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ABSTRACT10
11

Dehydration is a critical step in many food processes. In this paper, we propose an original strat-12

egy, based on experiments and modelling, to evaluate the performance of the compression de-13

watering of cassava and to help design dewatering equipment. The dewatering of various grated14

cassava roots was experimentally studied through 42 experiments in a filtration-consolidation15

cell in the pressure range 4 − 21 bar. The dewatering performance was evaluated in terms of16

moisture content limit and dewatering kinetics. Each filtration-consolidation experiment was17

first individually fitted with a model combining Hermia cake filtration and Shirato consolidation18

mechanisms using an original systematic approach. Then, a global model, linking the cake19

filtration and consolidation properties to the applied pressure, was validated over the whole20

set of experiments with an average RMSE of 13% on the cake moisture content. The results21

demonstrated the relevance of the chosen identification procedure and modelling strategy for the22

design of a compression dewatering step.23
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Compression dewatering of a food product

Nomenclature

A filtration surface area [m2]

C volume fraction of solids in cake [−]
C0 coefficient equal to the volume fraction of solids in cake at 1 bar [bar−�],
Ce modified consolidation coefficient [m2 ⋅ s−1]

Ce0 coefficient equal to the modified consolidation coefficient at 1 bar [m2 ⋅ s−1 ⋅ bar−
 ],
DM mass fraction of dry matter on wet basis (w.b.) [−]
d50 median diameter [�m]
i number of drainage surfaces [−]
L product height in the equipment [m]
m mass [kg]
n compressibility index in filtration [−]

P pressure applied [Pa] or [bar] depending on the context
Rs cloth filter resistance [m−1]

t time [sec]
Tc dimensionless consolidation time [−]
Uc consolidation ratio [−]
V ol volume [m3]

Vs volume of solids in the press per filtration surface area [m3 ⋅ m−2]

W mass of deposited dry cake per unit of filtrate volume [kg ⋅ m−3]

X mass fraction of water on wet basis (w.b.) [−]
Y coefficient representing the product pressure-dependent properties in consolidation [−]

Y0, Y1 parameters of the correlation between Y and the applied pressure [−]
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Compression dewatering of a food product

Greek letters

� specific cake resistance [m ⋅ kg−1]
�0 coefficient equal to the specific cake resistance at 1 bar [m ⋅ kg−1 ⋅ bar−n],
� compressibility index [−]

� secondary consolidation index [−]


 modified consolidation coefficient index [−]

� dynamic viscosity [Pa ⋅ s]

� secondary consolidation coefficient [−]
�0 coefficient equal to the secondary consolidation index at 1 bar [bar−�]
� density [kg ⋅ m−3]

� standard deviation
! dry mass of solids in the press per filtration surface area [kg ⋅ m−2]

Indices

0 at the beginning of the operation
atm atmospheric
av average in the cake thickness
c during the consolidation
cake dewatered or in the process of being dewatered mash
filt filtrate
s solid
tr at the transition point between the filtration and the consolidation
w water
∞ at the end of the consolidation, when the equilibrium is reached

1. Introduction25

Cassava is estimated as the ninth most considerable crop in the world human diet with 304 million of tons produced26

in 2019, of which 63% were produced in Africa (Food and Agriculture Organization of the United Nations (2021)).27

Its production has been increasing for many years, particularly in Africa where it increased by 61% between 2009 and28

2019 (Food and Agriculture Organization of the United Nations (2021)). Its transformation is fundamental to extend29

its shelf-life and reduce its toxicity (Hillocks (2002)).30
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Compression dewatering of a food product

In Africa, cassava roots are mainly transformed for human consumption, in dry flours, semolina, or fermented31

pastes (Westby (2002)). During flour production, cassava roots are firstly peeled and washed. Then, depending on the32

desired product, roots can be fermented, either by immersing entire roots into water, or in bags after grating. The mash33

obtained is mechanically dewatered, generally by pressing the bags under a piston press, and finally dried. In small34

processing units, sun drying is often preferred, while it can take a long time (about 27−35 ℎ (Njie and Rumsey (1998))),35

during which fungus can grow causing mycotoxin production (Westby (2002)). To avoid these problems, to increase36

and to stabilise the production, artificial dryers are used when it is economically consistent. To limit sun drying time37

or artificial drying energy consumption, prior mechanical dewatering appears as a crucial step: the more effective this38

step is, the less energy shall be consumed in the following drying stage.39

The three main techniques of mechanical dewatering are: centrifugation, vacuum filtration, and compression.40

Compression is a relevant technological choice for cassava dewatering in large, medium or small units for many reasons.41

First, pressing can be performed with a simple and cheap piston press, although centrifugation and vacuum filtration are42

usually expensive. Moreover, some pressure filters were proved more effective than centrifuges for starch dewatering43

(Sriroth et al. (1999)).44

Data on cassava mechanical dewatering is scarce in literature. Therefore, the present study focused on modelling45

cassava compression dewatering based on a series of experiments in a filtration-consolidation cell. Cassava from46

different origins and with different particle size distributions were studied. The objectives were to (i) evaluate the47

overall performance of the operation and (ii) provide a model for the design of pressing equipment. For this purpose,48

the proposed model should predict the moisture content of the cake according to the mash initial moisture content49

and mass, filtration surface area, pressure and time. In the present study, the overall performance of cassava mash50

compression dewatering was evaluated bymonitoring the moisture content of the product in the filtration-consolidation51

cell over time, at various pressures and for various ratios of pulp mass to filtration surface areas. During the operation,52

the product undergoes two phenomena, i.e. cake filtration and consolidation (Shirato et al. (1970)) . Consolidation53

begins when the piston reaches the particles, networked enough to form a cake. Robust models, validated on a large54

variety of products, exist both for filtration (Hermia) and consolidation (e.g. Terzaghi, Terzaghi-Voigt, Sivaram and55

