreover, in food 434 

suspensions, as the particle size changes, other particle properties such as the width of the PSD 435 

or particle shape are often changing at the same time (Tanglertpaibul & Rao, 1987b). Hence, 436 

predicting the effect of individual particle properties on rheology is usually impossible. 437 

Nevertheless, some suggestions are made to explain the increase in σ0D with increasing particle 438 

size. As aggregates, larger particles can occupy more space in the sample than aggregates of 439 

small particles due to less efficient particle packing of larger particles leading to a larger volume 440 

effectively taken in by the aggregates of larger particles. The latter can, on his turn, lead to an 441 

increase in flow resistance (Luckham & Ukeje, 1999; Lopez-Sanchez et al., 2011a). Also 442 

changes in shape and deformability of cell fragments versus cells or cell clusters may cause 443 

larger particles to occupy a larger volume whereby the yield stress increases with increasing 444 

particle size (Day et al., 2010a). Moreover, cell clusters turned out to have rough surfaces 445 

(Figure 3) and may consequently entangle more easily, as a result of which the yield stress of cell 446 

clusters may be higher than the yield stress of cell fragments.  447 

On the other hand, although the particle size is larger for RS_125µm(20) in comparison to that of 448 

RS_125µm(100), σ0D is nevertheless smaller for RS_125µm(20) than for RS_125µm(100) at a 449 

constant pulp%. Here, the yield stress is thus decreasing with increasing particle size, which may 450 

be attributed to the larger interaction surface for smaller particles (at same volume fraction). 451 

Beside particle size, also particle shape and type are possibly playing a role in influencing σ0D 452 

and trends can thus not be explained by only one determining factor. Since variation in particle 453 

size is obtained in this case by varying the homogenisation pressure rather than the sieve size, the 454 

trend of particle shape with increasing particle size might be completely different as in the 455 

previous case. Higher homogenisation pressure appears to result in smaller but also less 456 

spherical, more irregular particles (concluded from studying several micrographs) whereby the 457 

yield stress can increase. 458 

The σ0D for P_20 and P_100 was 32.8 ± 3.0 Pa and 26.9 ± 2.3 Pa respectively. Comparing σ0D of 459 

P_20 to σ0D of RS_250µm(20)_50% and σ0D of P_100 to σ0D of RS_125µm(100), σ0D of the 460 

original carrot purées appeared to be lower than σ0D of the reconstituted suspensions. Whereas 461 
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D[v,0.5] was almost equal for both products, the broader PSD in the original carrot purées 462 

(expressed as spread in Table 2) in comparison with the reconstituted suspensions may explain 463 

why σ0D is smaller for the purées (Luckham & Ukeje, 1999). Also Sato & Cunha (2009) 464 

observed a decrease in yield stress for jaboticaba suspensions with broader PSD. In this case, 465 

smaller particles can occupy the spaces between the larger ones (Farris, 1968), thereby resulting 466 

in a more efficient particle packing, whereby the volume occupied by the particles, and thus the 467 

yield stress, may decrease. Moreover, the smaller particles can serve as lubricant between the 468 

larger ones. When comparing σ0D of both original carrot purées, σ0D for P_20 was higher than σ0D 469 

for P_100. Possible explanations for this increase in σ0D for purée made at lower pressure are the 470 

appearance of more cell clusters (thus more rough surface) and larger average particle size (thus 471 

larger volume occupied by aggregates) in purée homogenised at lower pressure. 472 

 473 

3.3.4 The static yield stress 474 

Another rheological parameter that can provide a measure of structure of the material is the static 475 

yield stress (σ0S). This static yield stress (σ0S) was obtained as the minimum shear stress required 476 

to induce flow in the suspension (Mewis & Macosko, 1994; Steffe, 1996; Barnes, 1999; Moller 477 

et al., 2006). The results are shown in Figure 6B. Similar to σ0D, also σ0S increased with particle 478 

concentration and, in analogy with σ0D, this increase could be fitted to a power law model:  479 

