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Abstract
Horizontal belt vacuum filters are used for continuous solid-liquid separation in a wide variety of
industrial processes. Despite the low pressure difference (usually ∆p < 0.8 bar), the high air
pumping requirement to maintain the pressure difference results in considerable energy
consumption. In this paper, the specific energy consumption of vacuum filtration and air flow rates
of a pilot-scale horizontal belt filter unit are investigated. The results show that a claw-type vacuum
pump consumes only half the energy compared to a conventional liquid ring vacuum pump. A
comparison between the specific energy consumption of vacuum filtration and thermal drying of
the filter cake to zero moisture revealed that vacuum filtration accounted for less than half of the
total energy consumption in the applied experimental conditions at ∆p = 0.2–0.5 bar. The majority
of the total pumping requirement of the pilot-scale filter resulted from leaks, and only 2–25 % of
the air flow found its way through the cake and the filter medium. The results suggest that there is
a combination of the pressure difference level and the mass of cake deposited per unit area that
together with thermal drying consumes the least amount of energy per solids mass.
Keywords: Energy conservation; Specific energy consumption; Vacuum filtration; Horizontal belt
vacuum filter; Cake dewatering; Thermal drying
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1. Introduction
In recent years, the importance of energy consumption and energy efficiency of filtration processes
has been recognized. Research on a limited number of filtration applications with respect to energy
consumption has been reported, including filtration of fine calcium carbonate with an integrated
filtration equipment [1], membrane filtration processes for harvesting of microalgae [2–4], and
desalination of water [5–12]. However, the energy consumption of vacuum filtration in solid liquid
separation processes has not been discussed in the literature, with the exception of the authors’
laboratory-scale study [13] on the isentropic energy consumption of vacuum dewatering. Research
trends and research focus in vacuum filtration has been studied by Karvonen et al. [14].
Vacuum belt filters are used in minerals processing, mining, and various fields of chemical
industry for solid-liquid separation of slurries containing relatively coarse solids. The main
benefits of vacuum belt filters include continuous operation, good opportunities for cake washing,
and ease of monitoring and control of the separation process [15, 16]. The solids throughput of a
vacuum belt filter depends only on the solids content and the feed rate of the slurry, whereas the
final moisture content of the cake also depends on other properties of the slurry, such as particle
size distribution and particle shape, and operating factors of the filtration process, such as the
applied pressure difference, filtration time and dewatering time. In most industrial installations,
the moisture content of the product is the quality parameter that sets limits on the production
capacity and determines the energy consumption of the filter. The energy issues have become
increasingly important in the industry as companies attempt to reduce their operational costs and
environmental impacts.
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Vacuum pumps typically consume most of the energy required by vacuum filters. The energy
consumption of a vacuum pump is typically 2–15 kW/m2 of the filter area, while other devices
such as cloth drive and filtrate pumps consume only 0.2–0.4 kW/m2 [17]. Therefore, optimization
of the vacuum pump energy consumption can often lead to significant energy savings. When the
filter cake is not washed, the separation process in a vacuum belt filter can be divided into two
stages: filtration and dewatering. The aim of the filtration stage is to remove liquid from the slurry
until a filter cake is formed. Problems in the filtration and dewatering stages may be caused for
instance by the presence of fine particles, a wide particle size distribution, and an unfavorable
particle shape [18, 19]. After the cake formation, air displaces liquid from the largest pores of the
cake, provided that a cake-specific threshold pressure is exceeded [20, 21], and starts to flow
through the cake at an increasing flow rate as a larger fraction of the total pore volume becomes
empty of liquid [22]. As the air flow increases, the rate of dewatering decreases gradually until the
saturation of the cake reaches an irreducible level [20, 23]. The energy consumption per mass unit
of liquid removed increases sharply at this stage as a result of the slowdown of the liquid flow rate
and acceleration of the air flow rate as demonstrated previously by the authors [13]. The final
moisture content of the cake depends on the cake properties and the applied pressure [24–26], the
former being also influenced by the latter. According to Kemp [27, 28], a primary method of
reducing the energy consumption of thermal drying of materials is efficient upstream dewatering
prior to the drying stage.
The main objective of this paper is to investigate the energy consumption and enable energy
conservation of cake dewatering using a pilot-scale vacuum belt filter equipped with the
instrumentation required for process control and data acquisition. In addition to examining the
influence of the process variables on the specific energy consumption, the paper provides
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information of energy consumption of two different types of vacuum pumps and shows a
comparison between air dewatering and thermal drying of filter cakes. The effects of the mass of
cake deposited per unit area on the moisture content of the filter cake, the energy consumption of
filtration, and the air flow through the filter cake are studied. However, the influences of the
particle size distribution and slurry solids content on the energy consumption fall outside the scope
of this paper. A further objective of this paper is to compare the energy consumption of vacuum
dewatering with the energy consumption of subsequent thermal drying.
