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Abstract 

Cua Ong Coal Washing Plant (CCWP) is operated by Vietnam National Coal-

Mineral Industries Holding Corporation Limited and located in Quang Ninh coal basin of 

north-earthen Vietnam. The plant begins its operation since 1924 by French and washing 

anthracite coal to produce coal with different size ranges and ash content. After washing 

by Jigging, dense medium Cyclone, coal is separated into various sizes such as 0.5-6 mm; 

6-15 mm; 15-35 mm; 35-50 mm; 50-100 mm. A large amount of fine coal, below 0.5 mm 

fine coal is dewatering by thickening before going to filtration by high-pressure filters.  

Currently, the filtration process is inefficient in achieving the desired product with 

low moisture of the coal that makes it is suitable for mixing with other good quality coal 

before sending it to power stations, other domestic consumers, and export or storage. The 

residual moisture content of dewatered fine coals is still higher (20 – 22%) in some 

periods up to 25%, makes them too difficult to be mixed with other coals. Otherwise, 

water in filter cake cannot be recycled and reused, leading to higher overall production 

costs, higher transport costs, and reducing product value. From the above production 

situations, Vietnamese coal is selected as the primary research material. The research 

work does not only contribute the academic values but also solving current problems. 

Besides the Vietnam coal as the primary material, two kinds of limestone KS12 

(fine material which the particle size below 12 µm) and KS100 (coarser material, which 

the particle size below 100 µm) are used. They are pure limestone for laboratory 

experiments, which are provided accessible by commercial companies. The purpose is 

experiment execution as a different kind of material to reference, compare the results, and 

confirm assumptions.  

From previous literature, one of the reasons for the imperfect dewatering process 

is shrinkage cracking, that is encountered frequently during filtration of the fine 

particulate filter cake. The consequence of the cracks is a significant disadvantage about 

the economy (the gas/wash water consumption is mostly increased by order of magnitude) 

and process results (higher moisture content/lower purity). The idea for research work is 

whether or not the crack formation on the coal filter cake, the change of the degree of 

cracking, and residual moisture content under various operating parameters. Base on the 

collected experimental result, some assumptions would be given for explanation. 

Otherwise, steam pressure filtration also would be suggested as a new method to avoid 

crack formation as well as improve the dewatering process.  
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Operation parameters using for research are particle size distribution, especially 

the proportion of fine particles, the solid volume concentration of slurry, the height of 

filter cake, and the applied pressure difference. By the change step by step each parameter, 

the effect of variables on the crack formation, and residual moisture content are collected. 

The increase in the percentage of fine particles and filter cake height leads to the 

probability and degree of crack rise up. Meanwhile, the opposite trends occur in the 

growth of solid volume fraction and pressure difference. The change of residual moisture 

content witnessed a different trend but, in general, achieved a lower value when cracking 

does not occur or the reduction of its degree. The dependence of tensile strengths and 

liquid distribution on the system, which can be characterized by saturation, the packing 

of agglomerated fine particles, wall effect, and the transition of stress, are using theories 

for interpretation. Because the almost explained phenomenon leads to a more precise 

understanding of the mechanism of shrinkage cracking, it is the basis for proposing new 

approaches as well as applicable over a wide range. 

Steam pressure filtration is also applied to survey the crack formation and 

dewatering efficiency. Research showed the different probability and degree of cracking, 

the efficiency of dewatering compare with traditional filtration. Both experimental results 

are interpreted with suitability and acceptance.  
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1. Background 

Nowadays, solid-fluid separations are more popular and occur in the almost large-

scale industrial process. They are usually based on two principles of separation, are 

filtration and separation by sedimentation or settling. Meanwhile, the sedimentation 

process separates liquid and solid, based on the difference in phase of densities. Filtration, 

essentially, is a separation of the amount of solid and fluid mixture (suspension or slurry) 

in which the fluid (liquid/filtrate or air) flows directly toward and through the medium 

(screen, paper, woven cloth, membrane, etc.) while the solids are retained, either on the 

surface or within the medium [1, 2]. 

It can be said that filtration is a long-standing technology, which uses from ancient 

to now with its underlying principles. In the entire solid-liquid process, filtration is an 

indispensable step and always has an important position in almost the industry process. 

The application of filter and filtration can be divided into two main categories. The first 

one is the removal of contaminant or solid from a useful or valuable fluid such as drinking 

water, ambient office air, fuel, lubricating fluid, compressed air, process water, emission 

from other processes, to prolong the lifetime of the equipment or prevent fouling of other 

equipment (electrolytic cell in a chloralkali process). The second one is recovery one ore 

more valuable phase from a mixture of phases such as the recovery of valuable solid 

(products of mining and mineral processing) or removal the residue from a product in 

solution (chemical, metals, and pharmaceutical, etc.) [3]. For the latter application, 

shrinkage cracking is an undesired phenomenon that is encountered frequently during 

conventional pressure filtration, especially of the fine particulate filter cake. Once a cake 

has cracked, channels are formed, and gas permeability increases significantly as the gas 

preferentially flows through the crack rather than through the pores in the filter cake [4]. 

The consequence of the cracks is a significant disadvantage concerning the economy (the 

gas/washing water consumption is mostly increased by orders of magnitude) and process 

results (higher moisture content/lower purity). In an adverse case, the disadvantages 

mentioned compel more expensive dewatering processes [5, 6]. The result of research 

gives further insight into the mechanism of crack formation (including micro- and macro-

cracking), giving assumptions as reasons caused shrinkage cracking. That information is 

the basis for proposing steam pressure filtration as a new approach, for avoiding the crack 

formation as well as improve the dewatering process. 

1.1. The Filtration process 
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Filtration can be understood as a process in the equipment named filter, in which 

slurry or suspension is directed toward a tissue with a very small pore size called medium. 

The medium can be the screen, paper, woven cloth, or membrane. The liquid that was 

collected during filtration, is named filtrate. Solids are retained on or in the filter medium. 

There are two kinds of filtration, cake filtration, and deep bed filtration. In the 

case of cake filtration, particles are deposited above medium and build the filter cake.  

For deep bed filtration, the deposition of particles occurs inside of the pores of the filter 

medium, where they are retained and become a part of the filter medium.  

Table 1 shows the affected forces and separation techniques available in the 

filtration process [1].  

Table 1. Types of cake filtration and types of equipment [1]. 

Filtration 

Force cause 

pressure 

difference 

Discharge Typical Machinery 

Gravity 

Discontinuous 
Strainer or Nutsche; Sand-Charcoal 

Filter (deep filtration) 

Continuous 
Grids: Sieve Bends; Rotary screen; 

Vibratory screen 

Vacuum 

Discontinuous 
Nutsche Filter, Candle, and 

Cartridge 

Continuous 
Table or Pan Filter, Rotary Drum or 

Disc Filter, Horizontal Belt 

Pressure 
Discontinuous 

Pressure Nutsche; Press and Frame 

Filter; Tube, Candle and Leaf 

Filter; Cartridge Filter 

Continuous Belt Press; Screw Press 

Centrifugal 

Discontinuous 
Basket: three-column Centrifuge; 

Peeler Centrifuge 

Continuous 

Pusher, Vibratory and Tumbler 

Centrifuge; Helical Conveyor; 

Conical and Cylindrical; Basket 

Centrifuge 
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The relationship between pressure drop and the flow rate of liquid passing through 

the packed filter cake was the first to report by Darcy in 1856 [1, 7]. The liquid flow 

through the open spaces on the filter cake, which is called pore or void in the bed. He also 

shows the importance of the amount of solid on filter cake. The greater this leads to the 

larger surface,  the higher the pressure drop will be as a result of friction. There are two 

kinds of drag on the solid surface, skin friction (viscous drag) and form drag. Skin friction 

occurs because of friction between solid and liquid, which is a stable layer of liquid 

around the solid. Form drag is due to turbulent of higher flow rate. It leads to additional 

pressure losses and breaks down the linearity between flow rate and pressure drop. 

Because of the complication related to the high flow rate of liquid, the research is just 

only focused in the laminar regime. It is not only due to the simple approach that Darcy 

can be used; we also have low Re-number due to the fine particles. These avoid the 

occurrence of turbulence.  

1.2. Conventional pressure filtration and steam pressure filtration 

The filtration process can be divided into three main phases: cake formation, 

mechanical displacement, and drying[8].  

For the first steps, the slurry is fed and distributed over the filter cloth. The 

pressure gradient for filtration is applied. These forces are compressed air, vacuum, or 

even gravity as well as centrifugal pressure. Filtrate begins to pass through the filter 

medium, and filter cake starts to grow. At this period, the resistance of the system 

increases gradually. The cake formation phase finishes when the pores of the filter cake 

are fully filled with mother liquid but no more water is on the surface of the filter cake.  

When the cake is exposed directly to driving de-watering forces, the water is 

pushed out of the pores of the filter cake. The difference between the conventional 

pressure filtration and steam pressure filtration is in the mechanical displacement phase. 

For the conventional filtration, compressed air is applied and penetrates the pores. When 

the pressure difference between the upper side and the lower side exceeds the capillary 

entry pressure, the mother liquid drains. The model of capillaries describes the 

mechanical displacement of a liquid out of a porous system. The displacement in pores 

with different sizes has different velocities. The larger the pore, the faster the flow 

becomes. The air breaks through in the gas flow in the largest pore resulting in higher gas 

consumption. The mechanical displacement in smaller pores is decelerated after the 

breakthrough of air. This phase also finishes when the air flow through the filter cake and 
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the system achieves a dynamic equilibrium. Most tests in this thesis are investigated in 

the mechanical displacement phase, which can be realized by the no water flowing 

through the filter cake. The drying phase using the air is not conducted in order to avoid 

the drying effect, which also can affect the result of cracking. The residual moisture 

content is measured at the end of this mechanical phase. 

 

Figure 1. Diagram describes the main process phases during conventional pressure 

filtration and steam pressure filtration [8]. 

For steam pressure filtration, steam pressure is applied and firstly get in contact 

with the cold surface of the filter cake. The superheated [9] or the saturated steam is used 
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in order to replace the air pressure in conventional pressure filtration [8, 10, 11], as also 

mentioned in the research of Esser and Peuker [12, 13]. No air is permitted in this system 

because air can not condensate. Condensation of steam creates a displacement front [8, 

14]. Steam intrudes the filter cake and condenses continuously during advancing. The 

displacement front moves down through the system of the filter cake and starts pushing 

the filtrate out of filter cake. 

Two different stabilizing effects lead to the sharp and even mechanical 

displacement front, which is characteristic of steam pressure filtration. Due to 

condensation and steam consumption, the volume of steam reduces. This issue provokes 

the fast steam flow from the surface to the front. As the description of Peuker and Stahl 

[8], because of the pressure drop of the steam flow, the effective pressure at the front is 

lower at the fast-moving of steam. There is a dynamic equilibrium between the velocity 

of the liquid inside the filter cake and the steam flow above it. The speed of the 

displacement front decreases, and with it, the reduction of pressure of the steam flow. The 

local pressure at the front increases and the front is accelerated again. The model of 

capillaries of different sizes is also able to describe the displacement of mother liquid. At 

larger pores with lower capillary pressure, the mother liquid is accelerated, so that the 

cold surface is exposed to steam. At the surface of larger pores, more steam condenses. 

The decrease of steam volume leads to the lower local pressure and the deceleration of 

liquid. The liquid is still kept in large pores. At other smaller pores, less steam is 

consumed leading to higher local pressure. When the system is heated up, no more steam 

is consumed, both liquids in large and small pores are pushed out. The condensed water 

refills continuously mainly into large pores and prevents steam breakthrough only 

through the large pores [8]. This characteristic is the notable difference in comparison 

with conventional pressure filtration and is showed clearly in Figure 1. 

The even displacement front provokes the related gas breakthrough compared to 

conventional pressure filtration. The high temperature leads to lower viscosity as well as 

surface tension. Less water remains in the liquid bridge between particles and the volume 

of the liquid bridge decreases due to small surface tension. The result is that during 

mechanical displacement, the residual moisture content is lower compared to 

conventional pressure filtration [8].  

The successive phase in steam pressure filtration can be applied in two ways. The 

first one is the application of pressurized air after the breakthrough of steam. This way is 
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more effective, rapid, and economical. The remaining water on the filter cake is 

evaporated due to the stored latent heat. The air treatment after the steam breakthrough is 

the optimal process to reduce the moisture to the maximal extent. The second way is the 

maintain the saturated or superheated steam during the second and third process phases. 

Steam pressure filtration should be operated in this way in case of washing and extraction 

of the volatile component in the filter cake and the residual moisture content [8, 12, 13]. 

In this thesis, in order to observe the crack formation in the mechanical 

displacement phase as well as the degree of the reduction of the residual moisture content 

in this phase, most tests are just stopped when the gas breaks through the filter cake. The 

further drying can lead to the drying effect, which affects as much the shrinkage on filter 

cake. Moreover,  there is unnecessary to survey the drying phase because the dewatering 

efficiency in the mechanical displacement phase would be a precursor to reducing the 

moisture further in the successive phases. 

1.3.  Filtration theory 

According to Rushton [1], the deposition of solid on filter medium or septum is 

shown schematically in Figure 2. The filter medium has a long-lasting effect on the filter 

cake structure and properties throughout the filtration cycle. This one will be discussed 

more below. The mathematical description of the process starts with the neglect of septum 

resistance. For the low flow rate through the porous system, the relationship between 

pressure drop and flow rate of liquid was first reported by Darcy in 1856 [7], called 

Darcy’s law. It can be regarded as fluid flow through a porous media analogous to Ohm’s 

law for the flow of electric current.  

∆p

L
=

μ ∙ dV ∙ 1

k ∙ dt ∙ A
 (1) 

Where p is a pressure drop; L is the bed deep (height of filter cake);  is the 

liquid dynamic viscosity; dV is the volume flowing in time dt and A is the cross-section 

area of the bed (area of filter cake). 
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Figure 2.  The deposition of solid during filtration [1]. 

During filtration, the solid deposited on the surface of the filter medium leads to 

the cake deep (height of filter cake) increase. The change of cake deep is accompanied to 

the shift in pressure differentially, fluid flow rate, as well as the increasing of filtration 

time.  Even if there are remain constant of the material's permeability, the viscosity of the 

liquid, and the filter cake area, the Equation (1) still has four variables. The constant 

system permeability is obtained when the particle size distribution and porosity do not 

change. This issue got a good agreement with Kozeny [15] about the permeability – one 

of the critical parameter which characterizes the ease with which liquid will flow within 

a porous medium, including filter cake.  

k =
ε3

K(1 − ε)2 ∙ SV
2  (2) 

Where SV is the specific surface area per unit volume of the particles and K is 

Kozenny constant (which is usually take 5 and 3.36 for slowly and rapidly depositing, 

respectively);  is the porosity of the porous system. 

The total volume Vtot of the porous filter cake includes the volume of solid Vs and 

the void volume Vvoid, which is defined at first as voids between compact particles. The 

void volume is typically not given in absolute value, instead of the relative value of the 

void volume, also known as the porosity  [16]. 

𝑉𝑡𝑜𝑡 = 𝑉𝑠 + 𝑉𝑣𝑜𝑖𝑑 
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𝜀 =
𝑉𝑣𝑜𝑖𝑑

𝑉𝑡𝑜𝑡
=

𝑉𝑣𝑜𝑖𝑑

𝑉𝑠 + 𝑉𝑣𝑜𝑖𝑑
=

𝑉𝑡𝑜𝑡 − 𝑉𝑠

𝐴 ∙ ℎ𝑐
=

𝐴 ∙ ℎ𝑐 −
𝑚𝑠

𝜌𝑠

𝐴 ∙ ℎ𝑐
= 1 −

𝑚𝑠

𝐴 ∙ ℎ𝑐 ∙ 𝜌𝑠
 

Actually, the meaning of porosity is the volume available for fluid flow. In many 

solid-liquid separations, the use of solid concentration C is often preferred than the 

porosity. The porosity is the void volume fraction, so the sum of those factors to unity. 

The solid volume fraction therefore can be defined [1]: 

𝐶 = 1 − 𝜀 

A material displays the constant's filter cake concentration (or no change in the 

porosity of filter cake), named incompressible material. This type of filtration is 

incompressible cake filtration, and all the result of the thesis belongs to this limitation.  

For incompressible filtration, the cake concentration is, thus for each volume unit 

of suspension filtered, the amount volume of filtrate increases uniformly and constantly. 

However, because of particles deposit continuously on the bed surface, liquid has to flow 

through the new layer on the filter cake, the total resistance increases (when the pressure 

difference does not change), resulting in the filtration rate declines as shown in Figure 3. 

Otherwise, the uniform of the volume of filtrate VL and the volume of the filter cake VC 

is also described in Figure 4. The constants  can be used to give an equation for cake 

deep at any instant time.  

β =
𝑉𝐶

𝑉𝐿
=

L ∙ A

V𝐿
 (3) 

Darcy’s law  can be rewritten is: 

𝑑𝑉𝐿

dt
=

A2 ∙ ∆p ∙ k

β ∙ 𝑉𝐿 ∙ μ
 (4) 

By multiplying both the numerator and denominator to solid concentration C and 

density S, this equation is rearranged and give a new form: 

dV𝐿

dt
= (

A

β ∙ V𝐿 ∙ C ∙ ρS
) ∙ (

k ∙ C ∙ ρS

1
) ∙ (

A ∙ ∆p

μ
) (5) 
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Figure 3. Chart for the cumulative volume of filtrate and filtration time [1]. 

 

Figure 4. The relationship between the volume of filtrate and the volume of filter cake 

during filtration [1]. 

In another way, the mass of dry solid depositing on the bed surface (𝐴 ∙ 𝐿 ∙ 𝐶 ∙ 𝜌𝑆) 

is equaled (𝛽 ∙ 𝑉𝐿 ∙ 𝐶 ∙ 𝜌𝑆). The term “mass dry solid depositing on filter cake per unit area 

of filter (w)” can be calculated: 

w =
β ∙ V𝐿 ∙ C ∙ ρS

A
 (6) 
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Because of incompressible filter cake, the permeability, density, and solid 

concentration are constant and can be replaced by specific resistance cake  which has a 

unit m/kg. 

α =
1

k ∙ C ∙ ρS
 (7) 

Substitution Equation (6) and Equation (7) to Equation (5), Darcy law has a new 

form: 

dV𝐿

dt
=

A ∙ ∆p

w ∙ α ∙ μ
 (8) 

If only cake resistance is considered in Darcy’s law, the pressure drop can be 

defined according to Equation (9): 

∆p𝑐 = μ ∙ Rc ∙
dV𝐿

dt
∙

1

A
 (9) 

Where: 

Rc = α ∙ w (10) 

 

Figure 5. The linear relationship between cake resistance and mass of solid deposited on 

filter cake [1]. 
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The overall resistance is increased during particle deposition. The rate of increase 

of cake resistance linear concerning the mass of dry solid deposited on filter cake and 

specific resistance cake is the ratio of two terms, as shown in Figure 5. 

In case of the term, c represents the mass of dry cake deposited per unit volume 

of filtrate, and the volume of filtrate are similar with the volume of liquid in slurry (for 

incompressible filtration), the mass of dry solid is calculated: 

w ∙ A = c ∙ V𝐿  (11) 

Which rearranges to give: 

w =
c ∙ V𝐿

A
 (12) 

Substitution Equation (12) into the Equation (8) gives:  

dV𝐿

dt
=

A2 ∙ ∆p

c ∙ V𝐿 ∙ α ∙ μ
 (13) 

This equation has three variables and four constants. The variables are pressure 

difference, time, and the volume of filtrate. The filter area, specific resistance cake, 

dynamic viscosity, and concentration are mentioned constants, where the concentration 

and specific resistance cake are constant in case of incompressible filtration. However, 

the pressure loss due to the flow of filtrate through the filter cake and filter medium. Total 

pressure drop is the sum of pressure drop over the filter cake pc and pressure drop in the 

medium pm. Likewise, the total resistance R is the sum of the cake resistance Rc and the 

filter medium resistance Rm.  

∆𝑝 = ∆𝑝𝑚 + ∆𝑝𝑐 (14) 

𝑅 = 𝑅𝑚 + 𝑅𝑐 

Darcy’s law is applied for both and can be rewritten:  

dV𝐿

dt
=

A2 ∙ ∆p

c ∙ V𝐿 ∙ α ∙ μ
=

A2 ∙ (∆𝑝𝑚 + ∆𝑝𝑐)

c ∙ V𝐿 ∙ α ∙ μ
 

∆p = ∆𝑝𝑚 + ∆𝑝𝑐 = μ ∙
α ∙ c ∙ 𝑉𝐿

𝐴
∙

dV𝐿

dt
∙

1

A
= μ ∙ (Rc + Rm) ∙

dV𝐿

dt
∙

1

A
 (15) 
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∆p = μ ∙ Rc ∙
dV𝐿

dt
∙

1

A
+ μ ∙ Rm ∙

dV𝐿

dt
∙

1

A
 

Substitution Equation (10) on this equation gives: 

∆p = μ ∙ w ∙ α ∙
dV𝐿

dt
∙

1

A
+ μ ∙ Rm ∙

dV𝐿

dt
∙

1

A
= μ ∙ c ∙ α ∙ V𝐿 ∙

dV𝐿

dt
∙

1

A2
+ μ ∙ Rm ∙

dV𝐿

dt
∙

1

A
 

Rearrange this equation and integrate, gives: 

dt =
μ ∙ c ∙ α

∆p ∙ A2
∙ V𝐿 ∙ dV𝐿 +

μ ∙ Rm

A ∙ ∆p
∙ dV𝐿 

⟺ ∫ dt = ∫
μ ∙ c ∙ α

∆p ∙ A2
∙ V𝐿 ∙ dV𝐿

V

0

+ ∫ μ ∙ Rm ∙
1

A ∙ ∆p
∙ dV𝐿

V

0

t

0

 

⟺
t

V𝐿
=

μ ∙ c ∙ α

2 ∙ A2 ∙ ∆p
∙ V𝐿 +

μ ∙ Rm

A ∙ ∆p
 (16) 

Which c =
mS

VL
 

Equation (16) is the straight line, where t/VL is the dependent, and VL is the 

independent variable. The graph of the experimental data points of t/VL against VL 

permits calculating the gradient and intercept. Which: 

Gradient =
μ ∙ c ∙ α

2 ∙ A2 ∙ ∆p
 (17) 

Intercept =
μ ∙ Rm

A ∙ ∆p
 (18) 

Thus if the liquid viscosity, cross-section area of the filter, pressure difference, 

and the ratio between the mass of dry cake and volume of filtrate are known, the chart 

can be used to calculate specific resistance cake and filter medium resistance.  

In order to extend the filtration model, Walter Gösele [17] introduced to the 

specific resistance cake follow the equation of Darcy: 

∆p1 = (
V̇

A
) ∙ H ∙ μ ∙ αH (19) 

The SI unit is 
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Pa =
m3 s⁄

m2
∙ m ∙ Pa ∙ s ∙ m−2 

The unit of H must be m-2 in order to satisfy the Darcy equation. The reciprocal 

of the filter resistance H is also called permeability 𝑘 =
1

𝛼𝐻
[𝑚2] . Sometimes it is more 

comfortable to define the height of filter cake in terms of solid mass per unit area and lead 

to a little difference in the definition of cake resistance.  