Swamee (1977); Shirato et al. (1979)). For each stage, a model was chosen based on its consistency with the product56

behaviour and its suitability for applications in engineering (e.g. required computing time). Then, both models were57

combined to describe the whole process. Cake characteristics are defined as pressure-dependent functions, allowing to58

employ the global model (filtration and consolidation) under various pressures. In the literature, few examples focused59

on modelling both phenomena (e.g. Mihoubi et al. (2003); Grimi et al. (2010)). Moreover, the cake filtration and60

consolidation properties, as well as the transition point between both phenomena, are generally defined by graphical61

means (Tarleton and Wakeman (2006)), which is time-consuming and presents repeatability issues due to human62
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interpretation. To avoid the main limits of this method, i.e. the low repeatability and the subjective and time consuming63

human intervention, a numerical method was proposed and discussed in the present study.64

2. Materials and methods65

2.1. Cassava mash66

Experiments were conducted with three batches of cassava roots: a large batch imported from Costa Rica, noted67

batch #1, and two smaller batches imported from Costa Rica and Cameroon at different dates, respectively noted batch68

#2 and #3.69

The three batches were manually peeled and rasped to obtain a mash with a defined median particle size. In70

accordance with the literature data about cassava mash from processing units (Gévaudan (1989); Escobar et al. (2018)),71

mashes having a d50 in an approximate range of 700 − 1000 �m were produced. Mash having a d50 of 1000 �m was72

obtained with a semi-industrial graterGauthier (France), having the same design as the ones used in cassava processing73

units. Mash having a d50 of 700 �m was obtained with a domestic Magimix cuisine system 4200 (France) kitchen74

equipment.75

To characterise the particle size distribution, a sieving method was adopted. It consists in passing the product76

through a series of calibrated sieves stacked on top of each other with decreasingmesh sizes. At the end of the procedure,77

the weight of product retained on each sieve is measured. As cassava mash is very humid (X = 64.1% w.b. here), dry78

sieving was unsuitable. Thus, a similar protocol based on Da et al. (2013); Escobar et al. (2018) was developed. Cassava79

mash was sieved with a pile of seven sieves of decreasing mesh sizes (3000, 1000, 710, 425, 212, 106 and 50 �m) under80

water on a laboratory vibrating sieve machine. Due to the addition of water, the mash retained on each sieve had to be81

dried afterwards and the amount of dry matter released in the water was evaluated by measuring its dry matter content82

(method in section 2.2.2). The particle size distributions were based on these dry matters. The amount of released dry83

matter was neglected in the calculation of the median diameter, as carried out in the literature (Da et al. (2013); Escobar84

et al. (2018)), while it was considered in the discussion about the product structure in section 3.1.2.85

According to the methodology adopted to produce the mash, some cell damage could be observed (Escobar et al.86

(2021)), which can modify the filtration-consolidation behaviour of the product. Thus, a methodology to estimate a87

damaged cell ratio was conducted. A specific study about the impact of the conservation method on mash behaviour88

was also proposed through a preliminary study.89

Damaged cell ratio The damaged cell ratio was evaluated following the method proposed by Escobar et al. (2021).90

Cassava roots are mainly composed of starch (93% dry basis), fibres (2% dry basis) and proteins (3% dry basis) (Aryee91

et al. (2006)). As in plant tissues, a large part of the starch is located inside the cells, the proportion of cell wall92
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breakdowns was considered equivalent to the proportion of extracellular starch. The quantity of starch released after93

rinsing the mash was considered equivalent to the quantity of extracellular starch. In addition, the particle size of94

cassava starch ranges from 3 to 32 �m (Defloor et al. (1998)). Therefore, mashes were rinsed above a 50 �m mesh95

size sieve, assuming that the dry matter released was mainly composed of starch. The dry matter content of the rinsing96

water and the initial mash were finally measured, following the method presented in section 2.2.2. Assuming that the97

initial mash is composed of 93% dry basis of starch (Aryee et al. (2006)), the proportion of released starch, considered98

equal to the proportion of damaged cell was calculated.99

This procedure allowed establishing that the Magimix cuisine system 4200 cooking equipment broke 61% of the100

cell walls, while 64% were broken by the Gauthier grater. These proportions are close to the one measured by Escobar101

et al. (2018) on cassava rasped in Gari processing unit, i.e. around 65%.102

Conservation method As cassava has a short shelf-life, to ensure a good reproducibility of the trials, a conservation103

technique of the mash had to be chosen. Hence, in a preliminary study, the effects of deep-freezing (at −25◦C) were104

evaluated both on the integrity of mash cells and the behaviour of the mash under filtration and consolidation.105

The impact of deep-freezing on the integrity of mash cells was evaluated following themethod proposed by Escobar106

et al. (2021) and explained above. The mass difference on released starches, between fresh and frozen mashes grated107

with Gauthier and Magimix devices was smaller than 2%. Therefore, freezing procedure on cassava mash seemed to108

not significantly damage cellular walls.109

The impact of deep freezing on the behaviour of the mash under filtration and consolidation was evaluated by110

comparing compression dewatering experiments in the same conditions (15 bar, 200 g of mash at the initial time),111

on both fresh and deep-frozen mashes from the batch #2. As the resulting kinetics were similar (RMSE on the filtrate112

mass = 2%), the impact of deep-freezing on cassava mash behaviour under filtration and consolidation was considered113

to be negligible. Therefore, kinetics on deep-frozen mash could be used to fit the model and analyse the dewatering114

performance.115

116

Table 1 summarises the preparation, conservation and use of the three batches.117

2.2. Compression dewatering experiments118

2.2.1. Experimental procedure119

The filtration-consolidation cell, presented in figure 1, was designed and manufactured at Cirad Laboratories120

(Qualisud team, Montpellier, France). The cell is a stainless-steel cylinder of 50 mm in diameter and 230 mm in height.121

It was closed at the bottom with a valve where a cloth filter collected in a cassava starch factory, having a mesh size of122