2. Theory
2.1. Determination of filtration characteristics
The filtration equation used for calculation of the average specific cake resistance in constant
pressure is based on Darcy’s law, and after integration the equation becomes [29]
ݐ
ܸ = ߙୟ୴ߤܿ2ܣଶΔ ܸ + ߤܴܣΔ , (1)
where t is time elapsed since the start of the constant pressure period, V is the volume of filtrate,
αav is the average specific resistance of the cake, μ is the dynamic viscosity of filtrate, c is the mass
of dry cake divided by the volume of filtrate, A is the effective filtration area, ∆p is the pressure
difference, and Rm is the resistance of the filter medium.
When only the resistance of the filter cake is considered, the equation can be simplified to the form
ߙୟ୴ = 2ܽܣଶΔߤܿ , (2)
where a is the slope of the linear part of the experimentally obtained curve t/V vs. V.
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For practical cases of compressible filtration, the variations of α can be presented by a power law
type relationship [30]
ߙ = ߙΔ , (3)
where α0 is the specific resistance at unit applied pressure, which is obtained together with n by
extrapolation and calculation from experimental data.
The average cake porosity can be calculated either by dividing the void volume of the cake by the
total volume of the cake, or by subtracting the solids volume from the total volume using the
formula [30]
ߝୟ୴ = 1 − ݉ୱߩୱܣܮ, (4)
where ms is the mass of solids, ρs is the density of solids, and L is the thickness of the filter cake.
Equation (4) can be written for the case of a horizontal belt filter as
ߝୟ୴ = 1 − ݏݍ୫,ୱ୪ߩୱℎݒܮ, (5)
where s is the mass fraction of solids in the slurry, qm,sl is the feed rate of the slurry in kg/s, ρs is
the density of solids, hB is the filter belt width, and vB is the filter belt linear velocity.
2.2. Cake dewatering
Darcy’s law is based on experiments on water flow through a bed of sand placed in a vertical iron
pipe. The equation describing the observed relationship can be written as
ݑ = −݇ߤ ݀݀ݖ, (6)
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where dp is the dynamic pressure difference across the thickness dz of a porous medium of the
permeability k, and u is the superficial velocity of liquid with a viscosity μ flowing through the
bed [30].
In vacuum filtration, two immiscible fluids, gas and liquid, flowing through the filter medium form
their unique pathways, which alter as the fluid saturation changes during filtration. As the liquid
saturation is reduced to the minimum, the liquid pathways become discontinuous, the flow of the
wetting fluid ceases, and the cake is at its irreducible wetting fluid saturation [30].
When Darcy’s law is applied to each flowing phase, filtrate (l), and gas (g):
ݑ୪ = −݇୪ߤ୪ ݀୪݀ݖ , (7)
and
ݑ = −݇ߤ ݀݀ݖ , (8)
where dpl and dpg are the dynamic pressure differences across the thickness dz of a porous medium
of permeabilities kl and kg, and ul and ug are the superficial velocities of the fluid with viscosities
μl and μg flowing through the bed. Each phase has its own associated pressure, viscosity, and
permeability. The difference between the two pressures is the capillary pressure, which is relative
to the radius of the curvature of the interface between the phases, and it is dependent on the
saturation of each phase. The terms kl and kg are effective permeabilities of the liquid and gas
phases, respectively, and they are related to the permeability of the saturated medium through
݇୰୪ = ݇୪ ݇⁄  and ݇୰ = ݇ ݇⁄ , (9)
where krl and krg are the cake relative permeabilities to the liquid and gas phases, respectively [30].
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Darcy’s equations for the flow of the two phases through the cake combined with the material
balances for each phase give
߲(ߝܵ)
߲ݐ = −߲ݑ୪߲ݖ (10)
and
߲ ቀߝߩ(1 − ܵ)ቁ
߲ݐ = −߲൫ߩݑ൯߲ݖ . (11)
Using Eqs. (1) – (5) and solving the partial differential equations with boundary conditions for a
particular operating point of the vacuum filter, one can calculate the final saturation of the filter
cake and the gas and liquid flow through the cake. To facilitate these calculations, the equations
have been solved, presented graphically, and curve fitted to a dimensionless form by [30]. Using
these fittings, the reduced saturation SR and the gas flow rate ug through the cake can be estimated
with the following simplified calculations.
Dimensionless terms used to calculate dewatering dynamics are written in terms of the average
permeability kav of the filter cake
݇ୟ୴ = 1ߙୟ୴ߩୱ(1 − ߝୟ୴), (12)
where αav is the average specific cake resistance, ρs is the density of solids, and εav is the average
cake porosity.
Dimensionless deliquoring time θ is defined by
ߠ = ݇ୟ୴ୠ
ߤ୪ߝୟ୴(1 − ܵஶ)ܮଶ ݐୢ, (13)
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where pb is the threshold pressure at which the flow of the liquid begins, S∞ is the irreducible
saturation at which the flow of the liquid ceases, L is the height of the cake, and td is the deliquoring
time in seconds.
The threshold pressure pb can be calculated by the equation
ୠ = 4.6(1 − ߝୟ୴)ߪߝୟ୴ݔ , (14)
where σ is the cake liquid surface tension and x is the particle mean diameter.