               (9) 480 

The results of these fits are also shown in Figure 6B. Parameter estimates for a and b are 481 

summarised in Table 3B. Trends of σ0S and power law exponent b with particle size are similar to 482 

those described for σ0D. For all the reconstituted suspensions and for both original carrot purées, 483 

σ0S was larger than σ0D. Hence, the shear stress that is required to initiate flow is larger than the 484 

shear stress required to maintain flow at low shear rates. In a structural approach, the suspension 485 

can be assumed to consist of flocs that give the suspension a yield stress at low shear rates and 486 

form a network under quiescent conditions. The difference between σ0S and σ0D then provides a 487 

measure for the stress necessary to break bonds between aggregates/flocs in the network 488 

(Genovese et al., 2007). In Figure 8, σ0S is plotted versus σ0D. Data points for all reconstituted 489 

suspensions lay on a straight line through the origin, with the ratio of σ0D to σ0S being 490 

approximately 0.75 for all reconstituted suspensions. This indicates that the relative contributions 491 
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of the stress from the flocs (σ0D) and the stress to break the bonds between the flocs in the 492 

network (σ0S - σ0D) to σ0S are independent of both particle concentration and size. 493 

 494 

3.3.5 Rescaling of the viscosity curves of the suspensions 495 

First, it was checked whether there is a correspondence between the steady-shear viscosity, 496 

plotted as a function of   , and the magnitude of the complex viscosity, plotted against the 497 

angular frequency (ω), also called the Cox-Merz rule. This empirical relationship may be useful 498 

for materials that are more easily tested under oscillatory-shear than under steady-shear 499 

conditions (Steffe, 1996). If this empirical rule is valid, steady-shear measurements may be 500 

redundant and substituted by the oscillatory-shear measurements. Based on the steady-shear 501 

results from Figure 4A and the dynamic data of Figure 9, whereas the Cox-Merz rule is often 502 

valid for simple polymeric fluids, it could be verified that the rule does not hold for the 503 

concentrated food suspensions prepared in this work. The steady-shear viscosity is thus not equal 504 

to the complex viscosity at the same   . This may be attributed to the fact that the microstructure 505 

present in the suspensions is altered under steady-shear tests while dynamic testing is designed to 506 

prevent breakdown of the network structure. However, also the extended Cox-Merz rule of 507 

Doraiswamy et al. (1991), which was specially developed for highly concentrated suspensions 508 

with a yield stress, turned out not to be applicable to our suspensions. 509 

For hard spherical particles, a master curve for the viscosity, independent of particle size, can be 510 

obtained by using a dimensionless shear rate or Peclet number (Pe) as the independent variable 511 

(Larson, 1995). The Pe number is a dimensionless number defined as the ratio of convective to 512 

diffusive effects: 513 

    
       

  
  (10) 514 

with η0 = viscosity of suspending liquid (Pa·s), r
 
= particle radius (m),    = shear rate (s

-1
), k = 515 

Boltzmann constant (1.38×10
-23

 NmK
-1

) and T = absolute temperature (K).  516 

The Pe number compares the effect of imposed shear with the effect of Brownian diffusion of the 517 

particles with high Pe number (Yoo & Rao, 1994; Larson, 1995). Even for the smallest particles 518 

and the smallest viscosity possible, the Pe number was high (> 10
7
) and therefore it can be 519 

concluded that Brownian motion is negligible in comparison to convection. The scaling with Pe 520 

was verified for tomato purée and apple pulp suspensions (Yoo & Rao, 1994; Cantu-Lozano et 521 

al., 2000) and can reduce the amount of parameters that should be studied to fully characterise 522 
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food dispersions. However, scaling was not successful for the carrot suspensions. At constant Pe 523 

number, the viscosity at equal values of pulp% was the highest for the reconstituted suspensions 524 

with the largest particle size. Failing of the rescaling can be caused by the fact that the 525 

suspensions are not monodispers and particle shape is more complex than for solid spheres. Also, 526 

higher particle concentrations are used in this study as compared to those of Cantu-Lozano et al. 527 