15−20 �m, was placed. Pressure applied by the pneumatic piston could be adjusted between 4 and 21 bar. A LabView123
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program controlled the pressure applied and recorded, every second, the measurements useful to evaluate the applied124

pressure (i.e. air pressure and strength applied by the piston), and the dewatering kinetics (i.e. piston height and filtrate125

mass).126

For trials with deep-frozen mash, the sample was thawed in a bain-marie at 35°C. For trials with fresh mash, the127

sample was grated within a few hours before the dewatering. The sample thus prepared was inserted in the filtration-128

consolidation cell. The piston was lowered until touching the mash. The pressure previously entered in the LabView129

program was then applied by the piston on the mash to dewater it. The height of mash in the cell and the mass of filtrate130

released were measured and recorded during the whole kinetic. When the variation of filtrate mass over time became131

negligible (i.e. less than 0.1 g⋅min−1), the dewatering was stopped by lowering the applied pressure to ambient pressure.132

The dewatered mash, called filter cake, and the filtrate were weighted. Their dry matter content were measured (see133

method in section 2.2.2).134

The overall performance of the operation and the model calibration were based on the evolution of the product135

moisture content over time in the filtration-consolidation cell. It was calculated either with the initial mash or the final136

cake dry matter contents and the filtrate mass. A mass balance on the dry matter of the initial mash, final cake and137

filtrate allowed to evaluate the validity of a trial. The mass balance on the dry matter of the initial mash, final cake and138

filtrate was systematically verified.139

By comparing several trials with the same pressure, the standard deviation (�) of the cake moisture content during140

the whole kinetic was calculated. Therefore, the standard deviation evaluated as a function of the cake moisture content141

(� = f (Xcake)) was expressed and approximated with a linear function. Each error bar shown on the plots in section142

3 has a total height of 2�.143

2.2.2. Dry matter content measurement144

For each filtration-consolidation trial, the dry matters of the initial mash, the final cake and the filtrate were145

measured using different methods. For the cake and the initial mash, the sample was placed on a dry aluminium cup146

and the ensemble was dried for at least 1 day at 105°C, as recommended by the AOAC (Horwitz and Latimer (2010)).147

For the filtrate, to avoid measurement errors due to Maillard reactions (Bradley (2010)), the sample was first dried at148

45°C under ambient pressure for one day, and next at 70°C under vacuum for another day.149

2.3. Modelling of compression dewatering150

2.3.1. Modelling strategy151

In the filtration-consolidation cell, as mentioned in section 1, the mash undergoes two successive phenomena,152

i.e. filtration and consolidation (Tarleton and Wakeman (2006); Shirato et al. (1970)). Robust models exist for each153

phenomenon.154
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Filtration model Depending on filtration conditions, various filtration models can be used. During the compression155

dewatering of cassava mash, the particles of this highly charged suspension, accumulated on a support (filter), form a156

porous cake. A cake filtration model can thus be considered (Ripperger et al. (2009)).157

Darcy’s law was applied and integrated with the following hypothesis to obtain the Hermia model of cake filtration158

(equation 1, Leclerc (1997)). All the mash solid matter was assumed to be retained on the cloth filter, and thus (i) the159

mass of deposited cake was assumed to be proportional to filtrate volume and (ii) the filtrate solid matter content was160

neglected. Therefore, the filtrate viscosity, considered constant, was assimilated to that of water. The pressure applied161

and the filtration surface area were both considered constant. The filtration phenomenon was assumed to be ideal,162

i.e. cake particles were considered as perfectly rigid and not compactable. Cake structure was therefore considered163

homogeneous both in space and in time.164

t
V olfilt

=
�filt ⋅ �av ⋅W

2 ⋅ A2 ⋅ (P − Patm)
⋅ V olfilt +

�filt ⋅ Rs
A ⋅ (P − Patm)

(1)

With �av the specific cake resistance [m ⋅ kg−1],W the mass of deposited dry cake per unit of filtrate volume165

[kg ⋅ m−3], P the pressure applied [Pa], Patm the atmospheric pressure [Pa], Rs the cloth filter resistance [m−1], A166

the filtration surface area [m2], V olfilt the filtrate volume [m3] and t the time [sec], �filt the filtrate dynamic167

viscosity [Pa ⋅ s].168

As a highly charged suspension was filtered, a filter cake should be formed quickly on the support. Thus, the cloth169

filter resistance was considered negligible (i.e.Rs = 0) compared to the cake resistance. For some products, considered170

as compressible, the specific cake resistance is pressure-dependent. In this case, its specific resistance is then described171

by a power function (equation 2, Tarleton andWakeman (2006)), involving a compressibility index, n, and a coefficient,172

�0, whose value is equal to the specific cake resistance under atmospheric pressure.173

�av = �0 ⋅ (1 − n) ⋅ P n (2)

With �0 a coefficient [m ⋅ kg−1 ⋅ bar−n], n the compressibility index [−], P the pressure applied [bar]174

Consolidation model When the piston reaches the cake, filtration ends and consolidation begins. The water is then175

expelled from the pores, through the reduction of the porosity and the thickness of the cake. Consolidation can generally176

be divided into two successive stages, named the primary and the secondary consolidation.177
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The primary consolidation is characterised by cake porosity variation depending only on the local pressure applied.178

It ends locally when the hydraulic pressure becomes equal to the atmospheric pressure, all the applied pressure being179

supported by the solid matrix.180

Primary consolidation can be described by a diffusive model based on Terzaghi’s theory developed for soil181

engineering and then applied to other fields (Kamst (1995); Venter et al. (2007)). Terzaghi considered (i) consolidation182

as unidimensional, i.e.with only vertical constraints, deformations and water flow and (ii) the consolidation coefficient183

as constant both in space and in time to simplify the calculation. This model was applied to filter cakes, considered184

as having an heterogeneous structure at the beginning of the consolidation (Shirato et al. (1986)). Indeed, during185

filtration, the layers of the cake close to the filter medium have generally started to be slightly compressed, resulting186

in a vertical gradient of solid concentration (Leclerc and Rebouillat (1985)). To take into account this heterogeneity,187