The dimensionless gas flux ݑ∗  is calculated by
ݑ∗ = ݑߤܮ݇ୟ୴ୠ . (15)
the dimensionless pressure p* is calculated by dividing the pressure p by the threshold pressure:
∗ = ୠ. (16)
A value for the filter cake saturation is obtained by first determining a value for the reduced
saturation SR from Fig. 1 and applying it to the equation
ܵ = ܵஶ + ܵୖ(1 − ܵஶ). (17)
To evaluate a design gas flow rate ug for vacuum pump or blower specification, the following
calculations can be carried out. The dimensionless pressure difference across the cake is
∗ = ୣ୧∗ − ୣ୭∗ = ୠ −  − Δୢୠ = Δୢୠ , (18)
where the subscript g denotes pressure in the gas phase, i indicates the entry surface of the cake
and o the exit surface of the cake in terms of gas flow direction, and e stands for the actual filter
installation. The averaged dimensionless gas flow rate ݑത∗ is obtained from Fig. 2, and the
superficial gas velocity ݑ is calculated by using Eqs. (19) and (20)
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ݑതୣ∗ = ݑത∗ ୭∗ୣ୭∗ ൫ୣ୭∗ ൯ଶ − ൫ୣ୧∗ ൯ଶ൫୭∗ ൯ଶ − ൫୧∗ ൯ଶ , (19)
ݑ = ݑതୣ∗ ݇ୟ୴ୠߤܮ , (20)
where ୧∗ = 100 , ୭∗ = 100 − ∗ and μg is the gas viscosity.
Fig. 1. Reduced saturation SR of a filter cake as a function of the product of the dimensionless deliquoring time
θ and the dimensionless pressure p* according to [30].
Fig. 2. Averaged dimensionless gas flow rate through the filter cake ݑത∗ as a function of the dimensionless
deliquoring time θ and the pressure p* according to [30].
This is an original manuscript of an article published by Taylor & Francis in Drying Technology on March 7, 2019,
available online: http://www.tandfonline.com/doi/full/10.1080/07373937.2019.1581214.
10
2.3. Power demand in vacuum filtration
In vacuum filtration, the desired pressure difference across the filter cake is generated by a vacuum
pump. The ideal isentropic power demand PS for a given inlet volumetric flow rate qV,in generated
by the vacuum pump can be calculated by the equation
ୗܲ = ݇݇ − 1 ݍ,୧୬୧୬ ൬୭୳୲୧୬ ൰ିଵ − 1൩, (21)
where pin is the pressure at the inlet of the vacuum pump, pout is the outlet pressure of the vacuum
pump, and k is the isentropic exponent. If the vacuum pump is cooled, the isothermal power
demand PT can be used to describe the ideal process, and it can be calculated using equation
ܲ = ݍ,୧୬୧୬ ln ൬୭୳୲୧୬ ൰. (22)
Depending on whether the isothermal or isentropic compression is assumed, the required vacuum
pump shaft power can be determined by the equation
ୱܲ୦ୟ୲ = ܲߟ or ୱܲ୦ୟ୲ = ୗܲߟୗ. (23)
2.4. Power demand in thermal drying
If the moisture content of the filter cake after vacuum filtration is not low enough, additional drying
of the product is required. In thermal drying, the moisture is removed from the cake by evaporation.
The ideal power required for evaporation can be described by the equation [28]
୴ܲ = ݍ୫,୴Δܪ୴ = ݍ୫,ୱ ൬ 1ݏ୧୬ − 1ݏ୭୳୲൰ Δܪ୴, (24)
where qm is the mass flow, ΔHv is the latent heat of evaporation, and s is the weight-based solids
content of the cake. The subscript v denotes vapor and s solids. For ideal energy consumption, it
is assumed that all the supplied energy goes to the evaporation of water removed from the cake.
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This includes the energy required for heating up the water from 20 to 100 °C and for evaporation
(ΔHv = 2400 kJ/kg). The energy consumed in heating of solids is neglected.
The most commonly encountered dryer in the mineral processing industry is the rotary dryer, the
thermal efficiencies of which typically range from 35 to 70 % [31]. In addition to rotary dryers,
other convection type dryers suitable for filter cake drying are for instance flash, fluid bed, and
tray dryers [31]. According to [28], convective dryers tend to have a low thermal efficiency (often
below 50 %).
3. Materials and methods
3.1. Slurry
The slurry with a total solids content of 25 wt.% was prepared from Nordkalk Parfill H80 dry
solids and tap water. The solids consisted mainly of ground calcium carbonate (89 %) and small
amounts of other components containing for instance Si, Al, Mg, and Na. The volumetric particle
size distribution of the solids, measured by using a Malvern Mastersizer 3000 laser diffraction
analyzer and shown as the average of several trials, is presented in Fig. 3. Mixing tanks equipped
with propeller type impellers and baffles were used to keep the slurry mixed during the
experiments.
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Fig. 3. Particle size distribution of Nordkalk Parfill H80.
3.2. Horizontal belt vacuum filter and related instrumentation
The horizontal belt vacuum filter used in this study and its device setup and instrumentation are
illustrated in Fig. 4. The main operational parts of the machine are the slurry infeed, filter belt,
vacuum generation, and filtrate handling. The physical layout of the devices is divided into three
levels to enable sufficient vertical moving space for the filtrate level inside the barometric leg. The
filtrate level moves inside the barometric leg according to the pressure difference applied to the
filter. Manipulation of the operating point of the filter is implemented with the help of frequency-
converter-operated pumps and a belt motor. The slurry infeed is controlled by two hose pumps.