∆p1 =
�̇�𝐿

A
∙

m

A
∙ μ ∙ αm (20) 

In this case, the unit of specific resistance has the unit “m/kg” and is called solid 

mass related filter cake specific resistance. The H named cake thickness related filter 

cake specific resistance. The relationship between the two kinds of resistance can be 

calculated by the equation: 

αH ∙ H = αm ∙
m

A
 (21) 

αm = αH ∙
H ∙ A

m
= αH ∙

Vtotal

Vs ∙ ρs
= αH ∙

1

(1 − ε) ∙ ρs
 (22) 

Equation (17) shows how to calculate the specific resistance cake  related to the 

solid mass. In order to calculate the H, Equation (17) can be rewritten:  

Gradient =
μ ∙ c ∙ αH ∙ H ∙ A

2 ∙ A2 ∙ ∆p ∙ m
 (23) 

By the define the concentration parameter , as is defined in appendix D1, the 

Equation (23) gives: 

Gradient =
μ ∙ αH ∙ κ

2 ∙ A2 ∙ ∆p
 (24) 

Which 

κ =
cv

1 − ε − cv
 (25) 

Thus, while Equation (16) is the integrated form of Darcy’s law with the solid 

mass related filter cake resistance (specific resistance cake  has the unit kg/m), the 
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integrated form of Darcy’s law with the thickness cake related filter cake resistance 

(specific resistance cake H has the unit m-2) can be given: 

t

V𝐿
=

μ ∙ αH ∙ κ

2 ∙ A2 ∙ ∆p
∙ V𝐿 +

μ ∙ Rm

A ∙ ∆p
 (26) 

In practical, by collecting the amount of filtrate in time, the experimental result is 

plotted in the form of  
𝑡

𝑉𝐿
= 𝑓(𝑉𝐿). 

Which f(VL) is the integrated form of Darcy’s law.  

The linear diagram is shown in Figure 6. 

 

Figure 6. The linear diagram between t/V versus V [17, 18].  

However, the experimental data often differs from the ideal linear characteristic, 

as shown in Figure 6. The kind of deviation indicates the second effect, which occurred 

during filtration and is shown in Figure 7. 

The reason for errors can be explained according to [17, 18]: 

A: Theoretical curve without secondary effect. 

B: Some solid has settled before filtration start and increases the filter medium 

resistance. 

C: At the beginning of filtration, there is turbidity in the filtrate. The solid loss 

reduces the amount of cake, clearly indicates the negative of filter medium resistance. In 

case no turbid filtrate is found, the fine solid could deposit inside the filter medium, 
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blocking it in the long run. This curve also indicates the floating solid, where the clear 

filtrate is filtered at the beginning of filtration. 

D: The solid settled out completely, increasing the speed of cake growth. At the 

end of filtration, the filtrate is filtered with the constant resistance cake. 

E: Only the coarse particles are settled out. After that, the remaining fine particles 

are filtered, and the resistance increases. This case also sees when the time for filtration 

is long and wide particle size distribution. 

F: The fine particles trickle through the filter cake, maybe blocks the pores, even 

blocks the filter medium. The process can be described as a blocking filtration. On the 

other hand, the non-linear (t/V vs. V) data also derived from the formation and behavior 

of the skin even is accepted than the idea of the migration of particles. This permeability 

of the skin could decrease throughout filtration, result in grow up specific resistance in 

time [19-21]. 

 

Figure 7. Types of deviation occur during filtration [17, 18].  

A further cause of deviations might be: 

- The determination of the begin or the end of filtration. This endpoint is 

particularly difficult without the sight glass. Therefore, some last points of filtration are 

skipped. 

- Unusual properties of suspension like foam bubbles, oil droplet, non-

Newtonian rheology of liquid, or nonisometric of particles.  
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- The sediment may be so voluminous that it fills the whole suspension. The 

deviations maybe come from the precipitation to new solid, continuing of agglomeration 

that changes the effect of particle size.  

1.4. Cake deliquoring - immiscible fluid displacement in porous media 

According to Wakeman and Tarleton [22], after filtration, one of the methods to 

dewater filter cake is to replace the retained water that has been in cake pores by an 

immiscible fluid. The second fluid is gas, with air being used most commonly. Typically, 

the term “deliquoring” is used in case of dewatering of filter cake by mean of a gas 

pressure differential to reduce the moisture remaining in the voids. In the deliquoring 

process, the filter cake is mentioned as a matrix of solid particles in a liquid and gas 

mixture, and the mode of removal liquid reduces one or two-phase flow through the 

porous medium. One of the fluids is usually liquid (filtrate) in feed slurry, will tend to 

wet solid in preference to incoming gas. As a result, the wetting fluid (liquid) flows 

through the solid and prevents the non-wetting fluid (gas) getting contact with the solid. 

The gas flows through the remaining voids spaces and contacts the retained liquid rather 

than with solid. The shape of the flow channel is considerably modified by the presence 

of liquid and the extent of saturation of the cake by the liquid. The saturation, S, is defined 

by:  

S =
the volume of liquid in the cake

the volume of voids in the cake
 (27) 

The liquid tends to smooth the surface of the channel. Thus gas does not 

experience such a sharp change in direction like it would if the cake were completely dry.  

According to Ullmann's Encyclopedia of Industrial Chemistry - Filtration [17], 

the residual saturation with moisture as a function of time and then asymptotically 

approach the equilibrium value as a presence in Figure 8. 

Thus, an equilibrium value is established with regard to the mechanical 

displacement of liquid. Thermal drying by airflow will reduce further to the total dryness 

of filter cake if the airflow is maintained long enough. Nevertheless, generally, the 

thermal effect is minimal as compared to the mechanical impact because of the low mass 

of air flowing through the filter cake [16]. The final “equilibrium” moisture for 

mechanical dewatering depends on the nature of the cake, the applied pressure difference. 
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The initial deliquoring speed also depends on cake thickness. For both values, the flow 

rate of gas is not important if it is not produced pressure difference [16]. 

 

Figure 8. Deliquoring by gas pressure – the residual saturation as a function of time [17]. 

 

Figure 9. Types of capillary pressure curve for imbibition and deliquoring [17, 23].  

For the same material as well as cake thickness, at each pressure difference, the 

saturation has defined value at equilibrium state. A plot of saturation of the cake and 

pressure difference in this state is called a capillary pressure curve. The saturated filter 

cake is placed in the filter on the filter medium (semipermeable membrane – this 
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membrane is permeable for liquid and impermeable for gas at the applied pressure. The 

quantity of filtrate displaced from filter cake is collected. A typical capillary pressure 

curve is shown in Figure 9. The curve starts from a completely saturated cake (saturation 

= 1). The pressure difference increases slowly. At each set point of the equilibrium state, 

the quantity of displaced liquid is registered, yielding one point in the capillary pressure 

curve. The liquid is displaced for the first out of filter cake when the pressure exceeds a 

certain threshold pressure. This pressure value is capillary pressure entry (pce)[16, 24]. 

Each time, when a pore is emptied, the gas pressure overcome the capillary pressure at 

the neck of the pores, with diameter dpore, neck. This is the traditional 2D-view on filter 

pores.  

pce =
4 ∙ σ ∙ cos δ

dpore,neck
 (28) 

Further increasing the pressure difference, liquid in the fine pore is displaced, and 

the moisture is reduced to irreducible saturation after infinite time beyond at which no 

further reduction is reached. The residual moisture corresponds to the amount of liquid 

that is trapped in isolated domains within the filter cake (internal water) [17, 25]. 

In most cases, there is no semipermeable membrane below the filter cake, 

normally that is a permeable filter medium for gas as well as liquid, such as filter cloth. 

Gas and liquid flow simultaneously through the filter cake. A gas exerts capillary force 

onto the adjacent liquid, both gas and liquid flow in the same direction, however with the 

different speed and different pressure (local pressure between gas and liquid is equal to 

local capillary pressure). The difference saturation between the top and bottom of the 

incompressible filter cake is small.  

The permeability of saturated filter cake is the same if either gas or liquid flow 

through the pores. However, pores filled liquid and pore filled gas form two separate 

capillary systems, each of them with reduced permeability. The local permeabilities (for 

liquid or air) about the permeability of the saturated cake are called relative permeability. 

They depend on the degree of saturation and can be calculated as:  

For the wetting fluid (the liquid) 

krel,w =
kw

k
=

α

αw
 (29) 



19 
 

For non-wetting fluid (gas) 

krel,n =
kn

k
=

α

αn
 (30) 

 

Figure 10. The relative permeability as a function of degree saturation [17].  

Relative permeability is shown in Figure 10 as a function of degree saturation of 

filter cake. For the wetting phase, relative permeability reduces from 1 to 0 when the 

saturation decline to irreducible saturation. At the other extreme, the flow of air reaches 

0 when the degree of saturation is 0.9 and has a maximal value at irreducible saturation 

[17].  

The capillary pressure acts to retain liquid inside the pores of the cake and is 

dependent on the saturation of the filter cake and the range of pore sizes that exist therein. 

The most useful relationship is obtained by measuring a capillary pressure curve for the 

porous medium or filter cake and then plotting the capillary pressure against saturation. 

After defining the reduced saturation, SR, as [22]: 

SR =
S − S∞

1 − S∞
 (31) 

Which S is irreducible saturation, the resulting data can generally be described 

by Brook and Corey [26]; Wakeman  [27, 28]. 
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SR = (
pb

pc
)

λ

 for pb ≥ pc (32) 

Where  is a pore size distribution index which characterizes the range of pore 

size in filter cake, pc is the capillary pressure and pb is the threshold pressure.  

The threshold pressure increase as the mean size of particles in the cake decreases, 

and as the size range increases, the value of  does not follow any trend of particle size, 

probably because it also depends on the size range of the particles in the distribution. The 

variation in the value of   is not significant for smaller particles, and the change leads 

only to a small variation in the relative permeability [22, 28]. Therefore, the pore size 

distribution  is suggested 5 to be a reasonable value for practical purposes [22]. 

One of the expression for the relative permeabilities in term of the pore size 

distribution index  has been described by Wakeman [22]: 

krg = (1 − SR)2 ∙ (1 − SR

(2+)
 ) = (1 − (

pb

pc
)

λ

)

2

(1 − (
pb

pc
)

2+λ

) (33) 

krl = SR
(2+3λ) λ⁄

= (
pb

pc
)

2+3λ

 (34) 

1.5.  Tensile stress between particles 

The study of particles gives the different types of interparticle forces and their 

relative importance as a function of particle size. Interparticle forces can be listed Van 

der Waals forces, forces due to adsorbed liquid layers, forces due to the liquid bridge, 

electrostatic forces, and solid bridge.  

Van der Waals forces exist between all solid molecularly based attractive forces 

collectivity. The energy of these forces is of the order of 9.1 eV, and the range is broad 

compared with chemical bonds.  

Forces due to adsorbed liquid layers are kind of force occurring because of the 

condensable vapor adsorbed layer on the solid’s surface. The strength of the bond depends 

on the area of contact and the tensile strength of adsorbed layers.  

The electrostatic force occurs because of the transfer of electrons between the 

bodies, which results from friction when the particles collide or the frequent rubbing of 
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particles against the equipment’s surface. This force may be attractive or repulsive, do 

not require contact between particles, and acts in long distance.  

The solid bridge may take three forms: crystalline bridge, liquid binder bridges, 

and solid binder bridges. It is the permanent bonding within the granule as the liquid is 

removed from the original granule. Forces due to liquid bridges (liquid bridge force) are 

specifically crucial in the granulation process. Although the adsorbed liquid layer forces 

exist and increasing particle-particle contact and reducing the interparticle distance, these 

forces are usually negligible in comparison with liquid bridge forces, which is form by 

the presence of sufficient magnitude of liquid. There are four types of the state, depending 

on the proportion of liquid present between groups of particles. They are pendular, 

funicular, capillary and droplet, as shown in Figure 11 [29, 30]. 

 

Figure 11. Types state of group particles depending on the amount of liquid [29, 30]. 

In the pendular state, the liquid is presented as a point contact in the bridge neck 

between particles. They are separated and independent with others. The interstitial space 

between particles is porosity. As the proportion of liquid to particles is increased, the 

liquid is free to move, and the surface tension boundary attractive force between particles 

decreases upon increasing separation. This state is funicular. By increasing the amount of 

liquid, then capillary state occurs where the pores are filled by liquid. There are fewer 

curved liquid surface and fewer boundaries for surface tension to act on. Finally, when 

the particles are entirely dispersed on liquid, the regime is called a droplet state, where 

the strength of the structure is very low [29]. Because the author is just only mentioned 
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the attractive force caused by the liquid bridge, result in when there is sufficient liquid to 

completely fill the interstitial pores between the particles (capillary), the granule strength 

falls further as there are fewer curved liquid surfaces and fewer boundaries for surface 

tension forces to act on. Moreover,  the particles are completely dispersed in the liquid 

(droplet), the strength of the structure is very low. Some studies also showed the 

comparison and interaction between forces, as can be seen in Figure 12. 

 

Figure 12. Theoretical tensile strength of agglomerates with different bonding 

mechanisms  [29, 31]. 

H. Schubert [32], in his research, also mentioned the dependence of tensile 

strengths and liquid distribution on the system, which can be characterized by saturation. 

It can be said this is the comprehensive research, adding more information for the 

mentioned above. Different liquid distribution influences the strength of moist 

agglomerate in different ways. The diagram in Figure 13 shows the idea about these 

relationships. The upper chart is the relationship between tensile stress and saturation. 

Corresponding to the degree of saturation, the lower chart shows the capillary pressure in 

the particle system.  

With a certain assumption, Rumpf [33] has given the tensile stress in the pendular 

state: 

σt =
1 − ε

ε
∙

F∗

x2
 (35) 
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Where  is the porosity, F* is the mean adhesion force transmitted at a contact 

point and x the mean particle size. For liquid bridge: 

F∗ = FH ∙ γ𝑙𝑔 ∙ x  (36) 

Where lg is the surface tension; FH is the average adhesion force per contact point. 

According to Heinrich Schubert [34], the meaningful value for the dimensionless 

contact spacing is assumed 0.035 (distance particles/particle size), the equation (36) can 

be written: 

F∗ ≅ 1,9 ∙ γlg ∙ x (37) 

Equation (35) is rewritten: 

σz ≅ 1,9 ∙
1 − ε

ε
∙

γlg

x
 

(38) 

 

 

Figure 13. Tensile stress and capillary pressure as a function of saturation [32]. 

In the capillary state, tensile stress can be calculated following the equation: 
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σt = S ∙ pc (39) 

For the funicular state, the tensile stress is the result of both bondings caused by 

liquid bridge and bonding caused by region filled by liquid. The assumption is if either 

bonding bridge or bonding capillary dominated, tensile stress is indicated by plot b 

(Figure 13 top). If both bonding mechanisms are superimposed, tensile stress is shown in 

the plot a (Figure 13 top). The extent to which the bridge model contributes cannot be 

predicted with certainty. Helmar Schubert [35] discussed the tensile stress caused by two 

mechanisms following equation: 

For liquid bridge mechanism: 

σB
′ = σB ∙ (Sk − S) (Sk − SB)⁄  (40) 

For capillary mechanism: 

σk
′ = pk ∙ Sk ∙ (S−SB) (Sk − SB)⁄  (41) 

Tensile stress in case of both superimposed mechanism is suggested: 

σz = σB (pendular) ∙
Sk − S

Sk − SB
+ pk ∙ Sk ∙

(S − SB)

Sk − SB
 (42) 

1.6. Coal processing/ washing 

Coal is a fossil fuel. It is a combustible, sedimentary, organic rock, which is 

composed of carbon, hydrogen, and oxygen. It is formed from vegetation that has been 

consolidated between other rock strata and altered by the combined effect of pressure and 

heat over millions of years to form coal seam.  

The degree of change undergone by a coal as it matures from peat to anthracite, 

known as coalification – has an important bearing on its physical and chemical properties 

and as referred to the rank of the coal. Lower rank coal such as lignite and sub-bituminous 

coals are typically softer, friable materials with a dull, earthy appearance. They are 

characterized by high moisture levels, low carbon content, and therefore a low energy 

content. High-rank coal is generally harder and stronger, often has a black, vitreous luster. 

They have more carbon, lower moisture content, and produce more energy.  
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Figure 14. Types of coal [36]. 

 

Figure 15. Coal reserves in regions [36]. 

Anthracite is at the top of the rank scale and has a corresponding higher carbon 

and energy content and lower levels of moisture. The ranking of types of coal is shown 

in Figure 14. It has been estimated that there are over 984 billion tonnes of proven coal 

reserved worldwide. Coal can be found on every continent in over 70 countries, with the 

most significant reserves in the USA, China, Russia, and India. Figure 15 shows the coal 

reserves in each region [36]. 

Vietnam is one of the most important producers of anthracite. Currency available 

data show that the coal reserves in Vietnam are about 49.8 billion tons. Coals reserve are 

classified into a few categories (according to the Vietnam standard): measured and 

indicated reserves (categories A, B, and C1) is 33%, inferred 39%, and prognostic 
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resource (B) is 28%. Vietnam has almost types of coal such as anthracite (already mined), 

bituminous, sub-bituminous coal, lignite coal, and peat coal. Coal is located along 

Vietnam such as Quangninh, Red River delta, Mekong river delta, etc. (Figure 16). 

 

 

Figure 16. The distribution of coal reserves in Vietnam [37-40].  
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Figure 17. The distribution of coal reserves in Quang Ninh [37-40]. 

 

Figure 18. Major coal mines around the Cam Pha - Quang Ninh region [37, 38]. 

The most important coal basin in Viet Nam is Quang Ninh. Quang Ninh is in 

North East part of the country with an area of about 5900 km2. Coalfields are located near 

the coast, so it is convenient for transportation. Coal is exploited from 1839 to today. 

Figure 17 shows the main coal deposit in the Quang Ninh basin. Otherwise, the major 

coal mines around Cam Pha, where supply run-of-mine coal (ROM coal) for Cua Ong 

Coal Washing Plant, is also shown in Figure 18. 
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Coal plays an important role in the economy and the development of Vietnam. 

The demand of coal for the domestic market has increased steadily every year. In five 

years, domestic coal demand has risen from 18 million tons (in 2007) to 24.8 million tons 

(in 2012). According to the master plan of coal industry development in Vietnam 2020, 

with perspective 2030, the total coal will get up to 60 million tons in 2020, 65 -70 million 

tons in 2025, and 65-75 million tons in 2030. According to the balance of supply and 

demand, if the power plants put into operation on schedule under the master plan VII 

(National Master Plan For Power Development – Vietnam Government), Vietnam will 

need 62 -72 million tons of coal, in which coal for power need 42-72 million tons, coal 

for other industries need 20-22 million tons. Vietnam has to import energy coal with the 

amount from 10 -12 million tons in 2020 [41]. The supply and demand of coal are 

predicted to 2030, shown in Figure 19. 

In past years, Vietnam exported coal to many countries and territories such as the 

EU, Japan, Korea, India, Taiwan, China, etc. Nevertheless, for the future, when the 

domestic demand arises, the export plan will reduce and reduce more in the coming years 

to ensure coal supply to the economy. Vinacomin, in the role of an economic corporation 

with 100% owned by the state, has promoted technological research, apply advanced coal 

processing technology toward to diversification of products, create clean and 

environment-friendly products [41].  

 

Figure 19. The data and prediction of supply and demand of coal [41]. 

In the Vietnam coal industry, coal is usually prepared before consuming. There 

are two stages of preparation. The first one is that two implements the ROM coal pre-
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treatment system by hand-picking, screening, grinding, or blending. In the second stage, 

coal is upgraded in the preparation plant. In Quang Ninh, there are three big plants, 

including Cua Ong Coal Washing plant, Nam Cau Trang Coal Washing plant, and Vang 

Danh Coal Washing plant. The former is the greatest plant, with more than 10 million 

tons per year. The Cua Ong plants include two modules (factory 1 and 2) with many 

methods for enrichment like Jig, spiral separator, cyclones, dense medium separator. The 

flowsheet is shown in Figure 20 and Figure 21.  

The products are diverse in types and quality such as clean coal below 6mm, 6 -

15 mm; 15-35 mm; 35 – 50 mm with the ash content 5 – 6 %, moisture content 6%; for 

fines coal products, the ash content can reach 8 – 45%, the moisture content is from 8 to 

11.5 %. The quality of coal is achieved by separation technologies in factories 1 and 2. 

The residual moisture content of coarse coal products can be reduced easily by the screen. 

Fine coal from two factories is collected to the Dewatering plant. The flowsheet for this 

factory is shown in Figure 22. The Dewatering plant (also called the Environment plant) 

was built by the Chinese in 2010. The annual capacity up to 1 million tons per year with 

the designed residual moisture content of products 20-22% after filtration and continue 

reducing to 10% after thermal drying. The plant has three hyperbaric filters 90 tons/hour, 

three air compressor 2.52 m3/ minute, nine air compressors 40 m3/minute, three disk 

feeders with conveyor belt, and other transportation equipment. Before coming to the 

dewatering, below 1 mm fine coal is pumped to thickening with flocculant aid. A 

significant amount of water is separated. The remaining water with fines coal is pumped 

to filter. After filtration, fines coal is transported to the thermal rotary drum dryer. The 

residual moisture content of fine coal is expected, reducing to 10%. However, the actual 

production shows the residual moisture content after filtration and drying are 25% and 

15%, respectively. This issue affects the quality of products, difficult for transportation, 

increasing production cost (due to remaining water in products cannot re-production), 

environmental pollution.  

It can be said that coal has an important role in energy security and general 

economic development. This role is especially crucial in the context of a developing 

country like Vietnam.  

This Ph.D. thesis focuses on crack formation mechanism - one of the detrimental 

factors affecting the filtration efficiency, assessing the moisture content of materials and 

using new methods to prevent adverse factors, improve the efficiency of filtration and 
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dewatering. Pure limestone, which is a kind of material object, was used. Otherwise, in 

order to have a link to a commercial relevant application, especially for Vietnam, fine-

grained coal (after washing) is used. The coal belongs to the Cua Ong Coal Washing 

Company, which is currently being filtered by hyperbaric filter technology. Still, the 

filtration results are not like the expected, as mentioned above as well as in Figure 22. 

There was some research about coal dewatering, but there is not for fines coal in Vietnam. 

The result of research about Vietnam fine coal is not only meaning in academic but also 

in practical production. More details of coal properties, as well as limestone, are described 

in the "the materials used" section (section 3.1 - pages 51). 
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Figure 20. Flow sheet of Factory I – Cua Ong Washing Plant (data from Coal Technical 

department – Cua Ong Coal Washing Plant). 
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Figure 21. Flow sheet of Factory II – Cua Ong Washing Plant (data from Coal Technical 

department – Cua Ong Coal Washing Plant). 
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Figure 22. Flowsheet of Dewatering plant (Environment plant) – Cua Ong Washing Plant 

(data from Coal Technical department – Cua Ong Coal Washing Plant). 
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2. Literature review 

2.1. Cracking on filter cake and the dewatering process with and without cracking 

Cracking is an undesired phenomenon that is encountered frequently during the 

deliquoring phase (mechanical displacement phase) of the filtration process. When the 

crack occurs, the air preferentially flows through the great channels, which are much 

bigger than the tutorous pathway of pores. The local pressure difference is not enough to 

push the liquid out of the filter cake. This phenomenon leads to a significant disadvantage 

about the economy, such as the gas consumption (in some cases is the washing water 

consumption) is mostly increased by order of magnitude. Otherwise, the process has 

negative results like higher residual moisture content, lower purity. Even to satisfy the 

requirement of consumers or to achieve the technical criteria, the disadvantage mentioned 

compelling the choice of more expensive dewatering processes such as higher thermal 

energy drying stage.  