Shirato et al. (1980, 1986) assumed that the initial distribution of hydraulic pressure in a filter cake was the solution188

of the consolidation model, at the initial time, solved using a Laplace transform: monotone, increasing from the top to189

the bottom of the cake, and described by a sinusoidal function on a half period.190

Considering this initial condition, Shirato et al. (1986) presented an analytical solution of this primary consolidation191

model for filter cake (equation 3). Details of these models are available in the literature (e.g. Shirato et al. (1986); Kamst192

(1995)).193

Uc =
Ltr − L
Ltr − L∞

= 1 − exp
(

−
�2 ⋅ Tc

4

)

(3)

Tc =
i2 ⋅ Ce ⋅ tc

V 2
s0

(4)

With Uc the consolidation ratio [−], Ltr, L, L∞ the cake thickness [m], respectively at the beginning of the194

consolidation, at the time tc [s] and at the end of the consolidation, Tc the dimensionless consolidation time [−], Ce195

the modified consolidation coefficient [m2 ⋅ s−1], i the number of drainage surface [−] (i = 1 if there is one drainage196

surface, i.e. one filter media, and i = 2 if there is one filter on the top and one on the bottom of the cake), Vs0 the solid197

volume per filtration surface area at the initial time [m3 ⋅ m−2].198

The secondary consolidation is characterised by cake porosity variation due to the creep of solids (Sivaram and199

Swamee (1977); Shirato et al. (1974); Leclerc and Rebouillat (1985)). The kinetics of this phenomenon depends mainly200
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on the plastic characteristics of the solid (Shirato et al. (1970)). Consolidation ends at the equilibrium point, at which201

the pressure in the cake is uniform and the filtrate is no more expelled.202

To take into account both consolidation stages, Shirato et al. (1979), building on the work from Sivaram and203

Swamee (1977), proposed the semi-empirical model presented in equation 5, which is possibly the most widely204

applicable model. It was developed for cakes having a homogeneous structure at the beginning of the consolidation.205

Uc =
Ltr − L
Ltr − L∞

=

√

4⋅Tc
�

[

1 +
(

4⋅Tc
�

)�] 1
2⋅�

(5)

With � the secondary consolidation coefficient [−]206

Intrinsic characteristics of the product representing its behaviour in consolidation are used in these models. The207

modified consolidation coefficient Ce reflects the cake compressibility during the consolidation phase. The secondary208

consolidation coefficient � indicates the extent of the secondary consolidation phase. A secondary consolidation occurs209

usually for products having a � lower than 2.8 (Shirato et al. (1979)). Moreover, to use Shirato et al. (1979, 1986) models210

in a filtration-consolidation operation, the length of the cake at the transition time, i.e. at the end of the filtration, and211

at the beginning of the consolidation, are needed. These lengths can be calculated from the volume fraction of solids212

in cake respectively at the transition time (Cavtr ) and at the equilibrium (Cav∞ ), which are intrinsic characteristics213

of the product (Tarleton and Wakeman (2006)). As the specific cake resistance in filtration, according to Tarleton214

and Wakeman (2006), these four characteristics can be expressed as power functions of the pressure applied P by an215

equation having the form of the equation 6. Specific correlations of each pressure-dependent properties are presented216

in table 2.217

Y = Y0 ⋅ P
Y1 (6)

With Y one of the product characteristics in consolidation (i.e. Cavtr , Ce, Cav∞ , �), Y0 a coefficient equal to the218

product characteristic when P = 1, Y1 a parameter and P the pressure applied.219

2.3.2. Data processing220

For each trial, the characteristics of the product in filtration and consolidation (i.e. �av, Cavtr , Ce, Cav∞ , �) were221

identified using a numerical method. A graphical method is usually employed when both filtration and consolidation222

are considered (Tarleton and Wakeman (2006)), requiring a human intervention. To avoid -subjective- human223

interventions, in particular for parameters as critical as the transition point between both phenomena, and improve the224
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robustness and the reliability of the procedure, we proposed to use a mathematical, systematic, curve fitting approach.225

Filtration and consolidation models presented in the previous section were implemented in Python 3.8 language using226

the constants and properties defined in table 3. The curve fittingmethod from the Scipy library, based on the Levenberg-227

Marquardt algorithm, was used to determine the coefficients best suiting the experimental data. It took less than 10228

seconds to fit 10 trials on a DELL Latitude 5500 Intel(R) Core(TM) i7-8665U CPU @ 1.90GHz with 16 GB RAM229

with Windows 10 PRO 64 bits operating systems.230

The characteristics of the product identified on a selected subset of experiments, noted learning set, were then231

expressed as a function of the pressure applied P . The selected experiments were kinetics for which (i) identified232

coefficients had a reasonable confidence interval and (ii) the volume fraction of solids in cake at the end of233

consolidation, Cav∞ , identified numerically, and the mass fraction of water in the cake at the end of consolidation,234

Xcake∞ , measured experimentally, had similar trend when plotted against pressure. The subset of experiments not235

selected was noted training set and used for validation purpose. Finally, the global model, with the pressure-dependent236

properties, was compared to all data from learning and training sets.237

3. Results and discussion238

3.1. Overall performance239

3.1.1. Experimental results240

The present study was carried out in view of evaluating the performance of cassava pulp dewatering. As the241

objective was to obtain the cake as dry as possible in a limited time, the performance was discussed in terms of the242

dewatered cake moisture content and the analysis of the dewatering kinetics.243

Dewatered cake moisture content Figure 2 presents the mash moisture content at the end of the consolidation244