The first one circulates the slurry to avoid the settling of solids in the pumping line. The second
pump controls the infeed flow to the filter belt, the feed flow rate being linearly proportional to the
rotation speed of the pump. A vacuum is generated either with a liquid ring vacuum pump or with
a claw vacuum pump. The filter has a reciprocating tray. The applied pressure difference joins the
tray with the filter cloth, and thus, the tray moves with the filter belt for its operating distance of
10 cm. After this distance, the vacuum is cut off from the tray, the tray is returned to the starting
This is an original manuscript of an article published by Taylor & Francis in Drying Technology on March 7, 2019,
available online: http://www.tandfonline.com/doi/full/10.1080/07373937.2019.1581214.
13
point of the movement, and the vacuum is reapplied. The filter effective length is 2.1 m and the
width is 0.1 m. With the liquid ring vacuum pump, the filter is able to reach vacuum levels up to
0.4 bar and up to 0.6 bar with the claw vacuum pump.
Fig. 4. Horizontal belt vacuum filter device setup and instrumentation: 1) slurry tank, 2) slurry infeed, 3) cake
discharge, 4) filtrate intermediate tanks, 5) barometric leg, and 6) filtrate collection tank.
Frequency converter operation of the filter motors enables monitoring of energy consumption and
calculation of the belt speed and the slurry infeed rate. Ideal energy consumption required to
generate a pressure drop can be calculated on the basis of the vacuum pump flow rate and vacuum
chamber pressure measurements. Vacuum pump flow rates were measured using flow velocity
sensors based on the measuring principle of a thermal anemometer. The temperature measurements
of the slurry infeed, the filtrate, and the vacuum pump inlet and outlet flow were collected. Filtrate
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production was measured using a digital scale for the filtrate collection tank. The cake thickness
at the end of the dewatering phase was measured using a laser displacement sensor.
The separation process in the filter is continuous, including the slurry distribution on the belt,
filtration until the cake is formed, and dewatering (i.e. drying) until the cake is discharged at the
end of the belt. The discharged cake is collected in vessels located below the filter. After the cake
discharge, the filter belt is spray washed with a large amount of water until no remaining solid
particles can be detected on the belt. Thus, the effect of the filter belt wash on the product quality
and energy consumption is outside the scope of this study. There is also an option for cake washing
and operation in an inert gas atmosphere, but those options are omitted in this study. The devices
used for pilot-scale filter instrumentation are presented in Table 1.
3.3. Filtration experiments
The aim of the experimental work was to investigate the effect of the main process variables on
the properties of the filter cake, as well as the air and energy consumption of dewatering, and to
compare the laboratory results with those obtained by using the pilot-scale filter.
Experiments with a Büchner apparatus were conducted to determine the specific cake resistance
and porosity. Pilot-scale experiments were carried out to study cake dewatering with a horizontal
belt vacuum filter. A set of twelve experiments were carried out to study the effect of pressure
difference and the mass of cake deposited per unit area w on the weight-based moisture content of
the filtered cake and on the energy consumption of vacuum filtration. The mass of cake deposited
per unit area was controlled by adjusting the slurry infeed rate and the belt speed. The experimental
conditions are presented in Table 2.
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4. Results
4.1. Filtration properties of the slurry
Results from the Büchner apparatus experiments are presented in Table 3. The solid content of the
slurry, s, was constant 25 wt.% in all experiments. Shrinking of the filter cake was observed in
experiments 4–9 at the beginning of the dewatering stage. The shrinking of the filter cake causes
the average porosity of the cake to change during the dewatering stage. For this reason, a value of
the average porosity and the cake thickness at the time of transition from the separation stage to
the dewatering stage, εav, tr, calc, was also calculated using the volume of solids and liquid at this
instance with the assumption that the cake was completely saturated. This value could be
considered the initial value used for calculating the average porosity in the dewatering stage. The
average specific cake resistance αav was the higher, the larger was the filtration pressure difference,
and thus, it can be concluded that the filter cakes were slightly compressible. The values of αav
were typical for vacuum filtration of calcium carbonate [32]. The capillary tests gave an average
value for the irreducible saturation S∞ of 0.61.
Results from the experiments using a pilot-scale horizontal belt filter with a liquid ring vacuum
pump are presented in Table 4. The manipulated filtration variables are the pressure difference ∆p
and the mass of cake deposited per unit area w, which was adjusted with the filter belt speed vbelt
and the slurry infeed rate. The presented properties of the filter cakes are the filtration time tf and
the distance zf, the dewatering time td and the distance zd, the cake thickness L, the average porosity
εav, the throughput of the cake solids Ms, and the moisture content M. The average porosity is
calculated by using the cake thickness measurement at the end of the dewatering period.