In the case of the gas differential dewatering process, when the gas gets in contact 

with the wet surface of the filter cake, the cracks may occur. There are two kinds of 

cracking mechanisms that can be seen in Figure 23.  

 

Figure 23. Diagram and picture for micro-cracking and macro-cracking on filter cake 

during the mechanical displacement phase. 

Micro-cracking is a kind of phenomenon that cracking happens on top or at the 

bottom or the edge of the filter cake. However, they do not contact together and are 

usually small, randomly shaped. This cracking does not or less affect the dewatering as 

well as the washing process.  
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The second one is macro-cracking. This one occurs on top of the filter cake and 

propagates through the filter cake to the bottom of the filter cake. They are characterized 

by large size, link from top to bottom, similar shape. They have a tremendous negative 

effect to further deliquoring and most disadvantage mentioned above.  

Also, there should be another mentioned disadvantage that also occurs from the 

cake formation and remain during the deliquoring phase. The delamination planes divide 

the filter cake into two or more sections horizontally, as illustrated in Figure 24. This 

phenomenon is caused by stratification particles with different degrees. It can also affect 

the amount of liquid inside the filter cake as well as the results of the post-process  (like 

washing, extraction, etc.). 

 

Figure 24. Diagram and images for cracking horizontally due to sedimentation. 

For almost understanding, shrinkage cracking is considered to be a random 

phenomenon. Due to the lack of knowledge of physical reasons for crack formation and 

the hugely detrimental effects, shrinkage cracking has been tolerated in industrial 

filtration. However, according to Anlauf et al. [42], several methods have been applied to 

prevent cracking effects using additional constructive measures. Figure 25 shows a few 

of them. 

 

Figure 25. Constructive measure for suppression of crack formation [42]. 
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With the assistance of the roller, specially designed spindles incorporating 

flattening elements and pressure belt, the crack can be pressed or smeared together and, 

indeed, partly suppressed. The first two ways are presented, as in the case of smooth 

spreading of the cracks formed in batch pressure filter with stirrers. These methods are 

indeed a superficial solution because either crack is still inside the filter cake or split 

again. The prevent cracks by pressure belt are the most expensive measures and decrease 

the dewatering area of the rotary filter. The later problem in this method can be solved by 

using the belt of a porous woven material, in which case a supplementary construction is 

necessary in order to remove clogging particles. One of the last measures to close the 

crack in filter cake is the addition of feed suspension. This issue is in-effect because one 

hand, the part of the filter cake is moistened again that. On the other hand, such “double-

filtered” includes the zone of inhomogeneous permeability caused by crack formation 

reappear again. The best methods to eliminate the harmful effects of crack as well as to 

avoid the crack formation on filter cake is, of course, clarify the physical of process. 

 

Figure 26. Schematic illustration of the liquid bridge between two particles and the 

corresponding effective capillary forces (adhesion FA and capillary suction FCS) [5]. 

Wiedemann and Stahl [5] studied the shrinkage behavior, which can be 

determined for all products. The formation of cracking is generally caused by the 

shrinkage of the filter cake, which is the result of the action of capillary forces or the 

change of particle interaction forces. In the case of the gas differential dewatering process, 

the capillary forces (including adhesion force and capillary suction forces in Figure 26) 

are driving the potential for the shrinkage. They arise at the moment when the gas phase 

gets in contact with the wet filter cake surface. If the stresses generated by the capillary 

forces exceed the tensile strength of the filter cake, the formation of crack begins [32]. 
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The tensile strength is given by stress, which is transferable until the weakest bridges 

break.  

The results of the investigation indicated that all measured shrinkage curves could 

be divided into three parts: normal, residual, and zero shrinkage, as can be seen in Figure 

27. In the normal section, the shrinkage of the filter cake achieves with the keeping initial 

saturated state (saturation = 1). Residual shrinkage witnessed the decreasing of both 

saturation (S) and void ratio (e), which the later is characterized by the ratio between pore 

volume and solid volume. In the zero shrinkage section, the void ratio shows the constant 

value, while the saturation continuously reduced, leading to the further desaturation of 

the filter cake. 

 

Figure 27. Characteristic shrinkage curve with three sections [5]. 

The maximum dimension of the filter cake, as can be called shrinkage potential 

emax, is positively affected by a decrease of the surface tension (Figure 28). By 

observation, the change of shrinkage potential can be directly correlated with the change 

of cracking behavior. When the shrinkage potential does not exceed the critical shrinkage 

potential (the value is different with different material), no formation of cracking (Figure 

29). Otherwise, by reducing surface tension as a means of thermal energy input in the 

phase interface. In that case, surface tension in the function of temperature at the phase 

boundary. One of the most economical methods of supplying high temperature is, using 

saturated or superheated steam instead of the gas during the mechanical displacement 

phase.  
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Figure 28. The shrinkage potential of filter cake against the compressive pressure at 

variety of surface tension [5]. 

 

Figure 29. No crack and no shrinkage at the higher pressure minimum compressive 

pressure [5]. 

Otherwise, the variety of organic and inorganic materials with the different 

particle size distribution (Figure 30) for tests showed the effects on shrinkage potential. 

It can be seen that smaller material need higher minimum compressive pressure. The 
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shrinkage potential at each pressure is higher for smaller size products, as can be seen in 

Figure 31. 

 

Figure 30. The particle size distribution of some test materials [5]. 

 

Figure 31. Comparison of the shrinkage behaviour of different organic and inorganic test 

products [5]. 

Anlauf et al. [16, 42] investigated that the appropriate choice in cake formation 

and dewatering conditions or the accurate dimension of the filter area influences the 

shrinkage crack formation and may prevent its formation. The tensile stresses between 

the particles caused by the displacement of liquid in the deliquoring phase can be partly 



40 
 

compensated by cake shrinkage. However, because of the cake/cloth interface, the 

movement of particles is restricted. The shrinkage degree of the filter cake is not the same 

in all directions. The two existing possibilities are demonstrated in Figure 32. The tensile 

stresses, which can be withstood before it cracks, increase with the increase of pre-stress 

caused by the filtration pressure difference. Thus, Anlauf concluded that the higher 

applied pressure, the lesser is the tendency for the cake to crack. There is a relationship 

between the filter cake height and filtration pressure difference. For each the amount of 

filtration pressure, there exists a maximal cake height independent of the filter area, where 

the pre-stress is enough to stabilize particle structure.  

 

Figure 32. Confined and non-confined shrinkage of a filter cake [16, 42]. 

 

Figure 33. Cake cracking during pressure and hyperbaric vacuum filtration of PbS ore 

[42]. 
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Figure 34. Cake cracking during pressure and hyperbaric vacuum filtration of ZnS ore 

[42]. 

 

Figure 35. The probabilty of cake cracking in the difference of filter cake area and cake 

thickness for circular and rectanguler filter plate [42]. 

Anlauf’s experiments were conducted in circular and rectangular hand filter 

plates. For rectangular filter plates with A = 48.4 cm2, the probability of cracks rises 

slightly with higher cakes. The result was the same with the area of 400 cm2, as can be 

shown in Figure 33 and Figure 34. Otherwise, two figures also show the combination of 

suitable filter cake height and pressure, which had 0 % of cracking formation probability. 
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For circular filter plates with A = 300 cm2, 100% cracking occurred for all cake height. 

While with A = 49 cm2, the experimental result shows a contrary tendency, the higher 

cake, the lesser cracking formation during dewatering, as shown in Figure 35 (G).  

However, the effect of the height of filter cake on crack formation was conducted 

in a large area and low filter cake. It means the ratio between filter cake height and area 

(h/A) is much smaller than 1. The result for cracking formation probability in h/A= 1 or 

much higher than 1 need to research. 

Wakeman mentioned the role of internal stresses in filter cake cracking in case of 

vacuum filtration[43]. There are three typical shapes of saturation distribution curves, as 

can be seen in Figure 36. 

 

Figure 36. Illustration saturation distribution curves [43]. 

Schematic (a) on the left obtained by the drainage a cake with moderate suction 

potential. In the region near the cake surface, close filter cloth, the saturation is 

independent with its position on the filter cake. There is no dewatering in this region. The 

stress is focused on the central core of the cake, where saturation has a gradient. 

Schematic (b) in the middle shows the obtained from filter cake with high suction 

potential, where only the layer on top of the filter cake, close to the air inlet surface, 

withstand stress and draining the cake. A big part of the filter cake is at a constant 

saturation level. Schematic (c) on the right is typically for low suction potential cakes, 

which can be drained to almost their permanent residual saturation level. The stress for 

this situation can be found in the lower part of the filter cake, close the filter cloth. The 

cracking phenomenon is usually observed in high suction potential filter cake, where the 
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stress concentrated on the top surface, exposed to the gas, as can be seen in Figure 37.  

For the moderate suction potential cake, by increasing the desaturation force will prevent 

the cracking cake. The pressure drop is increased, and the stress boundary moves deeper 

into the cake. Greater deep at the surface becomes unstressed. Stress is indicated between 

the dashed line in Figure 38.  

 

Figure 37. For high suction potential filter cake [43]. 

 

Figure 38. For moderate suction potential filter cake [43]. 

Rushton et al. mentioned some attention of researchers about the cake cracking in 

their book “Solid-liquid filtration and separation technology” [1]. Cake cracking may 
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occur in the rotary vacuum drum filter, in which case the effective vacuum pick up may 

be reduced. A list of methods is suggested to prevent the cracks. They are firstly the 

formation of filter cake from diluted feeds suspension rather than concentrated ones. 

Thus, in the formation of pre-coats from filter aid, 1 or 2 mm layers are usual, from feed 

slurry is 3 – 6 wt%. The secondary is the avoidance of the uncontrolled filter cake 

dewatering. The successive method is the formation of thin filter cake rather than thick 

filter cake; the deep of filter cake can be easily controlled by the speed of the rotary drum. 

Finally, cake cracking can be avoided when the precoat is formed under the lower vacuum 

rather than that used in the filtration process.  

They also discussed the cracking are the results of the sudden change in porosity 

during the cake washing operation. Both cake porosity and specific resistance are strong 

functions of solids concentration. In the washing phase, there is no solid content input of 

the flowing liquor. This may lead to a change in the structure of filter cake. In some 

conditions, the difference in solids content leads to the change of structure filter cake. 

Further work suggested that filter cake cracking may be controlled by appreciating filter 

media, which are divided into sets of the small permeable zone. The filter cake is formed 

on those elements and spread out in honeycomb formation.  

Barua, in his Doctor of philosophy (PhD) Thesis “Experimental study of filter 

cake cracking during deliquoring” [4] shows the detailed research about cracking 

formation. It can be considered as the most comprehensive study of filter cake cracking 

up to now. His investigation shows that the occurrence of cracking can be influenced and 

prevented through careful control of the critical input parameters. They are initial slurry 

concentration, settling time, filter cake aspect ratio, the number of fine particles, filtration 

pressure difference, surfactant addition, surface tension, and viscosity of suspending 

solvent. The study shows that cracking is the result of a specific repeatable mechanism. 

Trends of cracking can be seen, although some anomalies also have seen. The materials 

were high purity calcium carbonate (CaCO3) batch codes Superlon L15 & L200, 

produced from high purity carboniferous limestone. The L15 is fine material while the 

L200 is the wider particle size distribution, consist the coarse material. The mean particle 

size of the material is shown in Table 2. The L15 was used to mix with L200 at 20% 

increment in order to investigate particle size influence. The first result is the effect of the 

mass fraction of fines on filter cake craking. The trend can be observed by incremental 

the amount of lower 15µm particles, the higher probability and degree of cracking. Two 
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kinds of prefiltration time are applied: no settling and full settling. No settling time is 

mean the suspension was filtered immediately in Nutsche. Meanwhile, the full settling is 

mean the suspension is charged in the Nutsche and left standing overnight before actual 

filtration is started.  

Table 2. The mean particle size of batches of Calcium carbonate is used [4]. 

 L15 in µm L200 in µm 

Batch 2 6.38 27.76 

Batch 3 6.12 15.55 

Batch 4 5.77 12.97 

From the result of experiments, concentration and settling time also play an 

important role in filter cracking. A higher concentration of initial suspension and a long 

settling time lead to greater probability and degree of cracking. Barua suggested the 

careful control of the segregation and flocs in filter cake may lead to the reduction trend 

of cracking formation.  

The next test is the influence of the height of filter cake on crack formation. By 

changing the mass of the solid, the height of the filter cake increases. The investigated 

result shows that the filter cake thickness is also influenced to the cracking occurrence. 

The reason is mainly the wall side friction. This issue can be solved by increasing the 

filtration pressure difference. Thus, there are a maximum packing density and more 

significant tensile strengths on filter cake. Otherwise, a pre-deformation of flocs while 

still in the fully saturated state and reduction lateral shrinkage potential make the filter 

cake deliquoring without fissures [4].  

Filtration temperature is affected to crack formation through the surface charge 

density, which affects flocculation tendency. Therefore, the room temperature produces 

the lowest zeta potential, which agglomeration most likely. The weak bond associated 

with flocs breaks lead to the collapse of the structure of the particles. The result is the 

formation of crack. The effect of temperature on cracking is non-linear but its change 

leads to the shift of agglomeration, one reason for cracking.  
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The utilization of solvent with a lower surface tension reduces the cracking 

probability, which reconciles with a reduction in capillary pressure. The solvent with 

higher surface tension can make a more significant capillary force, and the resulting 

stresses can lead to cracking. A solvent of increased viscosity in the formation of a liquid 

bridge that retains the viscous component. This issue may reduce, even prevent the crack 

formation. However, even the liquid bridge rupture, the solvent still stays on the particle 

surface, lead to the high residual moisture content. In the study of surfactant addition 

effect, the chemical was used anionic (sodium dodecyl sulfate, SDS); (ii) cationic 

(Cetyltrimethylammonium Bromide, CTAB); (iii) non-ionic (Polyoxyethylene sorbitan 

monooleate, Tween 80). Surface tension influence is mentioned again to reinforce the 

assertion of the reduction degree of cracking.  

Barua had concluded that cracking is not a stochastic process, and its trend can be 

observed. He also found a newly defined parameter “permeability ratio”, which is the 

ratio between liquid permeability during cake formation and gas permeability during de-

saturation, as seen in Equation (43). The term permeability ratio is an excellent relevance 

parameter to indicate the occurrence (or non-occurrence) filter cake cracking as well as 

estimate the degree of cracking. 

permeability ratio =
Bg

Bl
 (43) 

Where Bg, Bl are the gas permeability and liquid permeability, respectively. 

The liquid permeability was calculated from:  

Bl =
Vl ∙ l ∙ μl

∆p ∙ A
 (44) 

Similarly, the gas permeability was calculated from:  

Bg =
Vg ∙ l ∙ μg

∆p ∙ A
 (45) 

Where Vl, Vg is the volumetric flow rate of liquid, gas; l, g are the viscosity of 

liquid, gas; A is filtration area; p is a filtration pressure difference. 

Barua concludes that determine the degree of cracking is difficult to elucidate 

because of the degree of branches and the fragmentary nature of the crack that form, but 
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it seems two parameters that dominate the extent. They are the maximum potential for 

outward lateral motion (lateral shrinkage potential) and the maximum collapsibility of the 

large flocs in a dispersion. 

Base on the finding in Barua’s research, he suggested some further research that 

should be focused. They are repulsive behavior between particles, the formation of skin 

at the filter medium when using high compressibility materials, using the difference of 

filter media, and especially the crack formation using other solid materials.  

2.2.  Summary and focus of research 

Although the disadvantage phenomenon that occurs during the filtration process, 

the research about cracking is not enough. The mechanism of cracking is indistinctive, 

and it is considered as a stochastic phenomenon in some cases. Critical practical input 

parameters (directly influences, familiar parameters during solid-liquid filtration)  as well 

as effectively countermeasure and avoidance cracking need to be studied more. By 

literature review, it can be summarised what has been published in the research of 

shrinkage cracking on filter cake, as can be seen in Table 3. 

Table 3. Summarize influence elements from literature. 

Parameters/ influence 

elements 

Finding from publications 

Particle size (including 

the number of fine 

particles) 

- Larger the particle size, the lower the shrinkage 

potential and the higher the minimum compressive 

difference [5]. 

- The probability of crack formation as well as the 

degree of cracking increase by increment the fines 

fraction [4]. 

Feed slurry 

concentration 

- Cracking occurs more at concentrated suspension 

[4]. The trend of cracking may be caused by the 

formation of the flocs in high solid volume concentration 

of the suspension.  

- In order to prevent the cracking, the formation of 

pre-coat from filter aid in diluted feeds rather than 

concentrated ones [1]. 
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Compressive pressure - Generally, the rising of applied pressure leads to 

lower crack probability. The reasons are: 

+ higher packing density [4] 

+ pre-deformation flocs [4] 

+ lower shrinkage potential [5] 

+ increase the tensile strengths due to increase pre-stress 

during filtration[42]. 

Height and area of the 

filter cake.  

- Small and large rectangular are higher filter cake 

lead to higher cracks probability [42]. 

- Large circular area, cracking occur at every 

surveyed filter cake deeps. In contrast, the small circular 

is, filter cake height increase leads to the reduction of 

cracking degrees [42]. 

- With the area of filter cake stable in 20 cm2, the 

increased height of filter cake leads to a high degree of 

cracking (the reason is the wall friction effect) [4]. 

Filtration temperature - High temperatures lead to lower surface tension. 

Resulting in lower shrinkage potential [5]. 

- High temperatures can be produced by another 

energy source such as saturated or superheated steam [5]. 

- Temperature affects the zeta potential, which 

decided the particle agglomeration. Without flocs 

connecting with the particles system, there is no 

collapsing at the weak bond of filter cake [4]. 

Internal stress - Cracking likely occurs at high suction potential 

filter cake, where the stresses focus on the surface of filter 

cake, exposed to the gas. Moderate and low suction 

potential filter cake experimented the dewatering without 

crack due to stress concentrated in the middle and bottom 

of the filter cake, respectively [43]. 

Solvent, viscosity, and 

surfactant addition.  

- Both three parameters related to the surface 

tension, which lower surface tension or higher viscosity, 

can avoid the crack [4]. 
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Settling time - The higher settling time, the greater the 

possibility of crack formation and degree of crack [4]. 

This issue related to the degree of the fine particle on top 

of the filter cake. The formation of the fine layer leads to 

the higher capillary pressure entry as well as more 

shrinkage cracking. 

From some literature, there are some ideas about the critical input parameters, 

which are “familiar” and directly affect to crack formation is suggested.  

The first one is the temperature of the filtration process. Temperature can be 

created from another energy source. One of the ways is using steam pressure filtration. 

This method is the combination of pressure filtration and thermal (is produced by steam 

and superheated steam). This process can avoid cracking formation by its mechanism, 

and the likely reduce surface tension, which affects tensile stress on filter cake. 

The secondary is the effect of particle size on crack formation. Materials have a 

similar particle shape and particle size distribution (same span (𝑥90 − 𝑥10) 𝑥50⁄  ) but 

having a distinct difference particle size (even very fines and very coarse materials). The 

cack formation leads to the knowledge about the internal stress effect on various sizes of 

the material. 

The next input parameter is a solid volume concentration of suspension. Tests with 

various concentration of suspension are conducted in lower pressure difference to see the 

sedimentation effect on shrinkage cracking during filtration as well as the change of 

tensile stresses.  

A pressure difference is one of the operating parameters by the filtration, and the 

dewatering step can be controlled. According to the literature, the change in the amount 

of applied pressure, the cracking can be avoided. In this research limitation, the 

compression air is used during the filtration process as well as the countermeasure to 

shrinkage cracking. 

Finally, the height of the filter cake is also an interesting parameter, which can be 

used to scale-up. While Anlauf [42] mentioned the effect of filter cake height on cracking 

formation with the ratio h/A much smaller than 1, Barua, in his test, focus on the impact 

with the ratio more significant than 1. The filter area is 0.002 m2 while the solid weight 

is up to 100 grams limestone, leading to a rather "high" filter cake. For any aspect ratio 
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higher than 1 assumes a very small filter area, the result in a side effect is inevitable. The 

tests for the aspect ratio around 1 are conducted to see the trend of cracking. 

The result for cracking was recorded in many ways, such as “cracking”, “no 

cracking,” or the probability of cracks. Barua also suggested the permeability ratio, which 

compares gas permeability after air breakthrough at the filter medium (when equilibrium 

is reached) and liquid permeability immediately before air breakthrough. Through his 

research, this newly defined parameter is an excellent indicator of the occurrence and 

estimates the degree of cracking[4]. 

Due to the research in the narrow range of a disadvantage phenomenon during 

filtration, the overlap of working is evitable. When a different result occurs, it will be 

explained. Base on interpretation, those would be new theories or mechanisms. In order 

to recognize the occurrence as well as to quantify the degree of cracks, the term 

permeability ratio is used as a relevance parameter. However, the approach is different 

and could be explained in the next part.  

The most outstanding in this research is, researching the effect of some critical 

input parameters on crack formation using conventional filtration and steam pressure 

filtration. The material for preliminary-testing is limestone; after that, Vietnam coal (coal 

sampling is carried out at Cuaong Coal Washing Plant) is used as another material. By 

comparing two kinds of materials, there would be an insight into the mechanism of 

shrinkage cracking and its impact on dewatering. 

The objective of this research is to continue contributing to the understanding of 

the cracking mechanism, offering the new method to avoid shrinkage cracking as well as 

improve dewatering efficiency, especially for Vietnam coal after processing. 
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3. Material, methods and the result of capillary pressure curve and tensile stress 

versus saturation 

3.1.  Material used 

3.1.1. Limestone 

Two kinds of materials (KS12 and KS100) with the same density of 2710 kg/m3, 

median particle size x50,3 of 2.46 µm, and 20.68 µm respectively were used. The particle 

size distribution of materials have span (x90-x10)/x50 of 2.98 for KS12 and of 3.88 for 

KS100 and is shown in Figure 39. 

 

Figure 39. The particle size distribution of KS12 and KS100. 
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Figure 40. SEM pictures for KS100 (left) and KS12 (right). 

The proportion of particles below 10 µm of KS12 and KS100 is significantly 

different, with 94.51% and 33.39%, respectively. Scanning electron microscope (SEM) 

images, as can be seen in Figure 40, demonstrate irregular – shaped of both coarse and 

fine materials.   

For all experiments, the solid was dispersed in deionized water and stirred to 

guarantee a maximum of slurry homogeneity and particle dispersion. The temperature of 

suspension is the room temperature (approximately 20 degrees Celsius) for all tests. In 

some exceptional cases, to avoid particle agglomeration in storage, ultrasonic was used 

to keep particles dispersion on feed slurry. The sample size to be prepared is 50 grams, 

which is corresponded to 18 mm of filter cake height for experiments on the effect of 

solid volume fraction, particle size, and applied pressure difference. The amount of 

distilled water changed depend on various volume concentrations (0.05 to 0.4). The gas 

pressure difference for filtration experiments (in case of test on the influence of volume 

fraction, filter cake height and particle size) are “1-1 bar” (1 bar for cake formation – 1 

bar for mechanical displacement phase), “1-3 bar” (1 bar for cake formation – 3 bar for 

mechanical displacement phase) and “3-3 bar” (3 bar for cake formation – 3 bar for 

mechanical displacement phase). For all tests, polypropylene filter cloth with the satin 

weave pattern and pore size of 6 µm (05-1010-SK 006, Sefar AG, Heiden, Switzerland) 

was used. These filter media has an air permeability of 18 m3/m2/h at 20 mm water 

column.  