(Xcake∞ ) as a function of the applied pressure P for cassava mash having different particle size characteristics. The245

final moisture content of the dewatered cassavamash from the three batches (Xcake∞ ) strongly depended on the pressure246

P (Figure 2). Xcake∞ decreased quite linearly from 42.5% w.b. at 4 bar, to 34.5% w.b. at 16 bar. At higher pressures,247

Xcake∞ remained stable around 34.5% w.b.. Therefore, it can be assumed that it is not possible to extract more water248

from the mash by increasing the pressure above 16 bar. The cake moisture content measured at 16 bar could be249

considered as the mash moisture content limit, defined in the literature as being representative of the proportion of250

bound water (Lee and Hsu (1995); Kopp and Dichtl (2001); Ruiz et al. (2010); Zarate Vilet et al. (2020)). This water251

is characterized by strong interactions with solids by capillary or adhesive forces (Kopp and Dichtl (2001)) and thus252

requires thermic process, as drying, to be removed. According to this, 34.5%w.b. seemed to be the minimum moisture253

content that can be achieved through a mechanical dewatering by filtration-consolidation.254
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Figure 2 shows that the difference in particle size distribution seemed to have a negligible effect on the Xcake∞ .255

Moreover, as the mashes from the three batches of cassava roots had similar Xcake∞ at a same pressure (Table 5), the256

influence of the variability of raw material was assumed to be negligible.257

Kinetics analysis The operating conditions had a strong influence on the dewatering kinetics. An increase of the258

applied pressure led to a faster dehydration and a larger quantity of filtrate eliminated (Figure 3a). As an example,259

at 4 bar, for a ratio between the mass of solids and the filtration surface area (!0) of 15 kg dry matter ⋅ m−2, the260

equilibrium (Xcake∞ = 39.0% w.b.) was almost reached in 1500 s whereas at 21 bar, only 500 s were necessary to261

reach it (Xcake∞ = 33.0% w.b.). Nevertheless, at both pressures, filtrate was still flowing after 6 ℎ. Moreover, an262

increase in the ratio between the mass of solids and the filtration surface area (!0), had also a significant impact on the263

dewatering time (Figure 3b). At 6 bar, the equilibrium was almost reached in 1500 s for!0 = 15.0 kg dry matter⋅m−2,264

whereas it was reached in 700 s for !0 = 7.5 kg dry matter ⋅m−2. Actually, twice as much filtrate was extracted in the265

first case as in the second on the same filtration surface, taking twice as long.266

The impact of cassava mash quality, i.e. particle size distribution and roots origin, was less remarkable. Actually,267

no difference between the kinetics of the mash having a d50 of 700 �m or 1000 �m could be highlighted. Furthermore,268

the experimental kinetics on the three batches looked similar. No significant effect of the roots origin on the kinetics269

could be highlighted.270

If the kinetic results are more rigorously analysed in the Modelling part (3.2), the role of cassava mash quality, and271

specifically of the particle size distribution, is described in the following part.272

3.1.2. Discussion273

Particle size distribution of cassava mashes rasped by both devices used in the present study were quite similar274

when the amount of starch, i.e. particles finer than the last sieve (50 �m mesh size), was taken into account (Figure275

4). They were bimodal, with a high peak of particles having a diameter smaller than 50 �m, called starch peak, and276

a class of particles between 200 and 3000 �m. As presented in figure 4 and confirmed by their close proportion of277

ruptured cell walls (section 2.1), both mashes had almost the same proportion of fine particles, i.e. 54 and 62%.278

However, both the difference between their median diameter calculated excluding the starch peak, i.e. 700 and 1000 �m,279

and the figure 4, show the discrepancy in the distribution of their coarser particles (between 200 and 3000 �m). As280

dewatering kinetics on both mashes were similar (section 3.1.1), the difference in the distribution of coarser particles281

may have a negligible effect on their behaviour in filtration-consolidation. However, as polydispersion is known to282

have an important influence on the behaviour of the product in filtration (Li et al. (2021)), a suspension containing283

only starch may behave differently. Indeed, cassava starch (X0 = 64% w.b.) compressed at 16 bar, reached a moisture284
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content of 34% w.b. in 90 sec (Sriroth et al. (1999)), while cassava mash compressed at 16 bar, with a ratio between285

the mass of dry matter and the filtration surface area (!) 1.5 times lower, only reached a moisture content around286

50% w.b. in the same time. In addition, starch moisture content limit is around 35% w.b. at 16 bar (Sriroth et al.287

(1999); Salmela (2006)). Therefore, the presence of particles coarser than starch in cassava mash significantly slowed288

down the dewatering of the product, when compared to pure starch behaviour, while it seemed to have a negligible289

effect on its moisture content limit. A finer fragmentation may thus not influence cassava mash moisture content limit.290

291

Knowing better the cassava mash structure, the influence of its origin in terms of processing unit on its behaviour292

in compression dewatering can be discussed. Excluding the starch peak, as carried out in the literature, the median293

diameters of cassava mashes collected in various processing units, reported by Gévaudan (1989); Escobar et al. (2018),294

were almost in between the ones of the mashes used in the present study (section 2.1). In addition, Escobar et al. (2021)295

estimated a proportion of broken cells of cassava mash collected in other processing units close to the one estimated on296

our mashes (section 2.1). Therefore, as cassava mashes collected in various processing units and the ones used in the297

present study may have similar proportions of fine particles and a bimodal particle size distribution, their behaviours298

may be similar in compression dewatering, represented by the same model.299

3.2. Modelling300

For the consolidation stage, the theoretical model representing only the primary consolidation stage (Shirato et al.301

(1986), equation 3), and the semi-empirical one representing both the primary and the secondary consolidation stages302

(Shirato et al. (1979), equation 5), were compared to the experiments of the three batches. As it can be noticed in figure303

5a, the Uc-curve based upon the primary consolidation stage model matched well the experimental data in the first304

part of the curve. Although, at Tc > 1, the model curve deviated, possibly meaning that the secondary consolidation305

should be considered. On the contrary, the model considering both stages matched better to the experimental curve306