(2000) or Yoo & Rao (1994). The high yield stresses of the reconstituted suspensions (Figure 6) 528 

clearly proved that structure is present in these suspensions, which is not taken into account in 529 

the Pe number and might also cause failure of the scaling in the present work. 530 

In conclusion, characterisation of the flow behaviour of the reconstituted carrot suspensions and 531 

the original purées is clearly not straightforward. Whereas the effect of particle concentration is 532 

clear, the effect of particle size on most rheological properties (like yield stress and flow 533 

behaviour index) turned out to be difficult to be interpreted unambiguously.  534 

 535 

3.4 Characterisation of the viscoelastic behaviour 536 

To gain insight in the network structure of the plant-based suspensions, small-amplitude 537 

oscillatory tests were performed. First, results from the strain sweep were analysed to identify the 538 

linear viscoelatic region. At constant ω and low strains, the storage modulus (G’) and the loss 539 

modulus (G”) were strain independant with G’ > G”, indicating that the suspensions behave 540 

elastically. At low strain, a zone of linear viscoelasticity was present. Increasing the strain caused 541 

a decrease in both G’ and G” whereby the zone of linear viscoelasticity ended. The limit of 542 

linearity or critical strain (γC) was determined experimentally as the strain beyond which G’ 543 

deviated more than 5% from its linear value. Data are shown in Table 4. It can be noted that the 544 

linearity limit was low for all reconstituted suspensions and a strain of 0.1% is small enough to 545 

fall within the zone of linear viscoelasticity for all samples. For the smallest particles 546 

(RS_40µm(100)), a small decrease of γC was observed with increasing particle concentration. On 547 

the other hand, for larger particles, a limited increase in γC with increasing particle concentration 548 

was noticed. According to the fractal approach of Shih et al. (1990), this can indicate the 549 

existence of small flocs with strong links within the flocs and weak links between the flocs. 550 

Varadan and Solomon (2003) and Mason et al. (1996a) explained the increase of γC with particle 551 

concentration by a transition from a rather heterogeneous structure at intermediate concentrations 552 

to a more homogeneous one for highly concentrated systems. In addition, for deformable 553 
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particles, packing and deformation can play a role at high concentrations (Mason et al., 1996b). 554 

Values of γC of RS_125µm(100), RS_125µm(20) and RS_250µm(20) were also small for all 555 

particle concentrations, indicating particles with a limited deformability arranged in a brittle 556 

network. At a constant pulp%, values of γC of RS_40µm(100) were remarkably higher than for 557 

the suspensions with larger particles. Possibly, these small particles have more contact points 558 

than larger particles, allowing more reorganisations in the network, whereby γC is increasing. In 559 

addition, cell fragments may be more deformable as compared to cell clusters. With regard to the 560 

original carrot purées, γC of P_20 was lower than γC of P_100, supporting the fact that γC 561 

increases with decreasing particle size. All in all, γC appeared to be less sensitive to changes in 562 

particle concentration as compared to the other rheological parameters discussed so far. 563 

Secondly, frequency sweeps at a constant strain in the linear viscoelastic region were used to 564 

characterise the network structure of the reconstituted suspensions and original carrot purées. In 565 

Figure 9, the frequency sweeps for several representative suspensions are visualised. 566 