3.1.2. Vietnam Coal 
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In order to get the link to a commercial relevant application in the case of Vietnam, 

fine coal slurry comes from the Cua Ong Coal Washing plant before the thickening was 

chosen as one of the material. This material is collected from feed suspension before 

thickening and drying afterward. Suspension for all test laboratory is coal powder, which 

was collected from Vietnam, and distilled water to re-slurry. Coal is insoluble in the water 

at all temperatures. Anthracite is not explosive; the amount of sulfur (S) content and the 

amount of volatile matter are small. The burning temperature is 350 - 400oC. In the 

outdoor temperature, under the sunlight, coal can not burn on its own. The amount of clay 

in fines coal is small, around 0.5 – 1%. The speed of sedimentation of almost particles as 

well as the sedimentation curve, are illustrated in Table 4 and Figure 41. 

Table 4. Sedimentation of coal corresponding to the concentration of the suspension. 

The solid volume 

concentration of 

suspension in % 

5 10 15 20 25 30 35 40 

Sedimentation rate 

(m/h) 
0.1860 0.1062 0.0542 0.0360 0.0254 0.0067 0.0056 0.0052 

 

 

Figure 41. The sedimentation curve of coal in different solid volume concentration of the 

suspension (cv). 
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respectively. The coal sample using for research is low-quality coal with the ash content 

around 35%, and the density (dry state) is measured 1497 kg/m3. The measured density 

in the laboratory is used for all calculations in this research.  The particle size distribution 

of coal powder is shown in Table 5 and Figure 42. 

Table 5. Coal particles properties. 

x10 in µm x16 in µm x50 in µm x80 in µm x90 in µm x97 in µm 

2.03 2.94 11.78 62.85 119.84 210.52 

 

 

Figure 42. The particle size distribution of fine coal. 

The result is defined by laser diffraction equipment. The median particle size x50,3 

is  11.78 µm, which is higher than that of fine limestone KS12 and lower than that of 

coarse limestone KS100. The particle size distribution of materials has span (x90-x10)/x50 

of 10. This value is higher than those of both kinds of limestone. The coal sample shows 

a broader distribution. The below 10 µm particle size account for 45 % and 90% of 

particles is below 0.125 mm. This amount of very fine particles in coal samples are 

significant. This issue may lead to the crack formation and negative efficiency of 

dewatering.  

By the SEM technique, the images for the irregular-shape of big coal particles and 

the flake –shape for fine and ultra-fine particles also show in Figure 43.  
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Figure 43. SEM images for coal particles. 

Tests procedure with coal is similar to the procedure with limestone, as mentioned 

above. Only the difference related to the mass of the solid is that it altered down to 30 

grams, equivalent approximately 15 mm of filter cake height. 

3.2.  Conventional filtration rig and steam pressure filtration rig 

3.2.1. Conventional filtration rig 

The filtration rig is built according to VDI 2762-2 [18]. Gas-driven filtration 

experiments were conducted in a stainless steel pressure filter Nutsche with an area of 

19.64 cm2, as shown in Figure 44 and Figure 45. The filter medium has support from a 

perforated medium sheet with a large open cross-section area. There is a cake formation 

unit connected Nutsche long tube and filter medium support unit. By disassemble this 

unit, the filter cake can remove easily. Otherwise, the device possesses a quick connection 

for the lid and be equipped with the valve to regulate the pressure and with a pressure 

gauge. The lid has a sight glass to look inside and attached light. The quantity of filtrate 

is measured by using a scale connected to a computer [18]. At the end of the filtration 
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process, when there is no water flow through the filter cake, a plastic tube was used to 

connect between Nutsche and Rotameter to measure the air volume flow rate. 

 

Figure 44. Images for the Nutsche apparatus (according to VDI 2762-2) [18]. 

 

Figure 45. Schematic diagram of the experimental setup. 



57 
 

3.2.2. Steam pressure filtration rig 

The steam pressure filtration rig (Figure 47) was built based on the standard 

Nutsche with the totally same length tube and cake formation unit, which has been 

described above [18]. The different things are the compressed air and compressed 

saturated steam from steam source to supply to Nutsche.  

The steam is provided by the evaporator. This steam and the entrained water from 

the evaporator are separated. The steam can be a little superheated if the temperature of 

pipes is higher than the steam temperature. 

The tube, the cake formation unit and almost pipes are covered by Styrofoam to 

avoid the heat transfer into the ambient environment. Nutsche and cake formation unit 

are heated by an oil heater to approximately 160o Celcius. There is a thermocouple that 

is installed to control and maintain the temperature stable. Four thermocouples are 

remaining in the cake formation unit, which is built to measure each layer temperature 

profile of filter cake during filtration. The thermocouple contact with the cake formation 

unit to measure the filter medium’s temperature and filtrate’s temperature[13].  

 

 

Figure 46. Diagram of steam pressure filtration according to VDI 2762/2, [12, 13, 18].  
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Figure 47. Steam pressure filtration apparatus [12, 13]. 

3.3. Filtration experimental 

The preparation of the feed suspensions was conducted as follows: solid is 

dispersed in the amount of distilled water at the room temperature (approximately 20oC) 

and is stirred until well mixed. The amount of water depends on the mass of the solid and 

the amount of solid volume fraction for tests. After that, the slurry is poured in the 

Nutsche, and the top cover is closed. In the investigation of crack formation during 

filtration, there are two stages. The first stage is the cake formation. The compressed air 

is applied. The filtrate flows through, and particles also are built on filter cloth (SK 006). 

This step will be finished when the saturation of filter cake reaches to 1. It is observed 

through the light glass until no water surface on the filter cake. As soon as the saturation 

reaches 1, the air is vented. The filtrate mass was recorded by the electronic scale during 

filtration. The collected filtrate is recorded by Diadem software. This result is used to 

calculate specific resistance cake (according to VDI 2762-2) and liquid permeability 

before breaking through the filter medium of air. 
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The second stage is the mechanical displacement phase. Depend on the kind of 

filtration, the compressed air or the saturated steam is applied.  

For conventional pressure filtration, compressed air, which is regulated by valve 

and pressure gauge, is applied to push water flow out from pores. When there was no 

water flow through the filter cake, the Rotameter was connected to Nutsche to measure 

the air volume flow rate during deliquoring with or without cracking. The air volume flow 

rate, which is measured by Rotameter, is used for calculating the air permeability.  

For steam pressure filtration, the steam outlet and magnetite valve are opened to 

allow the steam entering the Nutsche. After the instant time (1 or 2 seconds), the steam 

outlet is closed, steam starts to displace water from the pores. Tests were conducted until 

the steam break through the filter cake, which is observed as well as by the temperature 

of the filter cloth thermocouple. In order to prevent the cracking, which may be caused 

by the thermocouples, the only thermocouple (TC3) under the filter cloth is used. Then, 

the condenser unit is connected to collect the amount of steam breakthrough under the 

liquid form. The balance scale is used for measuring the amount of condensation water 

to the time. From that to calculate the volume steam flowrate and the steam permeability. 

After recording the mass of condensed steam, the steam flux is stopped by closing the 

magnetic valve. The Nutsche is then to vented slowly in order to avoid the filter cake 

broken. The destruction of filter cake can occur when the venting is open fast. The 

temperature of the remaining liquid is still higher than the boiling temperature of ambient 

pressure. The liquid inside can be forced to evaporate and break the filter cake. Otherwise, 

slowly venting can avoid the evaporation of water, which is the main error for the wrong 

moisture content of filter cake after deliquoring.  

The filter cake then is taken photos to observe the shrinkage cracking. Finally, it 

quickly removes out of the cake formation unit to dry.  

After removing, the filter cake is dried at 50oC ( 5oC) until the constant weigh. 

By measuring the height of filter cake as well as the mass of wet and dry filter cake, 

saturation, which is the relation between the pore volume occupied by liquid and total 

pore volume of the filter cake, is calculated.  

3.4. Relevant parameter  

The pressure difference is to keep constant during the cake formation and 

dewatering phase. By measuring filter cake height as well as the mass of filter cake before 
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and after drying, saturation, which is the relation between the pore volume occupied by 

liquid and total pore volume of the filter cake, is calculated according to Equation 27. 

Otherwise, the amount of water remaining in filter cake is also expressed by the residual 

moisture content in mass % (which is denoted M). This parameter is defined: 

M =
the mass of wet filter cake − the mass of dry filter cake

the mass of wet filter cake
∙ 100% (46) 

The applied pressure difference in the dewatering process must be large enough 

to overcome the entry capillary pressure of the filter cake. Shortly after the cake formation 

phase, the cake splits into a number of the fragment, and the numerous cracks propagate 

from cake surface into the cake itself. Cake cracking means that the gas flow rate 

necessary for sustaining the dewatering pressure difference rises considerably due to the 

increase of free flow area in the filter cake [42]. Accordingly, permeability for gas will 

increase significantly when the crack occurs compare with permeability for liquid during 

the cake formation phase. The permeability ratio is applied to quantify the number of 

cracks and the degree of cracks. This term is the ratio of liquid permeability in cake 

formation phase and air permeability after filtration and is indicated by * symbol.  

Permeability ratio β𝐶𝑃𝐹
∗ =

gas permeability

liquid permeability
=

KG

KL
 (47) 

This equation is used in the case of conventional pressure filtration, and it can be 

written again for steam pressure filtration.  

Permeability ratio β𝑆𝑃𝐹
∗ =

steam permeability

liquid permeability
=

KST

KL
 (48) 

Liquid permeability KL 

From Darcy equation for incompressible flow in laminar regime, liquid 

permeability (KL) is reciprocal of specific filter resistance cake, which is mentioned and 

calculated according to VDI 2762-2 [18]. 

KL =
1

rc 

 (49) 

Tests for crack formation on filter cake were done in Nutsche. During filtration, 

the filtrate was collected and shown in the diagram “t/V versus V” Figure 6. The specific 
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resistance filter cake was then calculated from pressure difference p, filter cake area A, 

dynamic viscosity L, the slope of interpolating straight line (t/V versus V) diagram. 

rc =
a. 2. ∆p. A2


L

. κ
 (50) 

Where A is filter area (0.001964 m2); p is pressure difference; coefficient  was 

calculated from porosity and volume fraction as can be seen in Equation (25).  

The value of liquid viscosity is the strong function of temperature. For the 

conventional pressure filtration, the temperature for cake formation as well as deliquoring 

is room temperature (approximately 20oC). In the case of steam pressure filtration, in 

order to reduce the condensation phenomenon on the top of filter cake in the deliquoring 

stage, Nutsche, cake formation unit are heated up to more than 100oC. This issue affects 

the temperature of filter cake during filtration. Therefore, depending on the value of 

temperature (which is collected by a thermocouple), the viscosity of a liquid can be 

changed according to Table 6. 

Table 6. The viscosity of water corresponding to the temperature. 
Source: https://www.engineersedge.com/physics/water__density_viscosity_specific_weight_13146.htm) 

Temperature (o C) Viscosity (mPa.s) 

10 1.308 

20 1.002 

30 0.7978 

40 0.6531 

50 0.5471 

60 0.4658 

70 0.4044 

80 0.3550 

90 0.3150 

100 0.2822 

Gas permeability KG 

On the other hand, Wyckoff et al. [44] also show Darcy equation for compressible 

flow in the laminar regime, where square pressure drop, dp2/dx, is constant along the flow 

https://www.engineersedge.com/physics/water__density_viscosity_specific_weight_13146.htm
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channel rather than dp/dx itself. Hence gas permeability is computed from the laboratory 

measurements in the following equation: 

KG measurement =
2 ∙ p2 ∙ V̇ ∙ μ𝐺 ∙ L

A ∙ (p1
2 − p2

2)
 (51) 

Where �̇� is the air volume flow rate; G is the viscosity of gas; L is the height of 

filter cake; p1, p2 are the input and output air pressure. 

For two immiscible fluids flow through a porous medium, when the filter cake 

approach to irreducible wetting fluid saturation, gas flow through the filter cake. Applied 

pressure difference during the filtration phase and deliquoring phase is kept constant. 

Liquid and airflow simultaneously through porous media. Therefore, air permeability 

(KG) is calculated from air relative permeability (KGrl) and air permeability measurement 

(KG measurement): 

KG =
KG measurement

KGrl
 (52) 

Where the relative permeability KGrl is calculated according to Equation (34): 

KGrl = (1 − SR)2(1 − SR
(2+λ) λ⁄

)  

 is a value, depending on the size range of the particle in the distribution is 

suggested 5 to be reasonable value for practical purposes. SR is average reduced saturation 

and is defined as [22]: 

SR =
S − S∞

1 − S∞
 (53) 

According to Wakeman, the term of irreducible saturation of pressure deliquored 

cake, S, has been correlated as: 

𝑆∞ = 0,155 ∙ (1 + 0,031 ∙ 𝑁𝑐𝑎𝑝
−0,49) (54)  

It can be seen that the value of irreducible saturation is also a function of capillary 

number Ncap. This value expresses the ratio of the dewatering force to the surface tension 

force retaining fluid in the cake, which is defined by: 
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Ncap =
ε3 ∙ x2 ∙ (ρl ∙ g ∙ L + ∆p)

(1 − ε)2 ∙ L ∙ σ
 (55) 

Gas permeability, according to Equation (52), is used for dewatering without 

cracks and micro-shrinkage cracking. 

When the macro-cracks occur, the airflow preferentially through big channels of 

filter cake without liquid leads to the significantly increasing air volume flowing rate. In 

this situation, absolute air permeability (KG measurement) is suggested. 

Steam permeability KST 

Similarly the gas permeability, steam permeability is defined as the following: 

KST =
2 ∙ p2 ∙ V̇ST ∙ μST ∙ L

A ∙ (p1
2 − p2

2)
 (56) 

Where ST is the viscosity of steam; �̇�𝑆𝑇 is the steam volume flow rate. 

The steam volume flow rate is calculated by the measure of the mass of condensate 

water (mcw) in a unit of time and is shown in the equation: 

V̇ST =
mcw

t ∙ ρST
 (57) 
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Figure 48. The mass of filtrate from the moment the gas breaking through for SPF (blue 

line) and CPF (blue dash line) and the temperature profile of filter cloth when using SPF 

(orange line). 

One of the notes when measuring the mass of condensate water is the measuring 

time. Some tests with limestone have been shown that there is a transition area (green 

area) between the mechanical displacement phase (which finishes at the moment of steam 

beginning breakthrough) and steam breakthrough totally through the filter cake. Figure 

48 indicated this area when using the steam pressure filtration. 

This transition time has occurred during the steam pressure filtration, not in 

conventional filtration. The reason is that the displacement front needs more time to flow 

out of the filter cake. In the transition area, there is not only condensed water but also 

water from the front. A measurement for the water mass flow rate leads to incorrect steam 

permeability. Therefore, the mass of condensed water from steam should be measure after 

a period of transition. For almost cases, it would be suggested that the steam volume flow 
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rate should measure after steam breakthrough a period, for example, 200 seconds in the 

case of KS12. 

3.5. Analyze technique 

Besides the output parameter above, the analysis of samples also supports the 

intensive understanding of the core characteristic of the filter cake. The analytical 

techniques and the equipment used are described in detail.    

The laser diffraction is used to analyze the particle size properties. This method 

relies on the theory that the light passing through the suspension, the diffraction angle is 

inversely proportional to the particle size. They include the laser source with a suitable 

wavelength (typically 0.63 µm) and the suitable detector (usually is the slice of 

photosensitive with the number of discrete detectors. Relating the diffraction angle with 

particle size, Mie theory is used for the interaction of light with matter. It allows particle 

size in the range 0.1 – 2000 µm, provided that the refractive indices of the particle material 

and suspending medium are known. This method gives a volume distribution and a 

diameter known as the laser diameter. The associated software permits displaying a 

variety of size distributions and means derived from the original measured distribution 

[29]. This technique shows the particle size distribution as well as the frequency 

distribution, useful for interpretation particle size effect on test results. 

The Scanning electron microscope (SEM) is a kind of electron microscope that 

produces the image of the sample by scanning the surface with a focused beam of the 

electron. The electrons interact with atoms in the sample, producing various signals that 

contain information about the surface topography and composition of the sample. Due to 

the narrow electron beam, the SEM micrograph has great deep of field, yielding a 

characteristic three dimensional useful for the understanding of the surface structure. A 

wide range of magnifications is possible, from about ten times to more than 500000 times. 

By using SEM, the shape of the particle, as well as the surface roughness, can be seen to 

explain the phenomenon, which appears during the filtration process.  

The appearance of cracks phenomenon in the filter cake is recorded by the camera 

as well as visually observed. In order to assess the extent of cracks,  the permeability ratio 

parameter combining obtained images is used. In addition, the dewatering efficiency in 

the filtration process is assessed through parameters of saturation and residual moisture 

content of filter cake.  
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3.6. Tensile stresses depend on saturation during deliquoring 

According to Wiedemann [5], the stress generated by the capillary force exceeds 

the tensile strength of filter cake, the cracks begin. Tensile strength is given by stress, 

which is transferable until to weakest bridge break. The difference in tensile stress could 

be a primary reason for shrinkage crack formation. H. Schubert [32], in his research, also 

mentioned the dependence of tensile strengths and liquid distribution on the system, 

which can be characterized by saturation. These approaches can be used for both – the 

quantification of the tensile strength as well as the tensile stress. Depend on the amount 

of water on the filter cake, it can be divided into three parts, corresponding to the value 

of tensile stress, as seen in Figure 49. 

 

Figure 49. Schematic of capillary and tensile strength against saturation. 

The first region (a grey area) is pendular, where a small quantity of liquid 

saturation causes the liquid bridge between individual particles. Tensile strengths are 

defined according to Equation (39). 

The capillary state (yellow area) is presented where pores are entirely filled with 

corresponding saturation approach 1. At later state, tensile stresses are calculated 

according to Equation (39). The intersticious state (green area) corresponds to the degree 

of saturation from Srem to Sc, where both liquid bridge and pore filled with liquid affected 

on tensile stress. The calculation is taken account the effect of both mechanisms. 

Therefore, the tensile stress is defined according to Equation (42). 
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Tensile stress, which is the main reason that causes shrinkage cracking, depending 

on the degree of saturation. At saturation is 1, the maximal capillary pressure acts. By 

increasing applied pressure, the liquid is pushed out of the pores, reducing the moisture. 

Typically, the liquid in large pores is more easily drained than that of small ones. The 

empty pores generated weaker regions in the filter cake compare with around areas. The 

cracks occur as soon as the reduction of the degree of saturation (below 1), where tensile 

stress also shows the high value (Figure 49).  

This model can be used to explain reasonably the occurrence shrinkage cracking 

on filter cake, especially in capillary state and intersticious state. The relationship between 

capillary pressure and saturation during filtration are measured by pressure filter cell, as 

is described next paragraph. The value of tensile stresses is assumed, calculated, and 

drawn by Equation (38), (39) and (42). 

For the measurement of the capillary pressure curve, the method is available and 

is described in the VDI 2762-3 [45]. Firstly, the cake is formed according to VDI 2762-

2[18]. Very shortly before the filter cake emerges from the suspension, the pressure 

difference must be regulated to 0. The thin layer of liquid should remain on the filter cake 

no more than 1 mm. In this way, the deliquoring does not begin too soon. Very quickly, 

the filter cake with the cake formation unit is connected to the press unit and install in the 

lab-scale compression permeable cell. In order to stabilization and ensure the filter cake 

in the saturated status (S=1), the filter cake is compressed by a piston with the pressure 

up to 4.5 bar in 30 minutes. The equipment is shown in Figure 50. And then, by increasing 

the pressure slightly using the regulator, the residual water on the filter cake is drained to 

reach the saturation of 1. 

The value of air compressed is still below the capillary entry pressure of the 

formed filter cake.  In this way, a little remaining water on top of the filter cake is drained. 

In order to collect the filtrate during the capillary pressure measurement without 

evaporation, a beaker with a narrow throat is used. An electronic scale is tared to 0 in 

order to record the quantity of filtrate accurately. With the completed all procedure, the 

pressure is increased step by step by 10 kPa and measure some points overcoming the 

pressure difference. Once the pressure increase sufficiently, it can be grown in a range of 

50 kPa. When there is no filtrate flowing through the Nutsche in 10 minutes at the given 

pressure setting, pressure can be raised next level. The displaced filtrate at each pressure 
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is registered by scale. The increment until the upper limit of the measuring range is 

reached or further increase pressure lead to no more filtrate.     

 

Figure 50. Images for lab-scale compression permeable cell. 

Saturation correspondent the pressure level is calculated. A semi-permeable 

membrane is used to lead to no airflow through filter cake, which its name is the Durapore 

membrane filter. It is made from hydrophilic polyvinylidene fluoride (PVDF) with 0.1 

µm of pore size. The bubble point at 23 degrees Celcius is higher than 5 bar. The water 

flow rate is higher than 0.33 ml/min x cm2. Thus, the results are not affected by the drying 

effect. The collected filtrate is caused by mechanical deliquoring. From the saturation at 

each pressure, the capillary curve is drawn. Base on the capillary pressure result, the 

relationship between tensile stress and saturation is also calculated and showed in the 

chart, as can be indicated in the next chapter.       
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4. The influence of operating parameters on cracks formation in case of 

limestone 

4.1.  Capillary pressure curve and tensile stress during the filtration in the case 

of limestone 

The result for Limestone KS12 is shown in Figure 51. The filter cake is formed 

by 1bar (0.1 MPa) of air pressure difference. Because of the equipment safety limit as 

well as the technical properties of the experimental membrane, the capillary pressure is 

only increased from 0.01 MPa to a maximum value of 0.425 MPa (highest the capillary 

pressure - due to the limitation of safety in CP cell). The capillary pressure increases to 

0.425 MPa in expectation of the change system’s status from capillary to the funicular. 

Although the pretty high capillary pressure is applied, the saturation of filter cake is 

reduced very little and slowly. The reason for this phenomenon is the very fine particle 

size of the material. For most surveyed solid concentration, the saturation decrease stops 

around 0.9. The status of the filter cake is in the capillary state, where pores are almost 

filled by water. In this state, tensile stress between particles usually gets the highest value. 

The cracking formation is predicted would appear quickly when a few weak points in a 

system occur. Based on the capillary pressure curves, tensile stresses are calculated by 

Equation (38), (39) and (42), which are also shown in Figure 51. For values of 0.1 and 

0.3 MPa of capillary pressure, the stresses caused in filter cakes have a similar magnitude. 

They explain the phenomenon of large cracks as well as poor dewatering efficiency when 

filtering this fine material. Otherwise, Figure 51 also shows that the solid volume fraction 

of suspension, for fine material, does not affect as much the capillary pressure as well as 

tensile stress, especially at lower pressure difference.  
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Figure 51. Capillary pressure and tensile stresses against saturation for KS12. 
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Figure 52 shows the relationship between the saturation, residual moisture content 

of filter cake at 3 bar of pressure difference and the volume fraction. It can be seen that, 

although the pretty high applied pressure, the amount of water reduce very slowly with 

the different volume fraction. Otherwise, the chart for the relationship between capillary 

pressure and the residual moisture content, as can be seen in Appendix D2, indicate a 

similar trend.  

 

Figure 52. The saturation and residual moisture content of KS12 filter cake at 3 bar 

capillary pressure as the function of the volume fraction. 

Turning to the KS100 coarse material, the results of the capillary pressure 

measurement and the tensile stress calculation are shown in Figure 53. Measurements are 

executed with solid concentration ranging from 0.05 to 0.4. The applied pressure 

difference for the filter cake formation process is 0.1 MPa. It can be divided into three 

areas according to the degree of volume fraction.  
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Figure 53. Capillary pressure and tensile stresses against saturation for KS100. 