(Figure 5b). This comparison was done for at least 10 trials and led to the same conclusions. Thus, the Shirato et al.307

(1979) equation was chosen to represent the consolidation stage.308

The accurate prediction of the experimental data by the Shirato et al. (1979) model means that the secondary309

consolidation cannot be neglected, and that a homogeneous structure of the cake at the initial time can be considered.310

The relevance of the Shirato et al. (1979) model also demonstrated that the complexity of the cassava matrix (e.g.311

heterogenic water distribution in the matrix, potential cells rupture during the compression (Lanoisellé et al. (1996))312

was not an obstacle to such model applicability. However, for coarsely fragmented cassava, i.e. containing more313

intracellular water, and considering the specificities of cellular material, the model from Lanoisellé et al. (1996) could314

be more appropriate in some cases. Nonetheless, this latter model being much more computationally intensive and315
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requiring more knowledge about the product, it appears in any case less adapted to the pre-design of equipment than316

the Shirato et al. (1979) one.317

3.2.1. Experimental validation of the simulation model318

42 trial kinetics from the learning and training sets were performed using 21 experimental conditions and three319

batches of roots, as shown in table 5. All kinetics were similar: a quick dynamic decrease followed by a slow quasi-320

static stabilisation (Figures 3, 6, 7). The global model with the correlation between the characteristics of the product in321

filtration-consolidation and the pressure, defined in section 3.2.2, was compared to all these experiments in terms of the322

evolution of the cake moisture content with time. The prediction errors on the final dry matter content and the product323

moisture content all along the experiments are summarised in table 4. An average discrepancy (RMSE) of 13% was324

observed globally and only 14%of the trials presented a discrepancy higher than 16%.Moreover, most simulations gave325

a precise estimate of both the transient and asymptotic behaviours, i.e. within the 2� (experimental uncertainty) range,326

while only a few were above the 2� but still within the 4� range, see figure 6. Focusing on the first hour of the kinetics,327

as shown on figure 7, it was observed that the simulation model, while close to the experimental data points, displayed328

some kind of discontinuous transition between filtration and consolidation. Still, the simulations remained very close329

to experimental data, almost always within the experimental uncertainties. In addition, when looking carefully at the330

residues (i.e. the model-experiment difference), it was observed that they were equally distributed, meaning that there331

is no systematic under or over-estimation.332

Both RMSE and error on the final cake moisture content prediction were similar for the three batches, suggesting a333

negligible impact of the batch origin, as suggested earlier (Figures 6, 7). This remark should be balanced when looking334

at the slight difference that can be observed on the transient part of the kinetics of batch #2 with a mass of dry matter335

per filtration surface area !0 of 30 kg dry matter ⋅ m−2. This difference could be due either to the mash origin or to336

the actual !0, higher than the one chosen for most of the kinetics (i.e. !0 = 15 kg dry matter ⋅ m−2). Still, the model337

fits quite well all kinetics of the 3 batches.338

3.2.2. Product characteristics in filtration and consolidation339

The five product characteristics in filtration and consolidation were identified (i.e. �av, Cavtr , Ce, Cav∞ , �) and340

expressed as functions of the pressure P (Table 2). They were used in the global model compared to the dewatering341

kinetics in section 3.2.1. As stated in section 2.3.2, 25 experiments from the three batches, noted learning set, among342

41 in total, were selected to define the correlation between these characteristics and the pressure (Figure 8).343

The weak pressure-dependency of the volume fraction of solids in the mash at the end of the filtration stage Cavtr344

and of the specific cake resistance �av (Figure 8) was considered as negligible to limit the number of parameters345
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of the model. Therefore, their average values were considered for the model, namely Cavtr = 0.45 ± 0.046, �av =346

6.5 ⋅ 1011 ± 2.2 ⋅ 1011 m ⋅ kg−1. As the average RMSE between the model and the experimental kinetics was below347

13% (see section 3.2.1), these assumptions were considered acceptable. The weak pressure-dependency of the specific348

cake resistance �av is interesting for industrial operation in the sense that an increase in pressure will accelerate the349

dewatering kinetics, and thus allow a faster attainment of Cavtr .350

For the characteristics in consolidation, on one hand, no significant trend could be highlighted between the351

consolidation coefficient � and the pressure P . Its average value, namely � = 0.98 ± 1.44, was then considered.352

As � < 2.8, both primary and secondary consolidation occurred (see section 3.2.2). On the other hand, the modified353

consolidation coefficient Ce, representing the cake compressibility, increased with the pressure, slightly slowing down354

the consolidation. Furthermore, the volume fraction of solids in the mash at the end of the consolidation Cav∞ and the355

final cake moisture contentXcake∞ , representing the same physical variable, had consistent trends when plotted against356

the pressure (Figures 2, 8). Therefore, increasing pressure up to 16 bar would slightly slow down the consolidation357

and significantly decrease the dewatered mash moisture content. Above 16 bar, as the limit dryness is reached (section358

3.1.1), a pressure increase during the consolidation stage would not further reduce the final moisture content and would359

only slow down the dewatering. The equations presented in table 2 were fitted to Cav∞ [−] and Ce [m2 ⋅ s−1], with the360

pressure P [bar], and resulted as Cav∞ = 0.45 ⋅ P 0.094 and Ce = 6.6 ⋅ 10−8 ⋅ P 0.84. Finally, the volume fraction of361

solids at the end of the filtration (Cavtr ) and at the end of the consolidation (Cav∞ ) indicate that most of the water was362

extracted during the filtration stage.363

In view of the cake characteristics identified here, the models used and the performance analysis in section 3.2.2,364

general guidelines for improving the operation can be identified. Increasing the pressure during the filtration stage365

or increasing the filtration surface area would significantly reduce the operation time. Moreover, if compression366

dewatering is followed by drying, to minimise the energy requirement, it could be recommended to work at 16 bar to367

achieve the minimum moisture content. Nonetheless, depending on the context, this may not be the techno-economic368

optimum since the cost of the equipment is likely to be strongly related to the pressure level.369