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The results show that a lower moisture content and average porosity of the filter cake are achieved
by increasing the pressure difference. Furthermore, the moisture content and the average porosity
vary depending on the mass of cake deposited per unit area w, the dewatering time, and the
distance. The lowest moisture content and average porosity of the filter cake for a given pressure
difference level are achieved when the dewatering time is longest. When comparing Tests 6 and
8, and 9 and 12 within the same pressure difference level for which the dewatering time is close to
each other or exactly the same, it is observed that a lower moisture content is achieved with a
thicker cake. Comparing the experiments within the same pressure difference levels of 0.3 and 0.4
bar with the w of 4.2 to 5.4 and 12.2 kg/m2, a lower moisture content is achieved with the thicker
filter cake while the shorter dewatering time and distance would indicate the contrary. This would
suggest that there is an optimum value for the mass of cake deposited per unit area when seeking
for the best dewatering performance. A similar observation was made with a different material in
the previous study of the authors [13]. It can be speculated that the reason for a poor dewatering
performance of the thinnest cakes may result from the uneven air flow, which, in turn, could be
caused by the lack of a sufficient capillary structure in such cakes. Additionally, one factor omitted
in this study is the effect of the filter medium: it might be possible that thin cakes are not effectively
dewatered because the whole height profile of the cake is simply too close to the cake/medium
interface, where the cake properties do not facilitate effective dewatering. In this study, the series
w of 9.5 kg/m2, which also has the longest dewatering times, gives the best results in terms of
moisture content.
Results from the experiments using a pilot-scale horizontal belt filter with a claw vacuum pump
are presented in Table 5. Similar results as with the liquid ring vacuum pump were achieved with
the claw vacuum pump; a lower moisture content is achieved with a thicker cake. For this
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experiment series with Δp between 0.2 and 0.4 bar, the w of 10.3 kg/m2 having the longest
dewatering times gives the best results in terms of moisture content after dewatering. The lowest
average porosity values for the claw vacuum pump experiments remained higher compared with
the liquid ring pump experiments. The main reason for this is probably the slightly higher solids
content of the slurry in the experiments with the claw pump. Increasing the solids content of the
slurry typically results in a more rapid cake formation and a higher porosity.
4.2. Air flow rates
Volumetric air flow rates calculated from the flow velocity measurements of the pilot-scale
experiments are presented in Table 6. To determine the leak flow of the horizontal belt filter
vacuum system for the pressure difference region used in the experiments, a series of test runs
were conducted. The infeed of the slurry and the speed of the filter belt were adjusted so that the
filter cake was 100 % saturated over the whole area affected by the pressure difference. In this
operating point, the fluid flow through the cake was assumed to be so low that it can be ignored
and the air flow through the vacuum pump can be considered to originate from the vacuum system
leaks. Linear correlation for the vacuum system leak flow with respect to the pressure difference
across the filter cake is presented in Fig. 5. The behavior of vacuum system leaks in a standard
volumetric air flow through the vacuum pump is linear as a function of pressure difference across
the filter cake with a root-mean-squared error of 0.414, R-squared 0.998, and a p-value of
3.1∙10-5. Test 4 in both experiment series has a fully saturated filter cake along the whole distance
of the filter belt. The air flow rate through the cake is zero in these tests, and the total air flow
value serves as a reference point in determining the leak flow with the linear regression model for
the other tests in the series.
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Fig. 5 Linear correlation for the leak air flow of the vacuum system of the pilot-scale belt filter with respect to
the pressure difference across the filter cake.
The corresponding dimensionless dewatering time, pressure, and air flow rate for the experiments
calculated using Eqs. (2)–(5), (12)–(16), and (18)–(20) and the results from Table 3–Table 6 are
presented in Fig. 6. This representation of the results is analogous to Fig. 2. The average porosity
value used for the calculations is an average value of εav, tr, calc of the Büchner experiments 1–9
(excluding the outlier Test 7) and the final average porosity, εav, of each pilot filter test. By
comparing the results presented in Fig. 2 with the same mass of cake deposited per unit area w in
Fig. 6, it can be seen that the material used in the pilot-scale experiments shows a similar trend of
the averaged dimensionless air flow rate as the theoretical curve. However, when the mass of cake
deposited per unit area is increased from 4.6 to 10.3 kg/m2, the averaged dimensionless air flow
rate increases even if the dimensionless pressure decreases at the same time. Fig. 6 together with
Table 6 also shows that increasing the mass of cake deposited per unit area within the same
pressure difference level Δp increases the average air flux through the cake ua, cake.
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 Fig. 6 Dimensionless air flow rates ݑതୟ∗ with respect to the dimensionless deliquoring time θ for the horizontal
belt filter and claw vacuum pump experiments calculated using Eqs. (2)–(5), (12)–(16), and (18)–(20).
4.3. Variations in the pressure difference
The cut-off and cut-in of suction to the vacuum box for the duration of the tray return movement
induces transients to the pressure difference between the vacuum box and the ambient atmospheric
pressure affecting through the filter cake as well as to the standard volumetric air flow rates. These
transients, again, cause oscillation to the water level inside the barometric leg. The effect of these
phenomena on the pressure difference can be seen in  Fig. 7 (a) and on the standard volumetric air
flow rates in Fig. 7 (b). To limit the water level oscillations inside the barometric leg, a diameter
of 7 cm is selected for the barometric leg and an adjustable and controllable bypass valve is used
to let air flow to the vacuum pump during the vacuum box suction cut-off. As can be seen in Fig.