The first area, as can be called “dilute suspension area”, includes the 0.05 and 0.1 

of solid volume fraction of suspension. This dilute suspension zone is characterized by a 

high value of entry capillary pressure and high tensile stress value. For 0.1 MPa of applied 

capillary pressure, the tensile stress has a corresponding value (0.1 MPa). The saturation 

is also high with 0.96 and 0.94 for 0.05 and 0.1 of volume fraction, respectively. The filter 

cake is in the capillary state, where a little water is drained out of filter cake. Shrinkage 

cracking may occur in filter cake in this zone. For 0.3 MPa of applied capillary pressure, 

tensile stress reduces to approximately 0.05 MPa for both 0.05 and 0.1. The filter cake 

reached the interstices state, one of good status to dewatering as well as prevent the 

appearance of shrinkage cracking.  
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The second area includes the 0.15 and 0.2 of volume fraction, called the “transfer 

area”. For both 0.1 and 0.3 MPa of applied capillary pressure, the filter cake is in the 

interstices state. However, because the degree of homogeneity of the filter cake is still 

low, these values are still relatively high.  

The third area includes the solid volume fraction of suspension from 0.25 to 0.4, 

as can be called the “concentrate suspension area” of the filter cake. The saturation, as 

well as the tensile stress, are pretty low, with can achieve good filtration without 

shrinkage cracking. 

 

Figure 54. The saturation and residual moisture content of KS100 filter cake at 3 bar 

capillary pressure as the function of the volume fraction. 

Figure 54 also supports for the discussion above. Generally, there is a reduction 

trend of the amount of water inside the filter cake when the volume fraction increase from 

0.05 to 0.4 (at 3 bar of capillary pressure). This issue shows the dependent on the 

saturation and residual moisture content on the volume fraction. This data also can be 

used to explain the test result for KS100, as shown next chapter. The measurement also 

shows the relationship between the capillary pressure and the residual moisture content, 

as indicated in Appendix D3. 

Generally, the homogeneity of filter cake according to volume fraction depends 

on the structure of the material as well as the manner of filtration. KS100 material using 

0.1 MPa of pressure difference for cake formation show three areas: sedimentation (below 

0.1 of volume fraction), transfer area (0.15 to 0.2 of volume fraction), and homogeneous 
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the mechanical displacement phase both reduces the amount of water remaining in the 

filter cake and reduces tensile stress. It will increase the possibility of preventing crack 

formation. This assumption will be tested in the experiments, which are presented in the 

next session. 

4.2. Test were conducted using conventional pressure filtration 

4.2.1. Particle size distribution effect 

In Barua’s research [4], he also mentioned the effect of particle size, especially 

the mass fraction of fine particles on cracking. The result shows that the increasing 

proportion of fine particles (below 15 µm) in the slurry increases the likelihood of 

cracking. Wiedemann also gave the comparison of shrinkage behavior of different 

organic and inorganic test products. The result was, generally, finer materials have higher 

shrinkage potential than coarser ones [5].  

For smaller particles system, capillary pressure gets a higher value and produce 

higher tensile stress. Similarly, the presence of a significant number of fine particles in 

coarse material leads to a wide distribution of particle size. In this filter cake system, there 

is the formation of capillaries of various sizes. At the positions where we have big pores, 

capillary would be empty and are being weaker points. Tensile stress has an intense effect 

on these weak points, and cracks occur as can be expressed in Figure 55. 

 

Figure 55. Water is pushed out of the large and small capillaries. 

For two kinds of significantly different particle size materials, tests were 

conducted similarly to see the difference of cracking behavior. The compression pressure 
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is 1 bar, the thickness of the filter cake of 18 mm, and various concentrations of slurry to 

see the effect of particle size distribution on cracking.  

 

Figure 56. Permeability ratio of fine limestone KS 12 and coarse limestone KS 100 filter 

cakes at some volume fraction values; “1-1 bar” of pressure difference; 50 grams of solid 

content. 

As can be seen in Figure 56, the permeability ratio has different values. For coarse 

particle, those values are around 1.5-1 when the solid volume fraction increase from 0.15 

to 0.4. By visual observation of the filter cake, as is shown in Figure 60, there is less 

macro- cracking as well as shrinkage micro-cracking at the almost solid concentration for 

the coarse material.  

Meanwhile, there is the contrast phenomenon for fine material. For most surveyed 

concentration, macro-cracking, as well as shrinkage micro-cracking, occur with different 

degrees. This issue also consistent with the value of the permeability ratio, which is shown 

in Figure 56. From 0.15 to 0.4 of solid volume fraction, the permeability ratio is relatively 

high, around 4. They are approximately four times more than those values of coarse 

material. The result gets the agreement with the investigation in some literature as 

mentioned below [4, 5]. However, the behavior of cracking according to the volume 

fraction is seemed quite different, which can be discussed clearly next part. 
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Figure 57. Saturation and residual moisture content of KS 12 and KS 100 filter cakes at 

some volume fraction values; “1-1 bar” of pressure difference; 50 gram of solid content.  

The increase in cracks in the filter cake (which is indicated by the permeability 

ratio) has a negative effect on the amount of water pushing out of the filter cake. For 

coarse material, the degree of saturation, as well as residual moisture content, according 

to Figure 57, are low (0.3 - 0.4 of saturation or approximately 13% to 10% of residual 

moisture content). Micro-cracking, in these cases, does not significantly affect to 

dewatering. About saturation as well as the amount of water in mass retaining on fine 

filter cake, are also much higher. The saturation is around 0.7- 0.8, corresponding to 22% 

- 24% of residual moisture content. The great amount of water remaining in the filter cake 

is perhaps caused by the filtration of fine material.  
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It can be noticed that the coarse material filter cake has high efficiency in 

dewatering, and fewer cracks appear. The capillaries are large enough to push the liquid 

out of filter cake simultaneously with the low required dewatering force. This is in 

agreement with what was observed in specific resistance value, which is shown in Figure 

58. The significantly low value is around 2x1010 m/kg, and there is no significant 

distinction in the surveyed range. Porosity (as shown in Figure 59) also shows the 

homogeneous status with values around  0.502 and 0.506. Those values are much lower 

compared to the porosity of fine material KS12. Easy drainage and quick removal from 

filter cake are the basis for the assumption that few weaker locations. Moreover, the 

tensile stress in Figure 53 is also lower (0.06 - 0.07 MPa), resulting in cracks that can be 

prevented. Overall, the filtering of coarse materials is quite effective in concerns about 

crack formation as well as moisture. 

Meanwhile, there are tiny capillaries, which are formed by filtering fine-grained 

material. It requires a stronger dewatering force. The specific resistance also shows very 

high values, from 2x1011 m/kg to 3x1011 m/kg, ten times more than the values of the 

coarse filter cake. However, 1 bar of pressure difference is not enough to overcome the 

capillary forces. The result is that the water is only pushed out of the few large capillaries 

and still retained in the almost small capillaries; the weaker position in filter cake occurs. 

The high capillary force between particles in small capillaries, which including the 

adhesion force and capillary suction forces, pull particles towards its side, forming up 

hollow channels. Figure 51 shows the tensile stress is much higher (0.1MPa) than that of 

the coarse material. The result is the formation of cracking.  

When cracking occurs, air preferentially flows through the big channels, the 

pressure profile in the cake changes, and no water is drained anymore.  It can be said that 

the crack occurs because of the amount of water remaining in the small capillaries. There 

is a back effect that the cracks are the main reason to prevent further dewatering during 

filtration. 
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Figure 58. The specific resistance of KS 12 and KS 100 filter cakes at some volume 

fraction values; 1 bar of pressure difference in the cake formation phase; 50 gram of solid 

content. 

 

Figure 59. The porosity of KS 12 and KS 100 filter cakes at some volume fraction values; 

1 bar of pressure difference in the cake formation phase; 50 gram of solid content. 

Figure 58 and Figure 59 show the interesting points. For fine material KS12, there 

is an opposite trend in specific resistance cake and porosity. While the specific resistance 

cake decrease from approximately 3x1011 to 2x1011 m/kg, the porosity increase from 0.52 

to 0.535. This issue can be explained base on the capillary model. The lower void volume 

leads to small capillaries, where the water is difficult to flow through the porous media 

and vice versus. This phenomenon also occurs in the case of coarse material KS100. 
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However, the change in trend is smaller. The specific resistance cake reduces from 

1.6x1010 down to 1.3x1010 m/kg. The porosity also increases slightly from 0.503 to 0.506. 

The increase of resistance with the reduction of porosity confirms the finding of Rumpf - 

Gupte [46], Carman – Kozeny [15, 47]. Whereby, the permeability of filter cake k is 

directly proportioned to the porosity , in the case of the other two parameters (the grain 

size and tortuosity) are usually kept constant [48].  

k =
ε3

K ∙ (1 − ε)2 ∙ Sv
2
 

Where Sv is the specific surface area per unit volume of the particle and K is 

Kozeny constant[1, 15] 
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Figure 60. Images for the top and bottom of coarse material (KS100) and fine material 

(KS12) filter cake; “1-1 bar” of the pressure difference (p); 18 mm of filter cake 

thickness. 

Figure 60 shows the images of the top and bottom layer of filter cake in the case 

of limestone. All images are taken as soon as the cake formation unit is removed out of 

the Nutsche. Overall, the probability and degree of cracking are consistent with the result 
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of the permeability ratio. For coarse material KS100, images indicated slight shrinkage 

on top and micro-cracking at the bottom layer, around the filter cake. The difference in 

the shape of micro-crackings as well as the shrinkage, showed no propagation of cracks 

from the upper part to the lower. They are certain cracks at the special positions of the 

filter cake. Therefore, the deliquoring process was executed normally. The filter cake can 

easily remove a considerable amount of water inside. 

Meanwhile, fine material KS12 in almost cases of solid volume fraction shows 

the opposite phenomenon. The very large shape similarity between cracks in the upper 

and lower layers of the filter cake indicated that these cracks form and develop from top 

to bottom, forming large continuous channels. In addition, these cracks have a large size 

by visual observation. This issue leads to a negative effect on the deliquoring phase 

because the gas flow prefers to pass through the macroscopic cracks rather than the pores. 

4.2.2. The solid volume fraction of suspension effect 

For coarse material KS100 

Tests were conducted in the change of volume fraction of solid. By changing the 

amount of distilled water, the concentration of suspension change from 0.05 to 0.4. The 

height of the filter cake (approximately 18 mm) is kept constant. The applied pressure 

difference has changed: “1-1 bar”, “1-3 bar”. The purpose of these tests to know which 

type of cracks occur when they occur as well as clarify the mechanism of crack formation. 

Otherwise, the result of the tests leads to the knowledge of the negative effect of cracking 

on dewatering.  

Figure 61 showed a permeability ratio for KS100 filter cake has a decreased trend 

to approximately 1 when volume fraction growth up to 0.2 before keep constant until 0.4 

of solid volume fraction. The chart can be divided into three parts as a discussion above: 

“dilute suspension area,” “transfer area,” and “concentrate suspension area.”  

The dilute suspension area (or inhomogeneous zone) occurs when filtering the low 

slurry concentration. The solid volume fraction of suspension in this case, below 0.1. 

According to Figure 61 and Figure 71 (upper), filter cake in this region phenomenon of 

shrinkage and micro-cracking. Values of permeability ratio, residual moisture content, 

saturation, as well as specific resistance, which is defined according to the VDI 2762 -2 

[18], are higher compared to those of the rest parts. These phenomena can be explained 

because of the demixing phenomenon on filter cake. Coarse particles have settled first, 
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packed on the filter cloth. Fine particles are filtered out through a new bed, including 

coarse particles and filter cloth. Fine particles on top of the filter cake generate more small 

capillaries, where water can be retained. The tensile stress is higher in comparison to 

homogeneous filter cake, which is formed from the concentrate suspension, as can be 

seen in Figure 53. 

 

 Figure 61. Permeability ratio of KS100 filter cake in variety of solid volume fraction of 

suspension; 18 mm of filter cake thickness; “1-1 bar” and “1-3 bar” of pressure difference. 

The second part belonged to a range from 0.15 to 0.2 of solid volume fraction. 

The filter cake becomes more homogeneous than in the first area. The result is the 

probability and degree of cracking decrease and the corresponding permeability ratio 

drops from around 1.5 to approximately 1. Images for filter cake in Figure 71 also 

supported this evaluation. 

From 0.25 to 0.4 of volume fraction, the filter cake is dewatered without cracking. 

It can be called “the concentrate suspension area” in the chart. The value of the 

permeability ratio keeps stable around 1 (except some cases at 0.3 and 0.4 of volume 

fraction is going to be discussed next graph). It is clearly explained by the large and 

homogeneity of the capillaries, and as a result, the dewatering efficiency is increased.  
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Figure 62. Saturation and residual moisture content of KS100 filter cake in variety of 

solid volume fraction of suspension; 18 mm of filter cake thickness; “1-1 bar” and “1-3 

bar” of pressure difference. 

Figure 62 shows the efficiency of dewatering during filtration. As can be seen, the 

water-retaining within the filter cake reduces when the volume fraction increases from 

0.05 to 0.25. This amount of water cannot reduce any more in range 0.25 to 0.4 of solid 

volume fraction at the constant pressure difference. This stability obtains because the 

filter cake has reached the highest homogeneous state. The moisture values obtained is 

the equilibrium between the dewatering forces to the surface tension force retaining fluid 

in the filter cake. 
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One disadvantage of filtering coarse material is the sedimentation phenomenon. 

At lower volume fraction, the significant amount of coarse particles quickly settle down, 

lying on the filter cloth. Then comes the fine particles. Because of this de-mixing 

phenomenon, the general porosity of filter cake is low. It can be noticed that porosity is 

minimal in the upper layer of the filter cake, and it is quite large at the bottom layer of the 

filter cake. 

Moreover, the fine-grained particles in the top layer cause the high-value specific 

resistance in the upper layer effecting the whole filter cake, as shown in Figure 63. The 

de-mixing results in a higher requirement of applied pressure to push water out of the 

upper pore of the filter cake, while this value is entirely redundant for large pores at the 

bottom layer of the filter cake. This obviously increases the production cost as well as 

more compressed air consumed in the highest dewatering requirements. 

The de-mixing phenomenon only ends when the sludge is filtered at high 

concentrations (from 0.25 or higher). 

 

Figure 63. Specific resistance and porosity of KS100 filter cake in variety of solid volume 

fraction of suspension; 18 mm of filter cake thickness; 1 bar of pressure difference in the 

cake formation phase.  
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0.2, it is seen that lines are not entirely straight, but they curve in places. These curves 

indicated that the domination of sedimentation [17]. Median particle size on top and at 

the bottom of the thin layer filter cake, as can be seen in Figure 65, showed this 

dissimilarity (in case of “1-1 bar” condition – the other conditions are similar). These 

value on top is much smaller than that at the bottom in volume concentration 0.05 and 0.1 

while the rest part of volume fraction witnessed the similarity of parameters.  

 

Figure 64. The ratio of filtration time and filtrate volume (t/V) as a function of filtrate 

volume for KS100 in various volume fraction; 18 mm of filter cake thickness; 1 bar of 

pressure difference in the cake formation phase. 

 

Figure 65. Median particle size on top and bottom layers of KS100 filter cake; 1 bar of 

pressure difference in the cake formation phase; 18 mm of filter cake thickness.  
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By visual observation, as shown in Figure 71, filter cakes have micro-cracking at 

high volume fraction. The value of the permeability ratio then becomes a little higher than 

1. One of the assumptions is used to interpret the result as a closer particle's proximity in 

higher concentrated suspension leads to the agglomeration of fine particles the same as 

the description in Barua’s research with 0.5 of volume fraction [4]. The agglomerated 

fine particles mixed other particles and contacted with particles network. Because of the 

weak bond of flocs, they have deformation and initiation of the crack network. Finally, 

the collapse of the whole structure occurs lead to micro-cracking occurs. This assumption 

is also used to explain for macro-cracking on fine filter cake KS12 mentioned below. The 

result of the zeta potential measurement (Appendix D6) also supports this interpretation. 

The value is relatively low at room temperature of -15 mV and -10 mV for KS100 and 

KS12, respectively. Besides the change of tensile stress during deliquoring, 

agglomeration of fine particles is one of the critical mechanisms of shrinkage cracking 

filter cake. One of the ideas for this situation is the carefully controlling of agglomeration 

by pH value or the presence of dispersant lead to the reduction of settling and clump. The 

result would be no shrinkage cracking at 0.35, and 0.4 of volume fraction and 

permeability ratio would keep constant at around 1.  

The tests are executed using a “1-1 bar” and “1-3 bar” of pressure difference. The 

result of the two conditions shown in Figure 61 and Figure 62. The permeability ratio has 

a similar trend, but the value is smaller for a “1-3 bar” of compressed air. The image of 

filter cake with shrinkage cracking does not also occur, as shown in Figure 71 (upper). 

This result suitable for the measurement capillary pressure curve and tensile stress, as 

presented above. Otherwise, the efficiency of dewatering gets remarkably high at every 

solid volume fraction of suspension.  

Generally, when the volume fraction increases, the probability and the degree of 

shrinkage cracking reduce. The reason for this trend is the homogeneity in the filter cake.  

Finally, the dewatering efficiency is improved. Besides that, a note at the high solid 

concentration of feed suspension that there is another reason that can cause cracks is the 

agglomeration breakage of the fine particles flocs. In the case of KS100, only micro-

cracking occurs and has less effect on the dewatering effect.  One of the ideas to reduce 

cracking and improve the efficiency of dewatering is using the higher capillary pressure 

for the mechanical displacement phase (the change of operation during filtration).

For fine material KS12 
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Tests were conducted similar for coarse material: “1-1 bar”, “1-3 bar” of 

compressed air, 18 mm of the height of filter cake, corresponds to 50 grams of the mass 

limestone.  

The results in Figure 66 and Figure 71 (lower) show large cracks at all values of 

solid concentration. However, their degree is different. Generally, when the volume 

fraction increases, the probability and degree of macro-cracking reduce. This trend is 

similar to coarse material. At the dilute suspension, the permeability ratio has high values 

(35), and this value decreases to 25 for a “1-3 bar”. Saturation also has the same trend. 

For a “1-1 bar”, macro-cracking also occurs from 0.15 to 0.4. This issue seems not to 

change the degree as the value in Figure 66 (around 4 of permeability ratio).  

 

Figure 66. Permeability ratio for KS12 filter cake in various solid volume fraction; 18 

mm of filter cake thickness; “1-1 bar” and “1-3 bar” of pressure difference. 

There are two reasons to explain the formation of cracking in fine filter cake. The 

first one is the weak positions, which are formed in large capillaries after the water is 

pushed out. The adhesive force and the capillary suction force caused by water retained 

in the small capillaries pulls them. Tensile stress, in this case, is pretty high, as can be 

seen in Figure 51.  The second one is the breaking of fine particle agglomeration under 

stress during filtration, as mentioned above. While the main reason for macro-cracking, 

in the case of using “1-3 bar” of compressed air, can be explained by the weaker points 

occurring in filter cake. The cracking on the filter cake, filtered using “1-1 bar” pressure 

difference, caused by the second reason in mostly. The sedimentation phenomenon can 

also explain the reduced trend at the “1-3 bar” of pressure difference. At 0.05 and 0.1of 
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volume fraction, the mechanical displacement phase does not appear on filter cake, as 

seen the low permeability ratio in Figure 66. The compressed air is less enough for the 

mechanical displacement phase. 

The saturation and residual moisture content in Figure 67 show the reduction trend 

when the volume fraction increase. This issue is suitable for the result, as is shown in 

Figure 52. Otherwise, although the permeability ratio, as well as the images for filter 

cakes, which is filtered under “1-3 bar”, shows the high degree of macro-cracking, the 

amount of water remaining on filter cake is still lowered compare with that of “1-1 bar”. 

The residual moisture and saturation of filter cake in the case of the “1-3 bar” are lower 

than those of 1-1 bar. The complete difference of the mechanical of the two phenomena 

is the reason, as discussed above. Otherwise, the compressed air 1 bar is less enough to 

push water out of both large and small capillaries. There is less water that can go out. The 

result in saturation still higher (0.7 - 1). Meanwhile, for 3 bar in the mechanical 

displacement phase, more water in larger capillaries is pushed out. The macro-crack 

occurs, airflow preferentially through the big channels than pores. As a result, dewatering 

does not take place further, and the saturation only gets to 0.65. Figure 52 as well as 

Appendix D2, also has the same trend. 
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Figure 67. Saturation and residual moisture content for KS12 filter cake; 18 mm of filter 

cake thickness; “1-1 bar” and “1-3 bar” of pressure difference. 

 

Figure 68. Specific resistance and porosity of KS12 filter cake; 18 mm of filter cake 

thickness, 1 bar of pressure difference in the cake formation phase. 
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mixing used PSD-measurements with Laser diffraction. If the result takes into account 

the potential error-bars, de-mixing may occur at 0.1 of volume fraction. Moreover, Figure 

70 shows the graph of the (t/V versus V) curve is bent at 0.05 and 0.1 of volume fraction 

while the remaining ones are the straight lines. The sedimentation phenomenon 

dominated these processes [17, 18]. This is the main reason which exacerbates for poor 

dewatering performance of fine-grained material and the appearance of larger cracks.  

 

Figure 69. Median particle size on top and bottom layers of KS12 filter cake; 1 bar of 

pressure difference in the cake formation phase; 18 mm of filter cake thickness. 

 

Figure 70. The ratio of filtration time and filtrate volume (t/V) as a function of filtrate 

volume for KS12 in various volume fraction; 18 mm of filter cake thickness; 1 bar of 

pressure difference in the cake formation phase. 
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Figure 71. Images for KS100 (upper) and KS12 (lower) top and bottom filter cakes with 

the different volume concentrations of the suspension; the height of filter cake 18 mm; 

“1-1 bar” of pressure difference. 

By visual observation, it can be seen that the coarse-grained filter cake shows a 

good filtration result. Most of the filter cakes do not have the formation of macro-

cracking. There are only a few cases of slight shrinkage when filter low solid volume 

fraction suspension, and some micro-cracks when filtering the high concentration sludge. 

However, these micro-cracks do not affect the deliquoring process. The filter cake is 

stable in shape and has a low residual moisture content. 

In the case of filtering the suspension with the difference of the volume fraction, 

fine material KS100 filter cakes have cracks. The shape of the cracks is a combination of 

branches, surrounding cracks, and even large cuts cross the filter cake, similar in shape 

on the upper and lower layer. These are typical signs of macroscopic cracks. The result is 

the filter cakes are still pretty wet. 

4.2.3. Height of filter cake (filter cake deep/ filter cake thickness) effect 

Some input parameters are fixed to survey the effect of the height of filter cake on 

cracks formation. Because of the limitation of the filtration rig, the maximal height of 
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filter cake of 30 mm and volume fraction are chosen. The different applied pressure cake 

is “1-1 bar” and “1-3 bar” of pressure difference.   

For coarse material KS100 

Tests are carried out with coarse material (KS100) at 0.3 of volume fraction. It 

can be seen in Figure 75, the probability of cracking formation as well as the degree of 

cracking increase when the height of the filter cake goes up. In the survey range of height, 

the filter cake is mainly dewatered effectively without cracks. In some cases, the micro-

shrinkage and cracking appear. However, they do not affect the filtration efficiency. 

Similar to the image obtained by the filter cake, the permeability ratio in Figure 72 

indicates value stability of approximately 1 when the filter cake height reaches 18 mm. 