In addition, it could be stated that between the two particle sizes, there were no remarkable differences on the370

coefficients fitted, which is consistent with the experimental kinetics analysis (section 3.1.1). Therefore, the identified371

coefficients are valid for mash having the particle size distribution measured in processing units (Gévaudan (1989);372

Escobar et al. (2018)). This may be due to the small difference in particle sizes, as explained in section 3.1.2. Finally,373

the coefficient values presented above are valid for cassava mash having a d50 in a 700 − 1000 �m range. The origin374

of the raw material did not either have an effect on the coefficients, which characterise the product properties. In this375

modelling approach, this raw material variability has therefore a non-significant impact on the product behaviour.376
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3.2.3. Evaluation of the physical consistence of the fitting method377

The product characteristics are usually defined using a graphical method when both filtration and consolidation378

phenomena are considered (Tarleton and Wakeman (2006)). Various plots allowed to identify, successively, (i) the379

transition time (i.e. the time at which filtration ends and consolidation begins), (ii) the specific cake resistance �av,380

(iii) the modified consolidation coefficient Ce. The volume fraction of solids in the mash at the end of the filtration381

stage Cavtr and at the end of the consolidation stage Cav∞ are calculated respectively with the mash moisture content382

at the transition time and at the end of the consolidation. The secondary consolidation coefficient � was then identified383

by minimising the RMSE. The identification of the characteristics and particularly the transition point was weakly384

repeatable. Nevertheless, it ensured that the identified coefficients had a physical meaning.385

The identification method proposed in the present study, based on curve fitting, can also be considered as physically386

consistent. Actually, the transition time calculated with the identified coefficients was placed at the point at which a387

change in behaviour was visible on the graphs used in the graphical method (Tarleton andWakeman (2006)). Moreover,388

volume fraction of solids in the cake identified were physically consistent. The Cav∞ identified was consistent,389

although slightly higher, with the Cav∞ computed directly from experimental measurements. In addition, the identified390

coefficient equal to the volume fraction of solids at the end of a consolidation at atmospheric pressure was almost equal391

to the volume fraction of solids identified at the transition point (both about 0.45), himself significantly higher than the392

one measured before dewatering on the rasped mash (about 0.28), i.e. C0∞ ≃ Cavtr > C0. Therefore, at atmospheric393

pressure, cassava mash would be dewatered by filtration until reaching Cavtr and the consolidation phenomena would394

be negligible.395

4. Conclusion396

Cassava roots from three origins, grated at two different particle sizes, were dewatered in a filtration-consolidation397

cell between 4 and 21 bar. The final moisture content of the product decreased linearly with increasing pressure from398

4 to 16 bar, where the moisture content limit was reached at 34.5% wet basis. No significant effect of particle size399

distribution or roots origin on the dewatering performance could be highlighted. The dewatering speed significantly400

increased with increasing pressure, a behaviour that is typical of incompressible cake filtration. This was further401

analysed through modelling.402

By comparing the experimentally measured dewatering kinetics to physical and semi-empirical models available403

in the literature, the mechanisms involved were identified. The product undergoes two successive phenomena : a cake404

filtration stage, described by Hermia model, followed by a consolidation stage, described by Shirato et al. (1979)405

model. These models were combined in a global model, fitted on each filtration-consolidation experiment with a406
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robust and repeatable numerical procedure, allowing fast data processing. The intrinsic characteristics of the product407

thus identified were then expressed as a function of pressure. The global model using these pressure-dependent408

characteristics, was validated for cassava mash having a d50 in a 700 − 1000 �m range, dewatered in a 4 − 21 bar409

pressure range. The input to the model were the residence time, the filtration surface area, the applied pressure, the410

mass and initial moisture content of the cassava mash and the output was the dewatering kinetic. On the 42 filtration-411

consolidation experiments, it predicted the moisture content of the cassava mash with a mean discrepancy (RMSE) of412

13%.413

The proposed model constitutes a basis for the design of larger-scale dewatering equipment. The main perspectives414

of the present study are the evaluation of the validity of the model on a larger scale and the development of a techno-415

economic model of the equipment. Finally, by coupling this model to a dryer model, engineers may define the optimal416

design of the combination of these two stages according to their constraints, notably processing time, operating and417

investment costs.418
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(a) Instrumentation diagram. With LR the length
recorder; PI the pressure indicator; PR the pres-
sure recorder; PT the pressure transmitter; WR the
strength recorder.

(b) 3D image. With (1) the pneumatic piston; (2) the
cell were the product is filtered and consolidate; (3)
the filtrate vessel; (4) the filtrate balance.

Figure 1: Schematics of the filtration-consolidation lab scale pilot.
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Figure 2: Mash moisture content at the end of the consolidation (Xcake∞) as a function of the applied pressure P .
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Figure 3: Effect of the operating conditions on the dewatering kinetics.
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Figure 4: Particle size distribution of rasped cassava mash before dewatering.
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Figure 5: Comparison of an experimental data set with selected consolidation models. Only the consolidation stage is
plotted: Tc = 0 at the transition time between the filtration and the consolidation stages.
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Figure 6: Compression dewatering kinetics.
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Figure 7: Focus on the first part of cassava mash dewatering kinetics.
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Figure 8: Characteristics of cassava mash in filtration and consolidation: relation to pressure.
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Table 1
Preparation and use of the three batches of cassava roots.

Experiments on the product allowed either to fit the model, or to evaluate the impact of the deep-freezing on the mash properties.