Suspensions had solid-like behaviour with G’ larger than G” at all ω (except for a few 567 

reconstituted suspensions with low pulp% for which G” crossed G’ at high ω). The results of the 568 

frequency sweeps were analysed using a power law model (Equations 11 and 12) where c, d, e 569 

and f are constants and ω is the angular frequency.  570 

         (11) 571 

         (12) 572 

Estimates for parameters c and e are summarised in Table 5. Values of parameters c and e 573 

increased with increasing pulp% for the reconstituted suspensions. Values of the power law 574 

exponents d and f ranged between 0.009 and 0.09 for all the reconstituted suspensions and the 575 

original carrot purées (results not shown). No unambiguous effect of particle size or 576 

concentration on exponents d and f was noticed. Because the magnitudes of G’ were higher than 577 

those of G” and the values for d and f were very small but different from zero, the rheological 578 

behaviour of these reconstituted suspensions and original carrot purées can be described as that 579 

of weak gels. The ratio of G’/G” at low angular frequency (ω = 0.1 rad/s) (Table 6) was about 580 

10, supporting the latter conclusion (Yoo & Rao, 1996; Bayod et al., 2008). Increase in particle 581 

concentration (between 30-65 w%) did not cause a transition in type of gel. However, as particle 582 

concentration increased the weak dependency of the moduli on angular frequency was noticeable 583 

until higher ω. A negative correlation was found between G’ and d, what means that, at 584 
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increasing particle concentration, the suspensions evolve more towards true gels (Hill et al., 585 

1995). Also the network in the original carrot purées can be described as a weak gel. 586 

Values of G’ at ω of 0.1 rad/s (and parameter c) increased with increasing pulp% for the 587 

reconstituted suspensions. Consequently, the network in these suspensions is stiffer at higher 588 

particle concentration. Also Day et al. (2010b) reported an increase of G’ with particle 589 

concentration for carrot suspensions. By analogy with the yield stress, this increase could be 590 

fitted to a power law model (Figure 10): 591 

              (13) 592 

Estimates for parameters g and h are summarised in Table 7. As exponents b (Table 3) and h 593 

(Equation 13) showed comparable trends with changing particle size (except b for power law 594 

model of σ0S for RS_40µm(100)), the same trends in network structure changes between 595 

suspensions prepared from particles with different particle size can be seen in steady-shear and 596 

oscillatory tests (Buscall et al., 1987; Bayod et al., 2007).  597 

Similar to the yield stress, for the reconstituted suspensions prepared from original carrot purée 598 

homogenised at the same pressure, an increase in particle size caused an increase in the value of 599 

G’. In Figure 11, this trend is shown for suspensions with a pulp% of 50 w%. Similar to the 600 

conclusions for the yield stress, the effect of particle concentration on G’ is clear, but the effect 601 

of particle size is more difficult to interpret. Beside particle size, also particle shape, 602 

deformability and particle surface can have a combined influence on G’ and the network 603 

structure. From Figure 11, it can also be observed that the magnitude of G’ of P_20 is higher 604 

than the one of P_100. This decrease in value of G’ after homogenisation was also demonstrated 605 

by Lopez-Sanchez et al. (2011a) and can be explained by the decrease in particle size. In tomato 606 

purée, Bayod et al. (2008) reported the highest value of G’ for paste with the highest amount of 607 

large particles and thus the highest effective volume fraction. Values for G’ of the original carrot 608 

purées homogenised at a given pressure fell between the ones of the reconstituted suspensions 609 

with a pulp% of 50 w% prepared from the purée homogenised at this pressure. Comparing G’ of 610 

the P_20 to G’ of RS_250µm(20)_50% and that of P_100 to G’ of S_125(100), indeed G’ of the 611 

purée was lower than G’ of the reconstituted suspension, while D[v,0.5] was almost equal in both 612 

products. The larger width of the PSD in carrot purée can once again be mentioned as possible 613 

explanation.  614 
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Because comparable trends for G’ and σ0S with particle concentration and size were found, the 615 

relation between G’ and σ0S is studied in more detail. Thereto, G’ is shown as a function of σ0S in 616 

Figure 12. The ratio of σ0S to G’ turned out to be independent of particle size and concentration. 617 