7 (b), the slowdown in the air flow rate induced by the resistance of the bypass valve is more
significant at higher pressure differences and flow rates.  Fig. 7 (a) illustrates the corresponding
increase in the pressure difference.
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a) b)
 Fig. 7 Example of transients in the pressure difference affecting the filter cake a) and in the standard volumetric
air flow rate through the vacuum pump b). A sequence from claw pump experiments 1, 5, 9, 13, and 15.
4.4. Product quality and energy consumption
Fig. 8–10 present the specific energy consumption, Es = E/ms, for the pilot-scale horizontal belt
filter experiments. Fig. 8 depicts the total ideal specific energy consumption for the claw pump
experiments calculated using the air flow measurements and the isentropic power demand (Eq.
(21)) and thermal drying to the zero moisture content with a thermal efficiency ηth = 100 % (Eq.
(24)). The minimum total ideal energy consumption is achieved with Test 3 and values close to
this one with Tests 6, 7, and 8 (see Table 6). Keeping the pressure difference and the belt speed
fixed and increasing the mass of cake deposited per unit area decreases the ideal specific energy
consumption of vacuum filtration. Moreover, with the exception of Test 4, where the filter cake
does not have the chance to be dewatered with the vacuum filter, the total ideal energy
consumption is decreased.
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Fig. 8 Ideal specific energy consumption for achieving zero moisture content (M = 0 %) distinguishing between
vacuum filtration and thermal drying (thermal efficiency ηth=100 %). The moisture content after vacuum
filtration is shown for each experiment.
Fig. 9 presents the specific energy consumption of solid-liquid separation using a horizontal belt
vacuum filter with a liquid ring vacuum pump in the first stage and thermal drying in the second
stage to obtain the desired final zero moisture content. The corresponding results for the dry claw
vacuum pump experiments are shown in Fig. 10. The energy consumption for filtration was
calculated on the basis of power consumption data provided by the variable speed drive. The
assumed thermal efficiency ηth = 50 % used for the thermal drying calculations is based on the heat
efficiency of a spin-flash dryer reported by Kudra et al. [33]. The illustrations in Fig. 9 indicate
that the minimum specific energy consumption to attain a zero moisture content with the liquid
ring pump is reached in Test 3 with a 0.2 bar pressure difference and 9.5 kg of cake deposited per
unit area. The specific energy consumption close to the minimum is also achieved with Tests 2, 6,
and 8. As with the ideal case presented in Fig. 8, keeping the pressure difference and the belt speed
fixed and increasing the mass of cake deposited per unit area decreases the specific energy
consumption of vacuum filtration, and with the exception of Test 4, also the total energy
consumption is decreased.
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Fig. 9 Specific energy consumption for achieving zero moisture content (M = 0 %) for liquid ring vacuum pump
experiments. Distinguishing between vacuum filtration and thermal drying (thermal efficiency ηth=50 %).
The moisture content after vacuum filtration is shown for each experiment.
Fig. 10 indicates that the minimum specific energy consumption to attain a zero moisture content
with the claw pump is achieved in Test 3 using a 0.2 bar pressure difference and 10.3 kg of cake
deposited per unit area. The specific energy consumption close to the minimum is also reached in
Tests 6 and 8. As can be observed in Fig. 10, it is not energy efficient to dewater the filter cake to
the lowest achievable moisture content by using a high pressure difference. The highest specific
energy consumption of the overall dewatering and drying process is caused by the unsuitable
combination of a low solids loading and a high pressure difference. On the other hand, thermal
drying of excessively wet filter cakes cannot be recommended when targeting at a low total energy
consumption. The specific energy consumption of the claw vacuum pump is analogous to that of
the liquid ring pump in the sense that keeping the pressure difference and the belt speed fixed and
increasing the mass of cake deposited per unit area decreases the specific energy consumption of
vacuum filtration. Additionally, with the exception of Test 4, the total energy consumption is
decreased. Mainly because of the higher efficiency of the claw vacuum pump, the specific energy
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consumption of vacuum filtration is roughly half of that of the liquid ring pump operated at the
same pressure difference.
Fig. 10 Specific energy consumption for achieving zero moisture content (M = 0 %) for claw vacuum pump
experiments. Distinguishing between vacuum filtration and thermal drying (thermal efficiency ηth=50 %).
The moisture content after vacuum filtration is shown for each experiment.