The permeability ratio value begins to increase as the filter cake height increases.  

 

Figure 72. Permeability ratio of KS100 filter cake using “1-1 bar” and “1-3 bar” of 

pressure difference; 0.3 of solid volume fraction. 

The result for cracking in KS100 efficiency of dewatering did not affect as much 

(the saturation is around 0.2 and 0.4). By increasing the height of filter cake from 15 mm 

to 23 mm, macro-cracking occurs with the value of permeability ratio more than 20. This 

issue may explain that the filter cake has been reduced slightly by the filter cake height 

due to the high pressure applied in the dewatering phase (mechanical displacement 

phase).  
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Figure 73. Saturation and residual moisture content of KS100 filter cake using “1-1 bar” 

and “1-3 bar” of pressure difference; 0.3 of solid volume fraction. 

Figure 74 adds to the disadvantage of filtration that the filter cake has a high 

height, especially for dewatering purposes. The surveyed range of the filter cake deep can 

be divided into two parts. The first part is the constant area. Although the height increases 

from 3 to 20 mm, the specific resistance cake remains constant with the value around 

1.4x1010 m/kg. In the second area: specific resistance shows a rapid and significant 

increase, almost twice as high as the value in a constant zone when the height reaches 30 

mm. The value of porosity, in general, is reduced, and in keeping with the increasing 

trend of specific resistance. 
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Figure 74. Specific resistance and porosity of KS100 filter cake using “1-1 bar” and “1-3 

bar” of pressure difference; 0.3 of solid volume fraction. 

The phenomenon of the increasing degree of cracking can be explained by some 

hypothesis. Firstly is the interpretation of Barua [4] related to the wall effect. The 

secondary is the mechanism of cracking, as above discussed, which is related to the weak 

position in the filter cake. One of the mechanisms related to the small filter cake is that it 

has an intense contact with the filter cloth. Therefore, the filter cake structure can be 

stabilized [42]. Otherwise, the agglomeration of particles' reason is not to be missed.  

The results in his research get a good agreement with Barua’research about the 

trend probably and the degree of cracking [4]. The more significant losses because of wall 

friction during filtration are the main reason.  The low filter cake has a small contact area 

with the containment wall. Therefore the compressed force can be applied to the whole 

filter cake without any significant effect at any particular location. The filter cake is 

homogeneous. However, with high filter cake, the wall friction is greater due to the large 

contact area. The compressive force is different at locations on filter cake. It is intense in 

the middle of the filter cake and reduces gradually to the edge, especially where 

contacting with the containment wall. This results in a lower packing density on the edge 

of the filter cake. Gray, in his book [49], pointed out that “the cyclic variation in voidage 

extends to a distance of about 4.5 to 5 particle diameters before it is dissipated”. The 

weaker points appear at the interface of particles and containment walls. The different 

distribution of density and stress lead to the cracks formed around the filter cake edge. 
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This explanation is valid for the small filter Nutsche and is less or no significance 

meaningful on a large scale or in practice. 

On the other hand, due to the thick filter cake (high wall friction), the ability of 

stress transition from top to the bottom of the filter cake under compressed air is low. The 

upper part of the filter cake becomes stark with high packing density. Due to lost stress, 

the particles in the lower part have loose connections. The elastic strain is recovered. The 

un-uniform in packing density and filter cakes are easily divided into two parts 

horizontally (which is horizontal cracks), or cracks at the bottom.  

One more assumption related to the agglomeration occurs in high filter cake 

thickness. The increasing of the height filter cake means the mass of material increases in 

the fixed space. The density of fine particles rise. It is an excellent condition to increase 

the chance of encountering and agglomeration of fine-grained particles in the material.  

One final assumption that can be mentioned is the effect of sedimentation. The 

increase in filter cake height is due to the corresponding increase in the amount of material 

mixed with distilled water. Due to the constant filtration area, the distance of the settling 

of particles increases. Coarse particles have enough time to settle on the filter cloth, while 

fine particles take longer. Stratification may occur during filtration. However, it has not 

been observed clearly in the case of coarse material (Appendix B8 and B9). This situation 

is encountered more when filtering fine-grained materials, which will be discussed further 

in the next section (in the case of limestone KS12).  

Overall, the probability and degree of shrinkage cracking just only occur in the 

high filter cake. The permeability ratio increases rapidly after the critical point of filter 

cake deep. For filter cake height smaller than this critical point, the material is well 

dewatered without cracks. The value of the permeability ratio as well as other output 

parameters (saturation, residual moisture content, porosity, and specific resistance), has 

no change. The shrinkage cracking occurs almost around the filter cake, near the interface 

with the containment wall. This proves that the mechanism of forming cracks is mainly 

due to the wall effect. It is the systematic effect, which derives from the lab-scale 

equipment. This negative effect will be improved further in pilot-scale and industrial –

scale. From the result of residual moisture content, the use of the high-pressure difference 

in the mechanical displacement process (also called the deliquoring/dewatering phase) 

provides high efficiency for the filtration process, especially in the water draining of 

products. 
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Filter cake height  

in mm 6.5 10.7 14.3 23.9 29.3 

“1-1 bar” 

Top  

     

Bottom 

     

 

Filter cake height 

in mm 18.6 19.9 22.4 25.0 28.0 

“1-3 bar” 

Top  

     

Bottom 

     

Figure 75. Images for KS100 filter cake with difference height; 0.3 of solid volume 

fraction. 

The image of the filter cakes reinforces the results of the permeability ratio. The 

higher the height of the filter cake, the greater the probability and extent of cracking. 

Micro-cracks as well as shrinkage appear more when the filter cake thickness reaches 24 

mm or more. The trend is suitable for both filtration processes that use the "1-1" bar of 

pressure difference as well as the "1-3" bar of pressure difference. 

For fine particle KS12 

The same result also gets with the tests for coarse particles. Tests were conducted 

with 0.1 of the volume fraction. Figure 76 shows the increasing trend of the permeability 

ratio when the filter cake thickness increase. The value for the “1-1 bar” condition is from 

1 to 5, with the height from 18 - 34 mm. Those values for the “1-3 bar” condition is 10 to 

60 with the height of the filter cake rise from 8 to 30 mm.  By the visual observation, 

macro-cracking occurs at almost cases in the filter cake. The shape of these cracks is quite 

diverse. Some cracks cut across the filter cake and spread to the bottom of the filter cake. 

In other cases, the cracks appear around the circumference of the filter cake, close to the 

interface of particles to the containment wall. There are some cracks shaped like branches. 
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The diversity in the shape and degree of cracks are caused not only by the filter cake 

height effect but also by the different crack formation mechanism.  

 

Figure 76. Permeability ratio of KS12 filter cake using “1-1 bar” and “1-3 bar” of pressure 

difference; 0.1 of solid volume fraction. 

 

Figure 77. Diagram t/V versus V of filter cake with the various filter cake deep; 0.1 of 

solid volume fraction; 1 bar of pressure difference in the cake formation phase. 

The reason for crack formation can be the high tensile stress on the filter cake, the 

wall effect, agglomeration, and the sedimentation. The high tensile stress usually creates 
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the crack which cut across the filter cake, propagate through to the bottom. The wall effect 

makes the crack around the filter cake. The agglomeration and sedimentation can create 

the shrinkage, micro-cracking. There have been indications that the sedimentation in the 

filter cake at a high filter cake is not observed for coarse materials. This statement is 

shown in Figure 77. The (t/V versus V) curve in case of high filter cake (from 26 mm and 

more) are bent at some positions. Meanwhile, the curves for 8 and 15 mm filter cake 

height are straight lines. Some filter cakes are subject to an individual mechanism; many 

cracks on filter cake are caused by the combination of all mechanisms. 

The different phenomenon also leads to a difference in the degree of disadvantage. 

Overall, filter cake has a high permeability ratio (high degree of cracking) and has a high 

saturation as well as great residual moisture content. As can be seen in Figure 78, the 

saturation increase slightly from 0.9  to approximately 1 when filter cake deep up to 33 

mm (“1-1 bar” condition). The moisture content is pretty high, with approximately 27 %. 

The filter cake is still wet. It can be said that the efficiency of solid-liquid separation is 

low. While the value of saturation and moisture content is still high with 0.7 - 0.8 

(corresponding the 22 - 23% of residual moisture content), the result is quite excited for 

the cake, which is filtered using the “1-3 bar” condition. Although the degree of cracking 

is higher than that using a “1-1 bar” condition, the efficiency of dewatering is a little 

better. 
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Figure 78. Saturation and residual moisture content of KS12 filter cake using “1-1 bar” 

and “1-3 bar” of pressure difference; 0.1 of solid volume fraction. 

 

Figure 79. Specific resistance and porosity of KS12 filter cake; 1 bar of pressure 

difference in the cake formation phase; 0.1 of solid volume fraction. 

The specific resistance cake and porosity show an opposite trend. While the 

specific increase gradually from 3x1011 m/kg to 4x1011 m/kg, the porosity reduces very 

slightly from 0.525 to 0.505. Two opposite trends of specific resistance and porosity get 

the agreement with the test result above as well as the investigation of Rumpf - Gupte 

[46], Carman – Kozeny [15, 47]. The reason for the increase in specific resistance as well 

as the lower porosity is the sedimentation phenomenon.  The fine particles settled on the 

coarse particles lead to high resistance (come with the much lower porosity) on top of the 
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filter cake. The result is that the total values of the whole cake also change according to 

the trend above, compared with the homogeneous filter cake. 

Filter cake height in     

 mm 
19.2 22.8 24.3 29.8 32.3 

“1-1 bar” 

Top  

     

Bottom 

     

 

Filter cake height in  

mm 
7.7 15.0 22.5 

“1-3 bar” 

Top  

   

Bottom 

   

Figure 80. Images for KS12 filter cake with different height; 0.1 of volume fraction. 

In general, the filter cakes have the appearance of shrinkage and macro-cracking. 

This is completely reasonable because the test material is a super-fine material KS12. 

However, it can be observed that, at a low filter cake height, the degree of cracking is 

less, even not occur (filter cake in case of 1-1 bar pressure difference, 19.2 mm height). 

In addition, when filtering the filter cake at the application pressure of 1-3 bar, the level 

of cracking is greatly reduced, the residual moisture content is also improved 

significantly. 

4.2.4. Pressure difference effect 

Air pressure difference is one of the critical parameters, which affect cracking 

formation. This operation parameter can be regulated to achieve the most efficiency for 

many purposes (prevent the cracking, good dewatering, economy, etc.). Tests were 

conducted with a variety of pressure differences. The air pressure difference kept stable 
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during the cake formation phase and deliquoring phase. The height of the filter cake 

approximately 18 mm. Suspension with different solid volume fractions is chosen in order 

to discover the crack formation as well as the efficiency of filtration.  

For the coarse material (as can be seen in Figure 81 and Figure 82), the tendency 

of cracking when at various pressure difference get the good agreement with Barua’s 

research [4], Wiedemann’s research [5] and Anlauf’s research [42]. The probability of 

cracking formation as well as the degree of cracking are likely reduced or keep stable. As 

summarised in Table 3, the reasons for these good results are higher packing density, pre-

deformation flocs; lower shrinkage potential; increase tensile strengths due to increase 

pre-stress during filtration.  

 

Figure 81. Permeability ratio of KS100 (coarse material) filter cake using the variety of 

pressure difference; 18 mm of filter cake thickness.  

Also, the increase in applied pressure difference reduces the wall effect as well as 

the sedimentation phenomenon during the formation of the filter cake. With a higher 

pressure difference, more water is pushed out of the capillaries; the filter cake reaches the 

irreducible state as can be known as the state in which the amount of water in filter cake 

can not reduce anymore, although the high applied pressure difference and long time. 

Additionally, with high pressure, water is drained simultaneously at large and small 

capillaries. The number of weak positions, which is formed in filter cake,  is also small. 

The main and also the initial cause of crack formation is prevented. For coarse materials, 

the permeability ratio is constant at 0.3, 0.4 of the solid volume concentration, around 1 

of magnitude. The result proves that the filter cake can completely dewater without crack 
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formation from 1 bar pressure. This excellent filtration process remains unchanged when 

the pressure increase. However, for 0.1 of solid-phase volume concentrations, there is a 

significant improvement in filtration efficiency as the crack degree goes down gradually 

to 1 when the applied pressure is increased. The image in Figure 81 also clearly indicates 

these. 

       The pressure difference in bar 

 

Volume fraction cv 

“1-1 bar” “2-2 bar” “3-3 bar” 

0.1 

Top  

   

Bottom 

   

0.2 

Top  

   

Bottom 

   

0.3 

Top  

   

Bottom 

   

0.4 

Top  

   

Bottom 

   

Figure 82. Images for KS100 filter cake in the variety of pressure difference; 18 mm of 

filter cake thickness. 

Along with the improvement of crack formation in filter cake, saturation and 

residual moisture also change positively. In most cases, as to be shown in Figure 83, 

indicate a slight or unchanged decrease. This saturation level generally reaches a value of 

around 0.35, while the residual moisture content decreases gradually to minium as 10%. 

The reason for the decrease in moisture, while the saturation remained the same trend 

because of the higher packing density at high applied pressure difference. The comment 

is also expressed in Figure 84. The specific resistance generally increases slightly while 
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the porosity reduces moderately. The exception occurs when filtration of the feed 

suspension with a solid volume fraction of 0.1. It can be seen that specific resistance and 

porosity both decreases with the increasing applied pressure difference. Specific 

resistance tends to decrease to a similar value of 1.5 x1010 m/kg, like to the result with 

other volume fraction of feed slurry. This result achieves because the filter cake at high 

applied pressure has become as homogeneous as possible. Porosity witnessed a sharp 

decrease due to the transition from the sedimentation area to a homogeneity area and 

achieving a constant value of 0.49. Overall, this is an interesting compressibility effect 

when the pressure difference increase. It can be seen that the residual moisture content 

decrease or stay constant while the saturation grows up. The saturation seems not fit to 

the capillary pressure curve, measured in Figure 53. The saturation is in the range of (0.3-

0.8) in the range of 1 to 3 bar capillary pressure. Some points can explain this issue: 

- The data in Figure 53 is measure in operational parameters (1 bar pressure difference 

for cake formation – 0.1 to 3 bar capillary pressure for dewatering). The data for those 

tests are conducted in same pressure difference for cake formation and deliquoring 

(1-1 bar; 2-2 bar; 3-3 bar) 

- In capillary pressure measurement, the filter cake is compressed by a piston with the 

pressure up to 4.5 bar. The filter cake is much more compressed, results in the water 

inside the filter cake can flow out easily. 

- The filter cloth for all tests is standard SK006, in which the water and air can flow 

simultaneously. While the semi-permeable membrane, which only liquid can flow 

through, is used for capillary pressure measurement   

 

0.20

0.25

0.30

0.35

0.40

0.45

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2

S
at

u
ra

ti
o

n

Pressure difference in bar

cv 0.1 cv 0.2

cv 0.3 cv 0.4



105 
 

 

Figure 83. Saturation and residual moisture content of KS100 (coarse material) filter cake 

using the variety of pressure difference; 18 mm of filter cake thickness. 
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Figure 84. Specific resistance and porosity of KS100 (coarse material) filter cake using 

the variety of pressure difference; 18 mm of filter cake thickness.

For fine particles KS12 (Figure 85), the applied pressure difference is increased 

from 1 and just reach 3 bar due to the limitation of the experimental equipment. Tests 

were conducted in 18 mm of the filter cake. The volume fraction is 0.1, 0.2, 0.25 and 0.3. 

Figure 85 shows the increasing trend of the permeability ratio. This trend is consistent 

with the images observed in Figure 86. The probability and extent of cracks increase 

rapidly as the increase of the applied pressure difference. The value of the permeability 

ratio increased from 5 to approximately 25. There was no significant difference in the 

filter cakes with different initial suspension concentrations. 

The increasing trend of cracks shows a difference from the coarse materials as 

well as the conclusions of previous studies. The reason for this phenomenon is the 

formation of weaknesses during the displacement of water out of the capillary. Because 

the size of the capillaries is too small, the applied pressure difference is not significant 

enough to push water out of the capillaries simultaneously. Also, the filter cake is in a 

"capillary state," which is a state of high stress, which is mentioned in Figure 49 and 

Figure 51. The particles subjected the influence of capillary forces, pulling particles in 

the weaker positions towards its side. As a result, large channels are formed.  Air flows 

preferably through the cracks. The deliquoring process is seriously affected. A stronger 

dewater force is proposed, which can be drained water from the tiny and ultra-tiny 

capillaries. Then the filtration efficiency will be improved with no cracks. Moreover, the 
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expected results could reach an agreement with the previous studies as well as the trend 

of coarse particles. 

 

Figure 85. Permeability ratio of KS12 (fine material) filter cake using the variety of 

pressure difference; 18 mm of filter cake thickness. 
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Bottom 

    

Figure 86. Images for KS12 filter cake in the variety of applied pressure difference; 18 

mm of filter cake thickness. 

Otherwise, cracking may be caused by the agglomeration of very fine particles, as 

mentioned above. The mechanism of cracking is also referred to by Barua [4]. The 

agglomerated fine particles mixed other particles and contacted with particles network. 

Because of the weak bond of flocs, they have deformation and initiation of the crack 

network. The collapse of the whole structure occurs. At higher pressure, where filter cake 

is formed and reaches to the high packing density stage (as can be seen in Figure 88 – the 

trend of specific resistance cake and porosity), the flocs are broken before capillary 

pressure entry. The cracking should be prevented as the KS100. However, because of the 

considerable amount of fine particles in the material and the lack of magnitude of applied 

pressure, the flocs are not broken totally. Finally, macro cracking formation as the 

mechanism mentioned above. 
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Figure 87. Saturation and residual moisture content of KS12 (fine material) filter cake 

using the variety of pressure difference; 18 mm of filter cake thickness. 

In general, despite the significant increase in crack degree, there was no significant 

difference in saturation and residual moisture content, except the case of 0.1 of volume 

fraction. Saturation is in the range of  0.69 to 0.77. Corresponds to it is the moisture 

around from 20% to 25%. These values for 0.1 of volume fraction are from 0.88 to 0.78, 

correspond 26% to 21.5 % of residual moisture content. The result of saturation as well 

as the residual moisture content are lower compare with the data of capillary pressure 

measurement, as can be seen in Figure 51. Those results are similar to the filtering KS100 

result, as mentioned above. The reason can be explained base on the difference of filter 

media, the applied air pressure during filtration and the compressive filter cake by the 

piston (in case of capillary pressure measurement). Overall, these values are still high 

because much water exists in the filter cake. The formation of cracks prevents the 

dewatering process furthermore. 
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Figure 88. Specific resistance and porosity of KS12 (fine material) filter cake using the 

variety of pressure difference; 18 mm of filter cake thickness. 

Figure 88 shows the relationship of specific resistance and porosity with an 

increasing applied pressure differential. While the specific resistance increased from 

2.2x1011 to 4.5x1011 m/kg, porosity decreased from about 0.53 down to approximately 

0.485. This result reached an agreement with the findings of Rumpf-Grupte [46],  Carman 

–Kozeny [15, 47], as mentioned above. In addition, the results also show that the material 

is seem compressed at the high applied pressure difference. The proof of this comment 

derives from the result of the decrease of overall porosity, along with an increase in 

specific resistance filter cake. Otherwise, as shown in Figure 87, while the residual 

moisture content tends to decrease drastically, the saturation is almost unchanged. This 

phenomenon indicates that the void volume has been reduced in the filter cake at the high 
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applied pressure. A reasonable explanation can be made regarding an increase in the 

packing density. At low applied pressure difference, the low and loose packing density is 

caused by the effect of fine grain size, wall effect. When the applied pressure increases, 

the compressive force becomes stronger, exceed the influence of the above factors. Filter 

cakes have a higher and tight packing density. 

Moreover, one of the assumptions related to the compression of the filter cake is 

the agglomeration of ultrafine particles. When the high-pressure difference is applied, 

there is a pre-deformation of flocs during a fully saturated state. The result is the reduction 

of void volume in filter cake. However, this is still the hypothesis, needs more proof in 

future work. 

4.3. The difference in the crack formation by using steam pressure filtration 

As mentioned above by Widermann and Stahl [5], the reduction of surface tension 

lead to the decrease of shrinkage potential as well as minimum compressive pressure. One 

of the most economical ways of providing the high temperature is, using saturated or 

superheated steam instead of the gas during the mechanical displacement phase. By using 

steam pressure filtration, which is the combination of the mechanical and thermal process, 

is not only the reduction of probability of the cracking formation but also the 

improvement of dewatering efficiency. Otherwise, its mechanism, which has the 

simultaneous displacement of water,  can lead to the reduction of the tensile stress as well 

as avoid the weak points on the filter cake system. 

The results for both fine-grained limestone and coarse grain limestone were not 

as expected. The general trend shows that the probability and extent of crack formation 

still occur when using steam pressure filtration. However, the probability and the degree 

of cracking for both materials are different compared to conventional pressure filtration. 

The saturation and residual moisture content are also improved partly. 

Tests were firstly conducted using steam pressure filtration for fine material KS12. 

The filter cake is formed in Nutsche, according to VDI 2762-2[18]. In the next step, the 

steam enters the Nutsche by the opening magnetic valve. The thermocouple TC3 is in 

contact with the filter cloth to measure the temperature of the filtrate. Otherwise, it is also 

to investigate the moment of steam breakthrough (the temperature reaches approximately 

100 degrees Celcius). The information about the temperature profile of tests is shown in 

Appendix C3. After entering the Nutsche, the steam penetrates the filter cake. The test is 
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ended when the steam pressure breakthrough the filter cake (mechanical displacement 

phase end). The venting valve is opened slowly[12, 13]. However, due to the pressure 

difference between the inside of the Nutsche and the ambient environment, the hot water 

in the filter cake becomes superheated and evaporates. The mechanical force caused by 

this evaporation leads to the filter cake destruction, as is described by Peuker and Stahl 

[8]. Thus, the images of the filter cake after the deliquoring phase using steam pressure 

filtration, which is captured by the camera, cannot properly reflect the cracking 

probability and degree. Most of the filter cakes have a very low tendency to crack when 

observed through the Nutsche's sight glass during the mechanical displacement phase. 

Although there is no filter cake image is recorded, the result of tests which are shown in 

Figure 89, Figure 90 (at the variety of volume fraction) and Figure 91, Figure 92 (at the 

variety of filter cake thickness) also indicated the efficiency of steam pressure filtration 

as well as the different cracking probability between two kinds of filtration. 

 

Figure 89. Permeability ratio of KS12 filter cake using conventional pressure filtration 

(CPF) and steam pressure filtration (SPF) in various volume fraction; “3 -3 bar” of 

pressure difference; 18 mm of filter cake height. 

At the variety of solid volume fraction of suspension, it can be seen while macro-

cracking occurs at every volume fraction using conventional pressure filtration, there are 

only shrinkage micro-cracking filter cakes after filtering by steam. The corresponding 

permeability ratio for the two types is around 6 and 25, respectively. Although the 

permeability ratio of filter cake after steam pressure filtration is still high,  it is much 

smaller in comparison to those caused by conventional. By using the steam pressure 
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filtration, the amount of water after deliquoring is also better (SSPF  0.7- 0.8 (no drying 

phase)<< SCPF  0.95 (no drying phase)).  

 

 

Figure 90. Saturation and residual moisture content of KS12 filter cake in various volume 

fraction; ; using SPF and CPF ; “3-3 bar” of pressure difference; 18 mm of filter cake 

height. 