Therefore, σ0S can also be measured by the use of a oscillatory test instead of using a stress ramp. 618 

A similar relation was found by other authors (Larson, 1995), but in the present study the ratio 619 

σ0S/G’ was larger (0.16 instead of 0.01).   620 
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4. Conclusion 621 

Knowing the effect of structural characteristics, such as particle properties, on the rheological 622 

behaviour of food suspensions may enable the design of production processes for materials with 623 

tailored properties. From this study, particle properties are shown to have a major impact on the 624 

rheological properties of particulated, plant-based food systems, such as carrot suspensions. 625 

However, the rheology of these carrot suspensions appeared to be complex because suspensions 626 

are non-Newtonian liquids exhibiting a yield stress. Beside this complex rheological behaviour, 627 

often a combination of particle properties (like particle type, size and size distribution) appeared 628 

to influence the rheology whereby it was not always possible to assign changes in rheological 629 

properties to a single particle property. If particles would be spherical with smooth surfaces, 630 

rheological properties would be determined exclusively by particle size and particle size 631 

distribution (Lopez-Sanchez, 2011). Here, microscopic images showed that the particles are no 632 

perfect spheres and have ragged, irregular surfaces. Therefore, interactions between particles are 633 

more complex and rheological parameters are also influenced by the particle shape and the 634 

particle surface, rendering the prediction of rheological parameters on the basis of the particle 635 

properties even more complex. In most cases (like for the yield stress, storage modulus, flow 636 

index) unambiguous relations between particle concentration and rheological properties of 637 

suspensions could be found. However, relations between the particle size and most rheological 638 

parameters are less clear, because the particle shape, surface and size distribution are also 639 

influencing the rheological properties at the same time. 640 

Flow curves were dominated by yield stress. Network stiffness, measured as the yield stress or 641 

the storage modulus, increased with increasing particle concentration for all the carrot 642 

suspensions and this increase could be fitted to a power law model. Exponents of these models 643 

demonstrate that network structure is changing in suspensions when particle size is altered. The 644 

ratios of σ0D to σ0S and σ0S to G’ turned out to be independent of particle size and concentration. 645 

Changing particle size or concentration did not significantly change the gel type. All systems 646 

could be described as weak gels. Nevertheless, gelling behaviour was noticeable until higher 647 

angular frequencies at higher particle concentrations.  648 

In future investigations, it can be useful to look more in detail into the effect of particle type and 649 

shape on the rheology of carrot suspensions. Nevertheless, by changing the particle type, also the 650 
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particle size is often changed and it will be a challenge to study the effect of both structural 651 

properties separately on the rheological parameters. 652 
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Figure captions 799 

 800 

Figure 1 : Schematic overview of the preparation and reconstitution of carrot suspensions 801 

from carrot purée. 802 

 803 

  804 
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Figure 2 : Cumulative volumetric particle size distribution of RS_40µm(100) (), 805 

RS_125µm(100) (■), P_100  RS_125µm(20) (▲), RS_250µm(20) (●) and P_20 ( ). 806 
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Figure 3 : Microscopic images (10×) of 1/10 diluted fractions with different particle size 809 

stained with toluidin blue (RS_40µm(100) (A); RS_125 µm(100) (B); RS_125 µm(20) (C) 810 

and RS_250 µm(20) (D)) and microscopic images (40×) of 1/10 diluted RS_125 µm(100) 811 

stained with acridine orange (E and F). Irregular shape and rough edges due to cell 812 

breakage are clearly visible. 813 

814 
  815 



33 

 

Figure 4 : Non-Newtonian behaviour for several suspensions: (A) Shear thinning behaviour  816 

and (B) appearance of a yield stress for the reconstituted suspensions RS_40µm(100)_30% 817 