A comparison of the measured specific energy consumptions obtained with the two types of pumps
and the ideal isentropic specific energy consumption of cake dewatering (excl. thermal drying) is
presented in Fig. 11. As mentioned above, cake dewatering with the liquid ring vacuum pump
(LRVP) requires considerably more energy than dewatering with the claw pump. In addition to
the comparison between the two different pump types, two alternative vacuum level control
strategies using the liquid ring pump are compared. The bypass control strategy is implemented
by running the pump at a full speed and inducing leak air flow into the vacuum system through a
bypass valve, whereas the use of a variable speed drive (VSD) enables vacuum level control by
manipulating the rotation speed of the vacuum pump directly. It is clearly illustrated in Fig. 9 that
the use of a VSD reduces the specific energy consumption in cases where the pressure difference
is small, and thus, below the maximum pressure difference obtainable by the pump. In this study,
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the maximum pressure difference obtainable by the LRVP was approximately 0.4 bar, which
explains the negligible energy savings achieved by the use of a VSD when operating at ∆p = 0.4
bar.
The ideal specific energy consumption in Fig. 11 was calculated using the isentropic power
demand (Eq. (21)) and the air flow measurements from the claw vacuum pump experiments.
Because of the efficiencies of the vacuum pumps, the ideal specific energy consumption is less
than half of the actual energy consumption of the claw vacuum pump and less than one-quarter of
the actual energy consumption of the liquid ring vacuum pump.
Fig. 11 Comparison of the specific energy consumption of filter cake dewatering with a horizontal belt vacuum
filter. Dewatering by a liquid ring vacuum pump (LRVP) with a bypass valve and a variable speed drive
(VSD) for pressure difference control. Dewatering by a claw vacuum pump with a variable speed drive
(VSD) for pressure difference control. Ideal specific energy consumption of filter cake dewatering
calculated using the isentropic power demand and the air flow measurements from the claw vacuum pump
experiments.
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5. Discussion
To reach a moisture level of zero percent with the combination of vacuum filtration and thermal
drying, the specific energy consumption of vacuum filtration varies between 7 and 53 percent of
the total specific energy consumption depending on the applied pressure difference. The lowest
total specific energy consumptions are achieved with the pressure difference levels of 0.2 and 0.3
bar. The standard volumetric leak flow of the vacuum system of the pilot-scale vacuum filter used
for the experiments increases linearly as a function of applied pressure difference. The increased
air leak flow and the increased air flow through the filter cake have a nonlinear effect on the power
demand and energy consumption of vacuum filtration as can be seen in Eqs. (21) and (22). The
efficiency of vacuum pumps also behaves nonlinearly as a function of compression ratio [34, 35].
According to the experiments carried out with the pilot-scale horizontal belt vacuum filter, the
specific energy consumption of vacuum filtration has a tendency to increase exponentially as the
pressure difference is increased. A lower moisture content after vacuum filtration is achieved with
a higher pressure difference, but the increased specific energy consumption of vacuum filtration
adds to the total specific energy consumption with thermal drying to the extent that it is above
optimal when the applied pressure difference is 0.4 bar or higher.
The claw vacuum pump used for the experiments has a significantly higher efficiency compared
with the liquid ring vacuum pump. Typically, liquid ring vacuum pumps have been used in
filtration because of their ability to handle condensable vapors and availability for large capacities.
Liquid ring pumps are available to capacities of over 37 000 m3/h, while dry pumps are available
only up to 2400 m3/h [35]. The required capacities in vacuum filtration are often very high as a
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result of air flow from the leaks and through the cake; for instance in [36], for a 94 m2 filter area,
a vacuum pump with a suction capacity of 7000 m3/h was used with a 0.45 bar pressure difference.
Controlling the vacuum level with a bypass valve should be avoided at all cost because of the high
amount of energy wasted compared with controlling the vacuum level with a variable-speed-drive-
operated vacuum pump. By adjusting the slurry infeed, the filter belt speed, and the vacuum level
with variable speed drives, the moisture content of the filter cake could be controlled and the
energy consumption of vacuum filtration could be optimized.
In process configurations where it is feasible to convey the filtrate flow several meters downwards
inside a barometric leg, it might be possible to eliminate the energy consumption of filtrate
pumping. Other devices in a horizontal belt vacuum filter besides the vacuum pump, such as cloth
drive and filtrate pumps, typically consume 0.2–0.4 kW/m2 of power [17]. This would make the
energy saving potential of the barometric leg less than 0.2–0.4 kW/m2. The use of the barometric
leg could save energy by eliminating the need for a filtrate pump, but it also induces minor
oscillation to the vacuum pressure, the air flow through the vacuum pump, and the filtrate level
inside the barometric leg.
Using the method for identification of the leak flow of the vacuum system described in this article
enables condition monitoring of the filter vacuum system and estimation of the flow through the
filter cake. By this estimation, one could also calculate the efficiency of a vacuum filter for
example in terms of the ratio of the leak flow and the flow through the filter cake.
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6. Conclusions
According to the experiments carried out in this study, the main factors in minimizing the specific
energy consumption of vacuum filtration are the usage of a variable-speed-controlled vacuum
pump for controlling the pressure difference, the application of a moderate pressure difference of
0.2 to 0.3 bar, and the usage of an efficient vacuum pump. Claw-type vacuum pumps are more
favorable than liquid ring pumps from the efficiency and energy consumption points of view.
The isentropic specific energy consumption calculated from the air flow data was significantly
lower than the actual energy consumption obtained from the frequency converter. The vacuum
system leak flow plays a considerable role in the total specific energy consumption of vacuum belt
filters. However, the leak flow from the edges of the filter cloth is not as great in large plant-scale
filters, where the ratio between the edge length and the filtration area is smaller than in the pilot-
scale filter used in this study.