Batch d50 [�m] X0 Conservation at Model Freezing
700 1000 [% w.b.] −15°Ca 4°C fitting impact

#1 x x 64.7 ± 1.4 x x
#2 x 60.5 ± 5.5 x x x x
#3 x 62.3 ± 1.4 x x x x

a The product was previously deep-frozen at −25°C.
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Table 2
Correlations between the intrinsic characteristics of the product in filtration-consolidation and the applied pressure
(Tarleton and Wakeman (2006)).

With P the pressure applied [bar].

Filtration Specific cake resistance �av = �0 ⋅ (1 − n) ⋅ P n

Volume fraction of solids in cake at the end of filtration Cavtr = C0tr ⋅ P
�tr

Consolidation Volume fraction of solids in cake at the end of consolidation Cav∞ = C0∞ ⋅ P
�∞

Modified consolidation coefficient Ce = Ce0 ⋅ P 


Secondary consolidation coefficient � = �0 ⋅ P �
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Table 3
Product properties and parameters used in the filtration and consolidation models - origin and values.

Origin Parameter Value Unit

Literature
Dry cassava density �s (Escobar et al. (2018)) 1562 kg ⋅ m−3

Water density �w 997 kg ⋅ m−3

Water viscosity �w 1 ⋅ 10−3 Pa ⋅ s
Hypothesis Filter cloth resistance Rs 0 m−1

Equipment characteristics Drainage surface number i 1 −
Filtration surface area A 2.4 ⋅ 10−3 m2

Initial height of product L0 − m
Measured Initial mass of product m0 − kg

for each trial Initial moisture content X0 − −
Applied pressure P − Pa or bar*

Specific cake resistance to filtration �av − m ⋅ kg−1
Identified by Volume fraction of solids in cake at the end of the filtration Cavtr − −
curve fitting Volume fraction of solids in cake at the end of the consolidation Cav∞ − −

Modified consolidation coefficient Ce − m2 ⋅ s−1
Secondary consolidation coefficient � − −

* Depending on the context
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Table 4
Errors between model and experiments.

Errors between the final dry matter content of the cake (DM∞) predicted by the model and experimentally measured.

Root Mean Squared Error (RMSE) on the cake moisture content (Xcake) evaluated all along the experiment.

The average and maximal values and the proportion of experiments for which the prediction error is above 16% are presented.

Mean Max Proportion of trials > 16%
RMSE on Xcake 13% 91% 14%
Error on DM∞ 5% 36% 7%
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Table 5
Summary of all experiments.

With P the applied pressure; d50 the median diameter: M corresponds to a d50 of 700�m, G to one of 1000�m; m0 the initial mass

of mash; DM0, DM∞, DMfilt respectively the dry matter content of the mash before and after dewatering, and of the filtrate;

ID the experiments used to identify the parameters of the correlations between the characteristics of the product and the applied
pressure (Table 2).

P Batch d50 m0 [g] Dry matter content (w.b.) Mass balance ID[bar] DM0 DM∞ DMfiltr error [g]
4 2 M 200.9 31.3% 57.8% 3.6% 0.2
4 1 M 200.7 36.2% 59.0% 5.6% 2.2 x
4 1 G 200.1 36.0% 60.1% 5.6% 1.3 x
4 1 G 200.0 36.3% 56.2% 5.8% 9.2
4 1 G 101.0 36.6% 57.5% 5.5% 0.4 x
4 1 G 100.8 36.6% 54.9% 5.5% 3.7
6 1 M 201.7 36.4% 58.8% 4.3% 1.5 x
6 1 M 201.7 35.5% 59.3% 5.6% 2.3 x
6 1 G 201.7 34.9% 57.2% 5.5% 0.6
6 1 M 101.6 34.9% 60.5% 5.7% 3.1
6 1 G 101.0 35.3% 57.4% 5.9% 2.3
9 2 M 401.4 42.8% 64.3% 8.7% 1.9
9 2 M 401.3 42.3% 62.0% 9.7% 4.2 x
9 2 M 402.6 41.7% 61.3% 9.3% 5.4 x
9 1 M 201.7 36.9% 59.3% 5.5% -1.8
13 1 M 200.8 31.8% 62.9% 5.9% 2.8
13 1 M 200.3 35.6% 63.1% 5.8% 1.1
13 1 M 100.8 33.9% 62.5% 5.7% 4.6 x
13 1 M 100.8 31.2% 62.6% 5.7% 4.6
13 1 G 200.4 34.6% 61.1% 5.6% 1.9 x
13 1 G 200.9 34.6% 60.8% 5.7% 5.9 x
13 1 M 201.1 36.2% 63.0% 6.0% 2.0 x
13 1 G 200.6 35.9% 65.3% 5.7% 0.7 x
15 3 M 201.2 37.4% 62.8% 8.8% 2.5 x
15 3 M 201.2 36.5% 65.7% 4.2% 1.7 x
15 3 M 200.2 39.2% 66.5% 8.3% 4.0
16 1 M 200.0 35.7% 64.5% 5.7% 1.6 x
16 1 G 201.6 35.7% 65.1% 5.7% 4.3 x
16 1 G 201.6 35.6% 65.9% 5.9% 3.9 x
19 1 M 200.3 35.0% 65.8% 7.8% 4.2
19 1 M 200.2 37.6% 66.4% 6.0% 3.5 x
19 1 G 200.2 35.4% 64.5% 5.8% 3.5 x
19 1 G 199.9 32.3% 66.8% 5.7% 1.8 x
21 1 M 199.8 35.8% 67.5% 4.5% 4.4
21 1 M 199.8 35.4% 65.3% 4.5% 2.6 x
21 1 G 201.7 36.0% 65.5% 5.6% 3.7
21 1 G 199.5 35.0% 65.3% 5.8% 5.5 x
21 1 M 200.4 37.6% 66.1% 5.7% 1.3 x
21 1 G 200.4 33.6% 64.1% 5.8% 2.3 x
21 1 G 200.7 34.4% 67.0% 5.8% 1.6
21 1 M 201.7 35.4% 67.0% 5.8% 3.5 x
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