(), RS_40µm(100)_60% (), RS_125µm(100)_60% (), RS_125µm(20)_60% (∆) and 818 

RS_250µm(20)_60% (). 819 

 820 

 821 

   822 

Figure 5 : Flow curve of the reconstituted suspension RS_40µm(100)_30% () fitted with 823 

the Bingham () and Herschel-Bulkley ( ) models.  824 
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Figure 6 : Average dynamic (σ0D) (A) and static (σ0S) (B) yield stress as a function of pulp% 831 

for the reconstituted suspensions RS_40µm(100) (), RS_125µm(100) (■), RS_125µm(20) 832 

(▲) and RS_250µm(20) (●). Lines represent the power law model fits (σ0 = a·(pulp%)
b
). 833 

 834 

  835 

Figure 7 : Dynamic yield stress (σ0D) (± standard deviation) of the reconstituted carrot 836 

suspensions and of the original carrot purées homogenised at 20 MPa or 100 MPa, all with 837 

a pulp% of 50 w%. 838 
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Figure 8 : Relation between the dynamic yield stress (σ0D) and the static yield stress (σ0S) (± 846 

standard deviation) for the reconstituted suspensions RS_40µm(100) (), RS_125µm(100) 847 

(■), RS_125µm(20) (▲) and RS_250µm(20) (●). 848 

 849 

 850 

Figure 9 : Frequency sweeps for several suspensions: (A) Storage modulus (G’) and (B) loss 851 

modulus (G”) in function of the angular frequency for the reconstituted suspensions 852 

 and -), RS_40µm(100)_60% ( and ), RS_125µm(100)_60% (■ 853 

and ), RS_125µm(20)_60% (▲ and ∆) and RS_250µm(20)_60% (● and ). 854 
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Figure 10 : Storage modulus (G’) (at ω = 0.1 rad/s) of reconstituted carrot suspensions as a 860 

function of pulp% for the reconstituted suspensions RS_40µm(100) (), RS_125µm(100) 861 

(■), RS_125µm(20) (▲) and RS_250µm(20) (●). Lines represent the power law model fits 862 

(G’ = g·(pulp%)
h
) . 863 

 864 

 865 

Figure 11 : Storage modulus (G’) (± standard deviation) (at ω = 0.1 rad/s) of the 866 

reconstituted carrot suspensions and of the original carrot purées homogenised at 20 MPa 867 

or 100 MPa, all with a pulp% of 50 w%. 868 
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Figure 12 : Relation between the storage modulus (G’) and the static yield stress (σ0S) (± 875 

standard deviation) for the reconstituted suspensions RS_40µm(100) (), RS_125µm(100) 876 

(■), RS_125µm(20) (▲) and RS_250µm(20) (●). 877 
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Tables 885 

 886 

Table 1 : Sample coding and preparation conditions
 

887 

 888 

Sample code Preparation conditions 

Carrot purée 

 P_20 Carrot H
a
 + B

b
 + HPH

c
 20MPa 

P_100 Carrot H + B + HPH 20MPa 

  Reconstituted suspensions 

RS_40µm(100)_30% Carrot H + B + HPH 100MPa + W
d
 40µm + R

e
 30 w% 

RS_40µm(100)_40% Carrot H + B + HPH 100MPa + W 40µm + R 40 w% 

RS_40µm(100)_50% Carrot H + B + HPH 100MPa + W 40µm + R 50 w% 

RS_40µm(100)_60% Carrot H + B + HPH 100MPa + W 40µm + R 60 w% 

  RS_125µm(20)_30% Carrot H + B + HPH 20MPa + W 125µm + R 30 w% 

RS_125µm(20)_35% Carrot H + B + HPH 20MPa + W 125µm + R 35 w% 

… … 

RS_125µm(20)_65% Carrot H + B + HPH 20MPa + W 125µm + R 65 w% 

  RS_125µm(100)_30% Carrot H + B + HPH 100MPa + W 125µm + R 30 w% 

RS_125µm(100)_35% Carrot H + B + HPH 100MPa + W 125µm + R 35 w% 

… … 

RS_125µm(100)_65% Carrot H + B + HPH 100MPa + W 125µm + R 65 w% 

  RS_250µm(20)_30% Carrot H + B + HPH 20MPa + W 250µm + R 30 w% 

RS_250µm(20)_40% Carrot H + B + HPH 20MPa + W 250µm + R 40 w% 

RS_250µm(20)_50% Carrot H + B + HPH 20MPa + W 250µm + R 50 w% 

RS_250µm(20)_60% Carrot H + B + HPH 20MPa + W 250µm + R 60 w% 
aH = heated at 95 °C for 5 min 