The phenomenon of filter cake using steam pressure filtration with limestone 

continue to repeat when observing the effect of filter cake height on the filtration result 

and crack formation. For fine material, the results are quite positive when both the 

permeability ratio, saturation, and moisture content of filter cake show a better degree 

compared to traditional filtration. The permeability ratio increase from 3 to 10 when the 

filter cake reaches to 22 mm. They are much smaller than 30 of permeability ratios at the 
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same height when using conventional pressure filtration. The degree of shrinkage 

cracking decrease leads to the water inside the filter cake also lower. For thin filter cake 

(4 mm), the residual moisture content is approximately 14%. At the highest surveyed 

filter cake (22 mm), this value is also 20%. Generally, the amount of water using steam 

pressure filtration is lower than that of conventional pressure filtration. However, the 

difference is not significant, as can be seen in Figure 92. The results support that 

continuous condensation may occur during the process. The longer the de-watering time 

becomes the closer the lines get (too much time for un-controlled condensation). 

 

Figure 91. Permeability ratio of KS12 filter cake in various filter cake height; using SPF 

and CPF; “3-3 bar” of pressure difference; 0.1 of volume fraction. 
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Figure 92. Saturation and residual moisture content of KS12 filter cake in the variety of 

filter cake height; using SPF and CPF; “3-3 bar” of pressure difference; 0.1 of volume 

fraction. 

For the coarse material KS100, in the requirement to stabilize the filter cake after 

the mechanical displacement phase. The procedure to remove the filter cake is changed. 

After the steam break through the filter cake, the magnetic valve is closed. The filter cake 

is left in Nutsche until there is then the equilibrium of pressure inside the Nutsche and 

ambient environment. However, this test procedure leads to a big problem in systematic 

errors. The condensed water from some tubes is flowed back to the Nutsche, increase the 

saturation as well as the residual moisture content in filter cake. The test again with 

KS100, as shown in Appendix C3, indicated that systematic errors reach to 16%. 

Otherwise, because of the lack of comprehensive understanding of the change of material 

properties during the steam pressure filtration as well as the poor control of the negative 

effect due to long filtration time, almost experimental results (in the case of KS100) are 

just only indicated in Appendix C1, C2. The use of steam filters also somewhat improves 

the dewatering efficiency and reduces the probability and degree of cracks. For fine 

materials, this efficiency is remarkably high when compared to traditional filtration. The 

results for coarse grain size are acceptable (taking account of the systematic errors). Other 

reasons for KS100's problem may be the appearance of negative effects and material 

characteristics when limestone is at high-temperature conditions. Overall, in the case of 

limestone, it is recommended to use steam filtration for fine particle size with the 

improving filtration efficiency, maybe using both types of filtration with coarse particle 

size material.  
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4.4. General conclusion 

The permeability ratio is an appropriate output parameter to quantify cracks. The 

high permeability ratio is consistent with the large number of cracks observed on the filter 

cake and vice versa. 

Cracks in filter cake can be divided into two types: shrinkage micro-cracking and 

macro-shrinkage. The micro-shrinkage cracks are small in size, difficult to observe, occur 

locally in certain locations (above the surface, on the bottom or around the side of the 

filter cake), and there is no contact together. This phenomenon affects the dewatering 

efficiency less. Macro-cracking is usually large, propagating from the surface of the filter 

cake to the bottom of the filter cake. The shape of the cracks also varies. Sometimes 

significant cuts divide the filter cake into sections. Sometimes there are cracks around the 

filter cake. In addition, there is another type of cracking, which is harder to observe, 

dividing the filter cake into two parts in horizontal. The extent of its influence depends 

on each specific case. 

Through the experimental results of the effect of solid volume concentration in 

the suspension, filter cake height, and the applied pressure difference to crack formation, 

the mechanism cause shrinkage cracking in the filter cake can be list as follows: 

- The tensile stress in the filter cake, which occurs during the mechanical displacement 

phase. Its magnitude depends on the degree of saturation and capillary pressure. Due 

to the heterogeneity of the pore structure and the liquid distribution inside the filter 

cake, there are always forming the weakest points. If the magnitude of tensile stress 

exceeds the tensile strength, cracks will appear.  

- Sedimentation is one cause of crack formation in filter cake. When this phenomenon 

occurs, the filter cake is divided into two parts with small grains located on the upper 

layer; the coarse grain size is in the lower layer. If the stratification becomes 

considerable, cracks not only appear in the top layer of the filter cake, but there are 

also cracks dividing the filter cake into two parts horizontally.  

- The wall effect during lab-scale experiments causes wall friction at the interface of 

outward particles with the containment wall. The phenomenon causes particles to 

have a lower packing density than that of at the center of the filter cake. It is also 

related to pressure loss in the lower layer of the filter cake, especially for thick filter 

cake. Low packing density at the bottom of the filter cake also occurs. As a result, 

shrinkage cracking is formed around the circumference of the filter cake and at the 
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bottom of the filter cake. From the filter cake observation, the mechanism is 

assumpted. The proof of this issue needs to be defined in future work.   

-  Last but not least is the agglomeration of fine particles. The agglomerated fine 

particles mixed to other particles and contacted the particles network. Because of the 

weak bond of flocs, they have deformation and initiation of the crack network in the 

mechanical phase, under the compressed air. Finally, the collapse of the whole 

structure occurs.   

The results of the application pressure increase in the mechanical displacement 

phase or both phases of filter cake formation and mechanical displacement show a good 

effect in improving the filtration process as well as preventing cracks. 

Steam filtration show to be a suitable way to reduce crack formation in the filter 

cake and to increase dewatering efficiency. The high-pressure steam flows into contact 

with the cold surface of the filter cake,  condensation, and forming the even displacement 

front. This steam continuously condenses within the large capillaries with the reducing 

local pressure. Simultaneously, the less steam condensate in the small capillaries and the 

local pressure is still high. As a result, the mother liquid is pushed out simultaneously in 

both large and small capillaries. This issue will reduce tensile stress by the reduction of 

saturation as well as the formation of weak positions in the filter cake. High temperatures 

also lead to the reduced surface tension of the water (which is causing the high tensile 

stress). In addition, convection and conduction of heat caused the filter cake to heat up, 

lead to further moisture reduction. The result is a marked improvement for fine-grained 

limestone. The amount of water inside the filter cake is expected much lower after 

deliquoring, but it was not achieved because of the continuous condensation of steam. 

One of the suggestions that carefully control the steam flow into the system, especially 

water condensation. The condensation time should not too long. 
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5. The influence of operating parameters on cracks formation in the case of 

Vietnam coal 

5.1. Capillary pressure curve and tensile stress during filtration in case of Vietnam coal 

Measurement is continued to a similar method and the same input parameters for 

Vietnamese coal. The results are shown in the graphs in Figure 93. While almost filter 

cakes are in the capillary state at 0.1 MPa of applied pressure capillary (except 0.35 and 

0.4 of volume fraction), all filter cake is on interstices state (funicular state) at 0.3 MPa. 

The saturation and tensile stress at the former one are around 0.9 and 0.1 MPa, 

respectively. This value is quite large and affects the shrinkage cracking inside the filter 

cake as well as the dewatering efficiency. For 0.3 MPa of pressure difference, although 

the saturation is around 0.5, in some cases are 0.4, the tensile stress is pretty high (0.08 

MPa to 0.09 MPa). They are not different as much compare with the result at 0.1 MPa of 

capillary pressure. It can be predicted that although dewatering may be better, the degree 

of the shrinkage cracking phenomenon will not decrease much when the high-pressure 

difference is applied. It can be commented that because of high fine particles in the 

material, the sedimentation dominated the cake formation. A significant amount of very 

fine particles are on top of the filter cake while the coarse particles are at the bottom, 

above the filter cloth. This issue causes un-uniform capillaries inside filter cake, where 

the diameter changes between top and bottom.  

One highlight of the measurement results is that at high sludge uniformity (0.35 

and 0.4), for both 0.1 and 0.3 MPa of capillary pressure, the filter cake is in a funicular 

state. This is a good state for effective dewatering and cracks prevention. The filter cake 

is entirely homogeneous; the capillaries are sufficiently large as well as uniform in size. 

Overall, the process of VN coal filtration, following the difference of volume 

fraction of feed suspension, can be divided into two main areas: sedimentation area (until 

0.1 of volume fraction) and homogeneous area (over 0.2 of volume fraction). The transfer 

area is not clear (maybe occur at 0.15 of volume fraction), according to the result of this 

measurement. The increasing pressure difference in the mechanical displacement phase 

is still one of the ideas to reduce the degree of saturation and the tensile stress.  
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Figure 93. Capillary pressure and tensile stresses against saturation for VN Coal. 

Figure 94 also shows the trend of saturation and residual moisture content at 3 bar 

of pressure capillary in the variety of volume fraction. Overall, the increase the solid 

concentration, the lower the amount of water inside the filter cake. However, the degree 

of reduction is quite slightly and there is an abnormal value at 0.3 of the volume fraction 

(a little higher than the remaining parts). The increase, in this case, is not significant and 

can be taken into account for the systematic errors. In conclusion, the trend of the result 

is suitable and gets an agreement with the result of limestone, which is shown in Figure 

52 and Figure 54. Otherwise, from the capillary pressure curve measurement, the 

relationship between the residual moisture content and capillary pressure is also indicated 

in Appendix D4.  
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Figure 94. The saturation and residual moisture content of VN coal filter cake at 3 bar 

capillary pressure as the function of the volume fraction. 

5.2. Test were conducted using conventional pressure filtration 

5.2.1. The influence of the solid volume fraction on crack formation and saturation 

 

Figure 95. Permeability ratio of VN coal filter cake in the variety of volume fraction; 15 

mm of filter cake height. 

The experiment was conducted to investigate the effect of the solid volume 

concentration on the crack formation and the dewatering efficiency of filtration. The 

initial suspension is re-slurry by mixing dry coal powder with distilled water. The weight 

of coal per experiment is 30 grams equivalent to approximately 15 mm of filter cake 

height. Depending on the concentration of the suspension for each test, the mass of water 
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is used accordingly. The applied pressures difference is “1-1 bar”, “1-3 bar”, and “3-3 

bar”. 

 

Figure 96. The median particle size of the upper and bottom layer filter cake; 15 mm of 

filter cake height; 1 bar and 3 bar of pressure difference in the cake formation phase. 

 

Figure 97. Diagram of t/V versus V; in the variety of volume fraction; 15 mm of filter 

cake height; 1 bar and 3 bar of pressure difference in the cake formation phase. 

As shown in Figure 95, the permeability ratio shows a decreasing trend when the 

solid volume fraction of suspension increases from 0.05 to 0.4. This issue occurs at both 
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three applied pressure difference. It also gets an agreement with the coarse and fine 

limestone, as mentioned above. Data on the permeability ratio with the variety of solid 

volume fraction show the dilute suspension area (sedimentation area) and concentrate 

suspension area (homogeneous area). The transfer area is pretty narrow, ranging from 

0.15 to 0.2 of the solid volume fraction of initial suspension. There is a difference in 

filtration result in the lower volume fraction (0.05 to 0.15). While shrinkage, micro-

cracking as well as macro cracking is observed on top and at the bottom of limestone 

filter cake, the result for this situation is the separation into two distinct layers in 

horizontal (cracking in horizontal), as is described in Figure 24. The cracking on the top 

and bottom surface of coal filter cake does not exist. This phenomenon is the strong 

sedimentation of particles fine coal material in case of dilute suspension filtration. The 

particle size distribution of coal in Figure 42 shows a broad distribution with the largest 

particle size up to 300 µm, and a significant amount of particle material below 10 µm 

(accounted for 40%). The long filtration time and dilute feed slurry create conditions for 

free settling particles. Also, because this is an industrial material, the composition 

contains many minerals with different densities. All of the above factors create strong 

sedimentation of particles. The data on the median size of particles which packed at the 

top and bottom layers on the filter cake (Figure 96) and the bent of the graphs (t/V versus 

V) (Figure 97) support this explanation. 
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Figure 98. Saturation and residual moisture content of VN coal filter cake in the variety 

of volume fraction; 15 mm of filter cake height. 

From 0.2 to 0.25 of the volumetric concentration in the feed slurry, the particles 

in coal settle hinder during filtration. This one makes the filter cake more homogeneous. 

The permeability ratio reduces significantly to around the value of 1 to 3. The filter cake 

is dewatered without the appearance of cracks. The amount of saturation and residual 

moisture content decreased sharply compared to the previous sedimentation area. 

However, these values are still different, depending on the applied pressure difference. 

Specifically, for the “1-1 bar” of compressed air, the saturation value is around 0.8, 

equivalent to about 20% moisture. These values are almost unchanged when increasing 

the volume fraction to 0.4. It can discuss that the dewatering process reaches the limitation 
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pressure difference. The saturation and residual moisture content in the balance area are 

lower at “1-3 bar” and “3-3 bar” of pressure difference, shown in Figure 98. Because this 

type of coal is the industrial material, the requirement for the remaining water in the 

material after filtration must be low as much as possible. The recommendation is that 

suspension should only be filtered with solid volumes fraction of 0.2 or more. The 

pressure difference should be “1-3 bar” or “3 -3 bar”. 

The trend of crack formation, degree of cracking, and saturation of filter cake are 

adequate with the previous discussion. It can be confirmed that the increases in 

sedimentation degree related to the high tensile stress in filter cake. The weaker positions 
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coal, cracking is observed on the side of the filter cake and follow the horizontal of the 

filter cake. The crack formation mechanism is not only the high tensile stresses in the 

filter cake but also the wall effect and the different degrees of packing density. 

 

 

Figure 99. Specific resistance and porosity of VN coal filter cake in the variety of volume 

fraction; 15 mm of filter cake height; 1 bar and 3 bar of pressure difference in the cake 

formation phase. 

The specific resistance of filter cake, generally, shows the decreasing trend when 

the solid volume fraction of suspension grows up from 0.05 to 0.4. This value reduces 

significantly in the sedimentation area before keep stable from 0.2 of solid volume 

fraction. This trend is suitable for both fine and coarse limestone, as mentioned above. 
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increases slightly, that of coal decrease like the specific resistance trend. The phenomenon 

is pretty unique and unpopular. The reason can be a significant amount of fine particles 

in coal. For the sedimentation zone, they form a very thick layer on top of the filter cake. 

While the coarse particles at the bottom filter cake are in a thin layer, they account for a 

minor proportion of the total filter cake. The result is the sum of specific resistance as 

well as the porosity, generally is high. By increasing the volume fraction, filter cake 

becomes more homogeneous, and those values are also decreasing.  

5.2.2. The influence of the height of filter cake on crack formation and saturation 

In investigating the crack formation and studying its effect on filter cake moisture, 

filter cake height is a parameter not to be missed. This parameter is essential for scale-up 

and is directly related to the ability of the performance of the filter equipment. Choosing 

the right filter cake height has not only technical meaning but also brings higher economic 

efficiency and higher productivity. 

The experiment was conducted using conventional pressure filtration, using 

Nutsche, as described above. The applied pressure differences are “1-1 bar”, “1-3 bar”, 

and “3-3 bar”. The height of the filter cake is changed by changing the mass of the coal 

mixing with distilled water in feed suspension. Concentration of solid-phase volume is 

fixed at 0.1 (sedimentation area) and 0.3 (homogeneous area). 
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Figure 100. Permeability ratio of VN coal filter cake in the variety of filter cake height; 

0.1 and 0.3 of volume fraction. 

Figure 101 shows the upper and lower layers of the coal filter cake under 

parameters of the solid volume fraction of the suspension, the pressure difference, and 

the filter cake height. As for solids content, a clear difference can be seen between the 

filter cake in 0.1 and 0.3 of the volume fraction. For the low solid concentration of 

suspension, the filter cake has apparent delamination. The coarse particles deposits at the 

bottom part of the filter cake. Even this layer tends to be separated from the filter cake in 

some cases (when removing the filter cake out of the cake formation unit, this layer is 

separated from the main part of filter cake). Meanwhile, fine particles are located on the 

upper layer, increasing specific resistance as well as the value of capillary pressure entry. 

The results are pretty wet filter cakes. For the 0.3 of volume fraction, the filter cakes are 

observed to be homogeneous from top to bottom, the filter cake dewatering better in those 

cases. From the images, it can be seen that the height of the filter cake increased, cracks 

appear (in some cases), especially at the height of 21 mm or more. For the effect of 

application pressure, filter cake images are shown in all three conditions “1-1 bar”, “1-3 

bar”, and “3-3 bar”. The coal filter cake is difficult to observe visually, so the difference 

is not as evident as for limestone. 
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Bottom 
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“3-3 bar” Top 

   
Bottom 

   

Figure 101. Images for coal filter cake in various filter cake height, 0.1 and 0.3 of volume 

fraction. 

Overall, there was an increase in the permeability value as the height of the filter 

cake increased. However, the extent of their increase, which is shown in Figure 100, is 

different. For the sedimentation area (0.1 of volume fraction), the permeability value does 

not increase when the filter cake height is less than 10 mm. These values increased very 

quickly after that. The increased wall effect leads to an increase in wall friction (the reason 

for the loss of compressed force as well as loosening in the packing of the coal particles). 

Besides, due to the increase in the mass of distilled water and coal (in order to increase 

filter cake height and fix solid volume fraction in suspension) leads to higher filtration 

times. As a result, the degree of stratification also increases. All of those standpoints are 

supported by the results of the permeability ratio using the higher pressure difference (“3-
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3 bar”) is lower than the rest ones. For homogeneous areas (0.3 of the solid volume 

fraction), there is generally a slight increase in the permeability ratio. This result is 

particularly good when the permeability ratio is almost constant with a pressure of “1-3 

bar” when the height increases from 2 mm to 23 mm. This significant improvement is 

caused by the homogenized filter cake, the similar size of capillaries. Water is displaced 

simultaneously. The result is that the lower tensile stresses and fewer weak positions are 

formed between particles. 

 

 

Figure 102. Saturation of VN coal filter cake in the variety of filter cake height; 0.1 and 

0.3 of volume fraction. 
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Figure 103. The residual moisture content of VN coal filter cake in the variety of filter 

cake height; 0.1 and 0.3 of volume fraction. 

The amount of water in the filter cake tends to increase as the height of the filter 

cake increases. The trend is even quite similar to the direction of the permeability ratio. 

Values increase slowly or remain constant when the filter cake height is less than 10 mm 

and 14 mm for sedimentation zone and homogenization zone. In general, the amount of 

water in the filter cake is still high for dilute slurry filtration and is improved for 

concentrated sludge filtration. The reason is clearly explained above. This trend is reached 

in agreement with both fine and coarse limestone. The best dewatering effect is achieved 

in the range of 0.5 - 0.6 of saturation, equivalent to 12 -16% of the remaining moisture. 

The recommended parameter for coal filtration is a solid phase volume concentration of 

0.3, the applied pressure difference of “1-3 bar”. Because there is no distinct in residual 
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moisture content, the selected filter cake deep can be 14 mm, even in the range of 18 - 24 

mm, in order to maximize productivity. In dilute slurry filtration, the recommended filter 

cake height should be less than 10 mm. 

 

 

Figure 104. The specific resistance of VN coal filter cake in the variety of filter cake 

height; 0.1 and 0.3 of volume fraction; 1 bar and 3 bar of pressure difference in the cake 

formation phase. 
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Figure 105. The porosity of VN coal filter cake in the variety of filter cake height; 0.1 and 

0.3 of volume fraction; 1 bar and 3 bar of pressure difference in the cake formation phase. 

In general, specific resistance and porosity were reached in agreement with coarse 

and fine size limestone. The uptrend is mainly due to the high degree of stratification and 

the low packing density of the particles. This trend substantially impacts the filter cake 

when filtering in the sedimentation area and has less effect on the filter cake in the 

homogeneous regions. One of the new findings is the stability of filter parameters until a 

certain height (as can be called “critical point”) of filter cake before increasing rapidly 

with the increase of filter cake deep. The data in Figure 104 and Figure 105 also suitable 

for this detection. 
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The experiment was conducted with a change parameter of pressure difference. 

The pressure difference will be kept constant throughout the cake formation and 

deliquoring phase. The solid concentration of surveyed suspension was 0.1 and 0.3. The 

filter cake height is fixed at approximately 15 mm (30 grams of the solid mass). The 

purpose of the experiment is to evaluate the dewatering efficiency and observe the degree 

of crack formation of the coal filter cake under the effect of a flexible parameter, which 

can be easily adjusted in the operation of the filtration device.  

The results of measurement and calculation of the permeability ratio, as shown by 

the graph in Figure 106, show a downward trend at both the concentrate and dilute 

suspension. However, the degree of reduction is different. The permeability ratio 

decreased significantly from 45 to 3 for a solid volume fraction of 0.1. Meanwhile, these 

values decreased slightly from 5 to 2 for a sludge concentration of 0.3. As seen in the 

filter cake images (Figure 107), most cracks do not occur at the top and bottom like 

limestone or may appear micro-cracking as be difficult to investigate by visual 

observation. One apparent observation is that there exist cracks that divide the filter cake 

into two sections horizontally. They appear in most filter cakes when diluting aqueous 

suspension using low-pressure differences, which correspond to high permeability ratio 

values. 

 

Figure 106. Permeability ratio of filter cake in the variety of pressure difference; 15 mm 

of filter cake thickness; using CPF. 
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Figure 107. Images for filter cake in the 1.5 and 3.5 bar of pressure difference; 0.1 of solid 

volume fraction; 15 mm of filter cake thickness. 

 

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75

S
at

u
ra

ti
o

n

Pressure difference in bar

saturation, cv 0.1

saturation, cv 0.3



137 
 

 

Figure 108. Saturation and residual moisture content of filter cake in the variety of 

pressure difference; 15 mm of filter cake thickness. 

Along with improving the permeability ratio when increasing the pressure 
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in Figure 108. This degree of reduction shows a low efficiency in dewatering by 

increasing the application pressure, although crack formation has been avoided. Besides, 

due to the filtration device's durability and operating costs, the pressure cannot be 

increased further. This promotes the need for another filtration method to improve the 

efficiency of this fine-grained coal, and steam pressure filtration is one of the suggested 

methods, as can be shown next parts. 
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in the capillary state (as is mentioned in Figure 49 and Figure 51), where there is high 

tensile stress, causing a great degree of cracking. 

The decrease in the crack’s degree and the permeability ratio value for coal is 

similar to the description of Barua and previous discussions on coarse-grained limestone. 

However, in the filter cake, there appears a significant horizontal crack, which is 

described in Figure 24. This phenomenon is due to the strong sedimentation of the coarse 

particles during the filtration process. As a result, the fine particles concentrated in the 

upper part, which requires even higher pressure to dewatering. Moreover, because the 

amount of water in the upper layer is not pushed out of the filter cake, water in the lower 

layer does not suffer any dewater force. The moisture of filter cake is kept high. In 

laboratory equipment, shrinkage may occur around the filter cake, preferably air passes 

through the feces adjacent to the filter cake to the containment wall. As a result, the filter 

cake cannot further be dewatering. 
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Figure 109. Particle size distribution on the top and bottom layer of the filter cake; 1 bar 

and 3 bar of pressure difference in the cake formation phase. 

Figure 109 shows the differences in the particle size distribution of the upper and 

lower layers of the filter cake. It can be observed that although the pressure increases 

from 1 to 3 bar, the difference in particle distribution is significant with a solid phase 

content of 0.1. This issue shows that the degree of sedimentation is still high, and the 

residual moisture does not decrease too much. For solid-phase content of 0.3, the filter 

cake is inherently homogeneous at 1 bar, and there is no difference at 3 bar. The filter 

cake is in equilibrium status and cannot be dewatered even though the pressure has 

increased. In summary, the increase in applied pressure limits cracking formation reduces 

filtration time but does not improve too much for dewatering purposes. 

5.3. Estimate the efficiency dewatering as well as the crack formation using steam 

pressure filtration 

Steam pressure filtration can be regarded as the further development of hyperbaric 

filtration or vacuum filtration using the saturated steam or superheated steam. It is the 

combination of thermal and mechanical in order to attain the lowest residual moisture 

content. This process is characterized by the even macroscopic sharply distinctive 

displacement front. The application of steam pressure for displacement dewatering is 

relevant in branches of the chemical, mineral processing, and recycling industry [50].  

With the coal material, Burton is first to apply steam to reduce the residual 

moisture content using a vacuum filter. The result shows significant efficiency in order 
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to reduce the water in the filter cake[51]. S. Gerl and W Stahl, in his research, also show 

that the steam pressure filtration can provide an economical and effective technique 

whereas conventional solid-liquid separation processes do not lead to a marketable 

residual moisture content of the product [52]. They conclude that the condensates front 

remove the capillary water. After the steam breakthrough, the filter cake is heat up to 

saturated steam temperature. By using pressurized air, the remaining water continuing 

evaporation due to the stored latent heat of filter cake.  

 

 

Figure 110. Permeability ratio of VN coal filter cake in the variety of volume fraction; 15 

mm of filter cake height; using steam pressure filtration (SPF) and conventional pressure 

filtration (CPF). 
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Like with limestone, tests were conducted firstly with the variety of solid volume 

fraction of suspension. The height of the filter cake is approximately 15 mm, 

corresponding to 30 grams of the mass of coal. The applied pressure differences are “1-3 

bar” and “3-3 bar”.  

 1-3 bar 3-3 bar 

cv 0.1 cv 0.3 cv 0.1 cv 0.3 

CPF Top  

    
Bottom 

    
SPF Top  

    
Bottom 

    

Figure 111. Images for coal filter cake using steam pressure filtration (SPF) and 

conventional pressure filtration (CPF). 

The permeability ratio, as seen in Figure 110, tends to decrease as the filter cake 

becomes more than homogeneous. In general, at “1-3 bar” and “3-3 bar” of applied 

pressure, the degree of cracks is improved significantly in the sedimentation area, and 

quite similar in the homogeneous area compared to conventional pressure filtration. This 

issue can be explained with the assumption of reducing tensile stress, as concluded above 

with limestone. At lower volume fraction, the permeability ratio is still higher due to 

sedimentation, as cannot overcome in this way. 



142 
 

 

 

Figure 112. Saturation of VN coal filter cake in the variety of volume fraction; 15 mm of 

filter cake height; using SPF and CPF. 

Although the difference in permeability, as well as the degree of cracking, is not 

too much, filter cake using steam filter still shows outstanding efficiency in deliquoring. 

As seen in Figure 112 and Figure 113, the saturation ranges from 0.5 to 0.7, equivalent to 

14-26% moisture. This amount of water is much lower than traditional filtration from 1% 

to 8%, depending on the solid volume fraction in the feed suspension. 
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Figure 113. The residual moisture content of VN coal filter cake in the variety of volume 

fraction; 15 mm of filter cake height; using SPF and CPF. 

Since there is no significant difference, even it is also more prominent in the 

dewatering efficiency and the ability of crack prevention, the recommended applied 

pressure for subsequent experiments is “1-3 bar”. The volume concentration in the feed 

suspension should be 0.3. 

10.00

12.00

14.00

16.00

18.00

20.00

22.00

24.00

26.00

28.00

30.00

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

R
es

id
u
al

 m
o

is
tu

re
 c

o
n
te

n
t 

in
 %

Solid volume fraction

CPF; 1-3 bar

SPF; 1-3 bar

10.00

12.00

14.00

16.00

18.00

20.00

22.00

24.00

26.00

28.00

30.00

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

R
es

id
u
al

 m
o

is
tu

re
 c

o
n
te

n
t 

in
 %

Solid volume fraction

CPF; 3-3 bar

SPF; 3-3 bar



144 
 

 

Figure 114. Permeability ratio of VN coal filter cake in the variety of height; using SPF 

and CPF; 0.3 of volume fraction, “1-3 bar” of pressure difference. 
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Figure 115. Images for VN coal filter cake in various height; using SPF and CPF; 0.3 of 

volume fraction; “1-3 bar” of pressure difference. 
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The next experiment was to observe the effect of filter cake height on the 

dewatering efficiency and crack prevention. The test was conducted at the above-

suggested pressure difference and solid volume fraction. The result is shown in Figure 

114. In general, the probability and the degree of crack increases as the filter cake height 

increases. Its causes are mainly due to the wall effect, the break of agglomerated fine 

particles in particle network as well as the compression pressure loss. These mechanisms 

are difficult to overcome when using steam pressure filtration. At the height of filter cake 

less than 10 mm, the permeability ratio is almost constant and has a similar magnitude as 

traditional filtration. This value then increased faster than traditional filtration, reaching 

a value of 7 at the height of 21 mm, compared with the value of 2 of the ratio of 

permeability to traditional filtration. This issue because of the more prolonged mechanical 

displacement phase. The filter cake is heated up because of conduction and convection 

heat before the steam breakthrough. The result is the appearance of the drying effect. 

S.Gerl and W.Stahl [52], in their publication, also show the dependence of time steam 

breakthrough to the height of filter cake 𝑡𝑠𝑡𝑏 = ℎ𝑐
2. Peuker also show the detailed formular 

in calculation the steam breakthrough time base on the concentration parameter , the 

angle of cake formation cf, the pressure difference, and the capillary pressure [8].  

𝑡𝑠𝑡𝑏 =
∆𝑝 ∙ 𝜅 ∙ 𝛽𝑐𝑓

2 ∙ 𝜋 ∙ 𝑛 ∙ (∆𝑝 − 𝑝𝑘𝑒)
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Figure 116. Saturation and residual moisture content of VN coal filter cake in the variety 

of height ; using SPF and CPF; 0.3 of volume fraction, “1-3 bar” of pressure difference. 

Although there is a difference in the permeability ratio of thick filter cake, the 

saturation level as well as the remaining moisture content of filter cake when using steam 

pressure filtration is still much lower than that of cake using the conventional pressure 

filtration. As shown in Figure 116, the saturation value increases from 0.4 to 

approximately 0.7, equivalent to 11% -14% of residual moisture content when the filter 

cake height increases to 21 mm. This result is pretty good because only with the 

mechanical transfer phase, the amount of water is significantly reduced, which cannot be 

achieved using traditional filtration. The moisture of the material is expected to be further 

reduced if the drying phase is applied. The remaining water in the filter cake at high 

temperature, under the effect of the air flowing through it, continues to evaporate and 

reduce moisture. In the comment of S.Gerl and W.Stahl [52], the dewatering can be 

further reduced, even attaining the value of 0. The higher the amount of heat, the greater 

the water transfer capacity. The amount of heat absorbed in the remaining water and in 

the solid part, caused by condensation, leads to further evaporation of water and further 

moisture loss. 

5.4. General conclusion 

In general, the probability and severity of cracks in coal filter cake tend to be 

similar to limestone. 

The permeability ratio tends to decrease when increasing the solid phase content 

of the suspension. Along with that is the decrease in saturation and moisture. However, 
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another feature is that while limestone tends to shrink and micro-cracks in dilute 

suspension, shrinkage cracking is not observed in coal. Cracks on coal filter cake occur 

in horizontally. They divide the filter cake into two sections. For almost cases, it can be 

commented they predominate, and they also strongly affect the amount of water 

remaining in the filter cake. In the case of coal, 0.3 of the solid volume concentration is 

an appropriate value that should be recommended. 

When the height of the filter cake increases, the degree of crack tends to increase, 

the phenomenon of increasing and explaining mechanisms in the case of limestone is 

completely acceptable in the case of coal. The solid concentration of 0.3, the height of 15 

mm (or even higher) combined with the “1-3 bar” of application pressure difference, 

provides the best choice for crack prevention and deliquoring efficiency. The achieved 

residual moisture content attains 16% with a saturation of 0.65. 

When application pressure is increased, the efficiency is improved for dilute 

sludge, but it is almost the same for solid sludge. However, an increase in pressure in 

economic and technical conditions should also be made. 

Although steam filtration does not significantly prevent cracks in the filter cake 

due to the effects of the drying effect. The degree of saturation and moisture indicates an 

outstanding value with 0.4 saturation, equivalent to about 11.5% of the moisture with the 

2 mm of filter cake thickness, solid volume content of 0.3, and applied pressure “1-3 bar”. 

Also, steam filtration is expected to reduce moisture significantly as the remaining water 

in the filter cake continues to evaporate in the next drying phase. 
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6. Overall conclusion and recommendation 

6.1. Overall conclusion 

Filtration is a mechanical process in solid-liquid separation, which is widely 

applied in many areas of life and manufacturing, especially in mineral processing and 

metallurgical processing industries. The filtration process consists of 3 main phases: cake 

formation, mechanical displacement (deliquoring), and drying. 

Cracks are undesirable phenomena occurring during the mechanical displacement 

phase of filtration, especially fine-grained filtration. The appearance of cracks, reducing 

dewatering efficiency, increasing production costs (more pressure is consumed, 

increasing the amount of washing water), impurity filtration cakes. 

The research of this thesis investigates the formation of cracking during filtration 

and its relationship to the amount of water remaining on filter cake through the test of the 

effect of close parameters (the solid volume fraction of initial suspension, filter cake deep, 

applied pressure difference). Otherwise, using steam pressure filtration like new methods 

improve the dewatering efficiency, avoid the cracks. Two kinds of material are used. The 

first one is the powder for laboratory: purity limestone. The second one is an industrial 

material, Vietnam coal, with the main object of residual moisture content lowest possible, 

improve the current situation. Through testing and interpretation of the phenomenon, the 

mechanism of cracks is clarified. 

The relevance parameter to evaluate the probability and degree of cracks in the 

filter cake is the permeability ratio, characterized by the ratio of the gas permeability to 

the liquid permeability. The amount of liquid in the filter cake is represented by two 

output parameters, residual moisture content and saturation. 

There are two main types of cracks: macro cracking and shrinkage micro cracking. 

Macro cracks are large cracks that can form from the top of the filter cake, spread to the 

bottom, and have contact with other cracks. This type of crack dramatically affects the 

efficiency of dewatering as well as subsequent processes. The shapes of the crack are 

diverse. They can be the cut on the filter cake, which may crack around the filter cake or 

the tree-branches cracking in the filter cake. The second type is the shrinkage, micro-

cracking. These are cracks that form on the surface, bottom or edge of the filter cake, 

which have little effect on the dewatering efficiency. Also, there is the phenomenon 
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cracked horizontally of the filter cake (as also called the delamination phenomenon) due 

to the strong sedimentation and de-mixing of the coarse particles. 

For both limestone and coal, the experimental results showed that the increased 

concentration of solids in the initial suspension leads to the reduction of the probability 

and the degree of cracks, the improved residual moisture content as well as saturation. In 

the surveyed range, the suspension concentration can be divided into three zones: the 

dilute suspension area (sedimentation area), the transfer area, and the concentrate 

suspension area (homogeneous area). In the homogeneous region, the output parameters 

(as mentioned above) are stable and achieve the highest filtration efficiency. While 

moisture and saturation results are significantly improved when using steam filtration, the 

degree of cracks shown by the permeability ratio does not differ. 

About the height of the filter cake, there is a critical point. The filtration results 

are almost unchanged in the thin filter cake. The output parameters increase significantly 

when the filter cake height exceeds this critical point. 

In general, when the application pressure is increased during the first two phases 

of the filtration process, the moisture content and the level of crack formation are 

significantly reduced. Exceptional cases with the opposite trend occurred in ultrafine 

KS12 material. The application of pressure of “1-3 bar” shows higher efficiency than the 

pressure levels of “1-1 bar” or “3-3 bar”. 

The best results achieve with coarse-grained limestone and fine limestone, which 

are 8% and 20% of moisture for conventional pressure filtration. The values are 13% for 

fine limestone filter cake when using steam pressure filtration. For Vietnamese coal, the 

results are 13% and 11.5% for traditional filtration and steam pressure filtration, 

respectively. The result is lower than the current situation in the Cua Ong Coal Washing 

plant (20 - 25 % of residual moisture content). Otherwise, most results of saturation and 

moisture are measured when the gas (air, steam) breakthrough the filter cake, not include 

the drying phase. Filter cake under this survey conditions was dewatered without cracks. 

For the further purpose of dewatering, some preliminary tests are executed. The result 

shows the high efficiency in using steam pressure filtration with the residual moisture 

content much lower (Appendix C8).   

The cracking formation has a number of the main mechanisms: 

- The occurrence of weak positions in the filter cake. Under the effect of 

tensile stress, the weakest places will form a large hollow, thereby forming cracks. 
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Through the measurement of capillary pressure, tensile stress is also calculated based on 

previous literature. The tensile stress is significantly high in the capillary state, reduce 

gradually in the funicular state, and lowest at the pendular state. The cracking occurs 

when the tensile stress gets high values, especially in the capillary and funicular state. 

Like the capillary pressure, tensile stress is a function of the degree of saturation. The 

difference of particle properties, types of material, the solid volume concentration of the 

initial suspension cause the different values of tensile stress inside the filter cake. 

- The sedimentation of particles inside filter cake, which is the main reason 

for cracking horizontally. Types of crack also effect to dewatering efficiency.  

- Due to the wall effect causing wall friction, it affects the packing structure 

of filter cake. In some places, packing density is lower than in other areas, thereby 

forming cracks. Also, due to wall effects lead to pressure losses. It results in a loose 

connection between the particles inside the filter cake, which quickly forms cracks under 

tensile stress. This effect occurs only in the Nutsche filter and can be avoided in the pilot-

scale filter or industrial-filters. 

- Due to the agglomeration of the fine particles and packing in the particle 

network. Because of the weaker bond, the flocs are broken, created the hollow inside the 

filter cake. Finally, the collapse of the structure of the filter cake leads to the occurrence 

of cracking. 

- For steam pressure filtration, the long steam breakthrough time causes the 

drying effect, which also one of the reasons for cracking formation.  This phenomenon is 

rarely encountered in conventional pressure filtration. 

High filtration efficiency can be achieved when the initial suspension has a high 

solid volume content (belong to homogeneous areas). The thin filter cake can avoid crack 

formation through reduced gas breakthrough time and wall effect. Also, the application 

of high pressure in the mechanical displacement phase leads to the reduction of tensile 

stress as well as the formation of weak positions in the filter cake. The application of 

temperature, carefully control the pH, or using surface tension reducers can lead to a 

reduction in the ability of agglomeration fine particles. Steam filtration applications, with 

a combination of mechanical and thermal mechanisms, are a suitable solution for 

dewatering. 

6.2.  Recommendation 
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Further research should be conducted to provide abundantly clear evidence on the 

mechanism of cracking formation, hypothesized to explain the phenomena. 

Cracks are identified mainly by visual observation. This dramatically affects the 

extent of cracking and the inability to identify cracks inside the filter cake. Filter cakes 

should be observed with more modern equipment such as Computed Tomography. 

The prevention, as well as countermeasures to cracking formation, require to be 

accurately assessed. 

It is necessary to study different types of material objects, to clarify the formation 

tendency and degree of cracks. From the obtained results, it is possible to simulate the 

process as well as forecast the negative impact of the crack on filtration efficiency. 

Filtration experiments with a combination of three phases (cake formation, 

mechanical displacement, and drying phase) are required to make the most accurate 

assessment of the dewatering efficiency. 

For industrial materials such as Vietnamese coal, extra tests on a pilot-scale and 

industrial-scale are necessary, especially in strict controlling input parameters and 

assessing the applicability of steam pressure filtration. 

Besides using the gravity separation method, coal also is processed using the 

flotation separation method. This method is particularly useful in improving the quality 

and reducing the ash of fine coal and ultrafine coals. Further studies are required on the 

filtration capacity of coal flotation products as well as the interaction effects of flotation 

chemical (collector, frother) on filtration efficiency and crack formation. 
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Appendices 

Appendix A: Data from CCWP. 

A1. Particle size and solid concentration of the suspension. 

Source: the surveyed data of the Coal Washing Science and Technology Department - Cua Ong Coal 

Washing Company. The samples are collected in surveyed three days (26/3, 31/3, 4/4 /2015). 

Input 

suspension to 

thickener 

Sampling 

location 

Slurry flow 

rate, m3/h 

(estimated 

number) 

Solid/liquid 

ratio, g/l 

Particle size range (mm), % 

+1   0.5 -1  0.1 - 0.5  0.074 - 0.1  -0.074  

Factory I 
Pressure 

stabilizer tank 
1013  122.58 0.63 1.06 11.40 8.80 78.11 

Factory II 
Pressure 

stabilizer tank 
3040  158.46 0.62 2.81 23.91 9.23 63.43 

A2. The dimension of thickener. 

Source: the surveyed data of the Coal Washing Science and Technology Department - Cua Ong Coal 

Washing Company. 

Size parameters in mm Factory I Factory II 

The diameter of input pipes to pressure reducing tank 375x2 375; 219 

The diameter of pipes between pressure reducing tank 

and thickener 
450 700 

Diameter of thickener 10690 21500 

Height of  thickener 4700 3200 

The diameter of input pipes to thickener 600 1800 

A3. Particle size and solid concentration of suspension. 

Source: Report No. 1285/BC-TTCO about the assessment of efficiency of filtration, Cua Ong  Coal Washing 

Company, in April, 11st 2018. The samples are collected in surveyed three days (4/4, 5/4, 6/4 /2018). 

No.  Content 

Particle size range (mm), % 

Solid/Liquid ratio +1  0.5-1  0.5-0.125  0-0.125  

1 Input suspension to filter 0.29 1.03 13.43 85.23 458.52 

2 Filtrate 0.26 0.7 10.49 88.55 122.55 
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A4. Operation parameters of the filter. 

Source: Report No. 1285/BC-TTCO about the assessment of efficiency of filtration, Cua Ong  Coal Washing 

Company, in April, 11st 2018. The samples are collected in surveyed three days (4/4, 5/4, 6/4 /2018). 

No. Block Mass in T Residual moisture content Working time (hours) Specific capacity (t/h) 

1 1 1823 25.38 98 18.6 

2 2 3677 24.86 210.4 17.48 

Total 5500 25.03 308.4 17.83 

A5. The assessment according to the Reportation No. 1285/BC-TTCO. 

Source: Report No. 1285/BC-TTCO about the assessment of efficiency of filtration, Cua Ong  Coal Washing 

Company, in April, 11st 2018. 

- The solid/liquid ratio of input suspension is suitable (458.52 g/l compared to 

420g/l of design).  

- The solid/liquid ratio of filtrate is hight (122.55 g/l compared to 40g/l of design).  

- The high residual moisture content (reach to 27% in some shifts).  

- The low efficiency of filtration due to the significant amount of fine particle 

(below 0.5 mm, especially below 0.125 mm).  

- The pressure loss (180-280 Mpa- compared to the 350 Mpa of design). 

A6. Images for dewatering equipment in Cua Ong Coal Washing Plant. 

  

Pressure stabilizer tank 

  

Thickener 
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Hyperbaric disk filter Diagram, parameters of filtration process (upper) 

and Thermal drum dryer (lower) 
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Appendix B: Data from the crack formation with various operation parameters using 

conventional pressure filtration (CPF). 

B1. The result of KS100 filtration in the variety of volume fraction; 18 mm of filter cake 

height, “3-3” of pressure difference. 
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B2. The result of KS100 filtration in the variety of filter cake deep; 0.2 of volume fraction, 

“1-1 bar” of pressure difference. 
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B3. The result of KS100 filtration in the variety of filter cake deep; 0.15 of volume 

fraction, “1-1 bar” of pressure difference. 
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B4. The result of KS12 filtration in the variety of solid volume fraction; 18 mm of filter 

cake height, “3-3 bar” of pressure difference. 
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B5. The result of KS12 filtration in the variety of filter cake deep; 0.1 of solid volume 

fraction, “3-3 bar” of pressure difference. 
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B6. Median particle size on the top and bottom layer of KS12 filter cake in the variety of 

volume fraction, 18 mm of filter cake height, 3 bar of pressure difference in the cake 

formation phase. 

 

B7. Specific resistance and porosity of VN coal filter cake in the variety of pressure 

difference, 15 mm of filter cake deep. 
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B8. Median particle size on the top and bottom layer of KS 12 in a variety of filter cake 

thickness; 0.3 of volume fraction; 1 bar of pressure difference in the cake formation phase. 
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B9. The diagram t/V vs V of KS100 filter cake in variety filter cake height; 1 bar of 

pressure difference in the cake formation phase, 0.3 of volume fraction. 
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Appendix C: Data from steam pressure filtration. 

C1. Permeability ratio, saturation and residual moisture content of KS100 filter cake in 

variety volume fraction using CPF and SPF; 18 mm filter cake deep; “1-1 bar”, “1-3 bar” 

and “3-3 bar” of pressure difference.  
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C2. Permeability ratio, saturation and residual moisture content of KS100 filter cake in 

variety filter cake height using CPF and SPF; 0.3 of volume fraction; “1-1 bar” and  “1-3 

bar” of pressure difference.  
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C3. Test for KS100 material result with the highest effort in controlling systematic error, 

using the steam pressure filtration (similar test procedure that is used for KS12 and VN 

coal). 

Test parameters Saturation Residual moisture content in % 

New result Last result New result Last result 

Volume fraction 0.4 

0.30 0.36 8.75 10.42 Pressure difference 3-3 bar 

Height of filter cake 16 mm 

Systematic errors 16.67 % 16.07 % 
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C4. The temperature profile of bottom filter cake during the mechanical displacement 

phase for KS12 in various volume fraction and height of filter cake. 
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phase for KS100 in various volume fraction; filter cake height 15 mm. 
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C6. The temperature profile of bottom filter cake during the mechanical displacement 

phase for VN coal in various volume fractions. 
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C7. The temperature profile of the bottom filter cake during the mechanical displacement 

phase for VN coal in a variety of filter cake height. 
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Appendix D: Miscellaneous Information. 

D1. The concentration parameter . 

The value: 

c.
H. A

m
=

m

Vfiltrate
.
H. A

m
=

H. A

Vslurry − Vcake
=

Vcake

Vslurry − Vcake
 

By multiply Vslurry and Vsolid  to both numerator and denominator of above 

Equation, the new form can be rewritten: 

c.
H. A

m
=

Vcake

Vslurry − Vcake
∙

Vslurry. Vsolid

Vslurry. Vsolid
=

Vsolid

Vslurry
∙

1

(Vslurry − Vcake)
Vcake

∙
Vsolid

Vslurry

 

=
cv

Vslurry ∙ Vsolid − Vcake ∙ Vsolid

Vcake ∙ Vslurry

=
cv

Vsolid

Vcake
−

Vsolid

Vslurry

=
cv

1 − ε − cv
= κ 

 

 D2. The relationship between the capillary pressure and the residual moisture content 

of KS12 filter cake in the various solid volume fraction of suspension. 

 

D3. The relationship between the capillary pressure and the residual moisture content of 
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D4. The relationship between the capillary pressure and the residual moisture content of 

Vietnam coal filter cake in the various solid volume fraction of suspension. 

 

D5. Diagram for sampling procedure from the top and bottom layer of the filter cake.  
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D6. Zeta potential of KS12 and KS100. 
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