bB = blending for 1 min 

cHPH = high-pressure homogenisation at 20 MPa or 100 MPa 

dW = wet sieving with pore size of sieve from which pulp is collected 

eR = reconstitution with mass ratio of pulp to water in w% 

  889 
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Table 2 : Particle size of the reconstituted carrot suspensions and the original purées 890 

expressed as the size of which 10, 50 or 90 vol% of the particles have a smaller diameter 891 

(D[v,0.1], D[v,0.5] and D[v,0.9]), the area-based diameter (D[3,2]) and the volume-based 892 

diameter (D[4,3]). The spread of the particle size distribution is calculated as in Equation 4.  893 

 894 

Sample 
D[v,0.5] 

(µm) 

D[v,0.9] 

(µm) 

D[v,0.1] 

(µm) 

D[3,2] 

(µm) 

D[4,3] 

(µm) 
Spread 

RS_40µm(100) 73 131 33 44 78 2.2 

RS_125µm(100) 176 334 75 92 192 2.8 

RS_125µm(20) 262 458 127 140 278 2.4 

RS_250µm(20) 369 641 167 168 386 2.8 

       P_20 350 641 106 106 372 5.1 

P_100 170 321 67 67 183 3.8 
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Table 3 : Parameters a and b (± standard error) of the power law model (σ0 = a·(pulp%)
b
) 895 

fitted to the dynamic (A) and static (B) yield stress as a function of the pulp%  896 

 897 

A 

       a b Radj
2
 

RS_40µm(100) 2.75E-07 ± 1.03E-07a 4.68 ± 0.09 0.99 

RS_125µm(100) 4.00E-04 ± 5.00E-04 3.08 ± 0.28 0.94 

RS_125µm(20) 6.25E-06 ± 13.62E-06 4.03 ± 0.53 0.90 

RS_250µm(20) 4.33E-06 ± 4.52E-06 4.23 ± 0.26 0.99 
a st error 

     

      B 

       a b Radj
2
 

RS_40µm(100) 1.56E-05 ± 1.46E-05 3.78 ± 0.23 0.99 

RS_125µm(100) 4.00E-04 ± 5.00E-04 3.20 ± 0.22 0.98 

RS_125µm(20) 5.34E-06 ± 8.20E-06 4.14 ± 0.37 0.95 

RS_250µm(20) 3.43E-07 ± 5.85E-07 4.94 ± 0.42 0.98 
a st error 

      898 

 899 

Table 4 : Strain limit of the linear viscoelastic region (γC) (for ω = 10 rad/s) of all 900 

reconstituted carrot suspensions and original carrot purées  901 

 902 

Pulp% γC (%) 

 (w%) RS_40µm(100) RS_125µm(100) RS_125µm(20) RS_250µm(20) P_20 P_100 

30 1.39 0.37 0.10 0.10 

  35 

 

0.52 0.14 

   40 1.00 0.52 0.27 0.37 

  45 

 

0.37 0.27 

   50 0.52 0.52 0.37 0.27 0.32 0.52 

55 

 

0.52 0.37 

   60 0.52 0.37 0.37 0.37 

  65   0.52 0.37       

 903 
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Table 5 : Parameters c and e (± standard deviation) of the power law models (G’ = c·ω
d 
and G” = e·ω

f
) fitted to the storage (G’) 904 

or loss modulus (G”) as a function of the angular frequency (ω) of the reconstituted carrot suspensions and original carrot 905 

purées 906 

 907 

Pulp% RS_40µm(100) RS_125µm(100) RS_125µm(20) RS_250µm(20) P_20 P_100 

(w%) c 

30 7.7 ± 0.1a 34.8 ± 0.7 6.0 ± 0.1 16.5 ± 1.3 

      35 

   

98.6 ± 0.2 29.7 ± 4.9 

         40 57.8 ± 3.7 201.6 ± 20.8 60.6 ± 4.3 159.6 ± 1.5 

      45 

   

272.1 ± 7.2 211.7 ± 0.4 

         50 182.8 ± 7.0 524.7 ± 8.9 281.1 ± 20.2 584.6 ± 62.3 347.1 ± 3.6 256.4 ± 23.8 

55 

   

953.8 ± 73.7 611.6 ± 4.1 

         60 479.5 ± 6.9 978.4 ± 139.2 909.1 ± 46.1 1175.5 ± 4.3 

      65       1211.0 ± 75.0 912.3 ± 4.5                   

 
e  

30 1.0 ± 0.1 3.5 ± 0.1 1.1 ± 0.1 1.7 ± 0.1 

      35 

   

9.4 ± 0.1 2.9 ± 0.4 

         40 7.2 ± 0.6 19.8 ± 2.6 5.9 ± 0.3 14.2 ± 0.1 

      45 

   

27.0 ± 0.7 20.1 ± 1.6 

         50 22.3 ± 0.7 48.9 ± 1.5 25.0 ± 2.5 56.4 ± 5.9 38.9 ± 0.9 23.9 ± 2.3 

55 

   

91.4 ± 7.2 54.3 ± 0.3 

         60 56.2 ± 1.0 93.5 ± 13.5 87.5 ± 10.1 117.7 ± 1.3 

      65       117.4 ± 8.1 94.1 ± 2.2                   

a stdev 

                   908 

 909 

 910 
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Table 6 : G’/G” (at ω = 0.1rad/s) (± standard deviation) of reconstituted carrot suspensions and original carrot purées 911 

 912 

Pulp% G'/G" (ω = 0.1rad/s) 

(w%) RS_40µm RS_125µm(100) RS_125µm(20) RS_250µm P_20 P_100 

30 8.9 ± 0.8a 11.5 ± 0.3 5.4 ± 0.2 10.5 ± 1.5 

      35 

   

12.0 ± 0.3 11.1 ± 3.0 

         40 9.7 ± 1.0 10.9 ± 3.6 10.0 ± 0.9 11.2 ± 0.1 

      45 

   

9.6 ± 0.3 10.7 ± 0.4 

         50 10.2 ± 0.5 10.8 ± 0.9 11.1 ± 1.3 10.8 ± 1.5 6.7 ± 0.4 11.4 ± 1.7 

55 

   

11.3 ± 1.0 11.0 ± 0.2 

         60 11.5 ± 0.8 10.6 ± 1.8 10.6 ± 1.3 9.7 ± 0.3 

      65       10.7 ± 0.8 9.6 ± 0.2                   

a stdev 
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Table 7 : Parameters g and h (± standard error) of the power law model (G’ = g·(pulp%)
h
) 913 

fitted to G’ (at ω = 0.1 rad/s) as a function of the pulp% 914 

 915 

  g h Radj
2
 

RS_40µm(100) 1.72E-07 ± 0.06E-07 5.30 ± 0.09 0.99 

RS_125µm(100) 1.00E-03 ± 1.90E-03 3.36 ± 0.48 0.94 

RS_125µm(20) 3.64E-05 ± 9.85E-05 4.10 ± 0.66 0.93 

RS_250µm(20) 2.11E-05 ± 4.03E-05 4.35 ± 0.47 0.99 
a st error 

      916 

 917 
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