The results of this study support the general assumption that thermal drying consumes the majority
of the total energy consumption when dry solids are produced by a combination of mechanical
solid-liquid separation and thermal drying. Furthermore, the results suggest that there is a
combination of the pressure difference level and the mass of cake deposited per unit area that
minimize the total energy consumption per solids mass of the filtration and thermal drying phases.
For the experiments carried out in the study, taking into consideration also the throughput of cake
solids, the most advantageous combination was to generate a 0.3 bar pressure difference with the
claw vacuum pump and feed the slurry at the rate of 13.3 kg of cake deposited per unit area, which
corresponded to a cake height of approximately 7.7 mm.
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Tables
Table 1.  Actuator and sensor devices installed in the pilot-scale horizontal belt filter.
Device Manufacturer
and model
Electrical motor Variable speed
drive
Liquid ring vacuum pump Robuschi RMV 14 Three-phase motor,
4.0 kW, 1430 rpm
ABB ACS580
Claw vacuum pump Busch Mink
MM1202AVA3
Three-phase motor,
5.1 kW, 3000 rpm
ABB ACS850
Slurry circulation pump Larox LPP-D 20 Three-phase motor,
0.55 kW, 1400 rpm
Nordac SK300E
Slurry feed pump Cole-Parmer
Masterflex
Three-phase motor,
0.55 kW, 1360 rpm
ABB ACS580
Filter cloth drive Heynau mini drive Three-phase motor,
0.18 kW, 1400 rpm
ABB ACS580
Vacuum valves Gemü
Slurry control valves Flowrox PVE25
Bypass solenoid valve Schmalz DRV 25 NC
Cake thickness sensor Keyence LB-1201 W
Vacuum pump flow sensors Schmidt SS 20.260
Vacuum pressure difference transmitter Aplisens
APR-2000ALW
Temperature sensors Aplisens CT-I6
Filtrate weight scale and transmitter Dini Argeo PBE300
& DGT20AN
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Table 2.  Laboratory experiments carried out to study the material properties and energy consumption of cake
dewatering using vacuum filtration. The equipment consisted of a Büchner apparatus and a pilot-scale
horizontal belt vacuum filter.
Büchner experiments
Pilot experiments,
liquid ring pump
Pilot experiments,
claw pump
Test Δp (bar) w (kg/m2) Test Δp (bar) w (kg/m2) Test Δp (bar) w (kg/m2)
1 0.2 7.2 1 0.2 4.2 1 0.2 4.6
2 0.2 12.5 2 0.2 5.4 2 0.2 5.9
3 0.2 17.7 3 0.2 9.5 3 0.2 10.3
4 0.4 7.2 4 0.2 12.2 4 0.2 13.3
5 0.4 12.5 5 0.3 4.2 5 0.3 4.6
6 0.4 17.9 6 0.3 5.4 6 0.3 5.9
7 0.6 7.3 7 0.3 9.5 7 0.3 10.3
8 0.6 12.7 8 0.3 12.2 8 0.3 13.3
9 0.6 17.8 9 0.4 4.2 9 0.4 4.6
10 0.4 5.4 10 0.4 5.9
11 0.4 9.5 11 0.4 10.3
12 0.4 12.2 12 0.4 13.3
13 0.5 4.6
14 0.5 13.3
15 0.6 4.6
16 0.6 13.3
Table 3. Büchner experiment variables, properties of the filter cakes, and separation time. Slurry temperature
T = 22 °C and s = 25 wt.% in all experiments.
Test Δp
(bar)
msl
(g)
w
(kg/m2)
tsep
(s)
Lmeas
(mm)
Ltr, calc
(mm)
εav, meas
(-)
εav, tr, calc
(-)
αav ∙ 1010
(m/kg)
1 0.2 300 7.2 186 4.5 5.2 0.41 0.48 4.53
2 0.2 500 12.5 470 6.7 8.5 0.31 0.46 4.51
3 0.2 700 17.7 929 10.6 12.1 0.38 0.46 4.51
4 0.4 300 7.2 108 4.3 5.3 0.38 0.49 4.90
5 0.4 500 12.5 281 7.5 8.7 0.39 0.47 4.93
6 0.4 700 17.9 534 10.8 13.2 0.38 0.50 5.04
7 0.6 300 7.3 78 4.6 7.2 0.41 0.63 4.04
8 0.6 500 12.7 205 7.8 9.3 0.40 0.49 4.99
9 0.6 700 17.8 387 10.8 13.1 0.39 0.50 5.14
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Table 4.  Pilot experiments with a horizontal belt filter and a liquid ring vacuum pump. Slurry temperature T = 24
°C and s = 26 wt.% in all experiments.
Test Δp
(bar)
w
(kg/m2)
vbelt
(cm/s)
tf
(s)
zf
(cm)
td
(s)
zd
(cm)
L
(mm)
εav
(-)
Ms
(g/s)
M
(wt.%)
1 0.2 4.2 1.1 105 115 77 85 2.5 0.38 4.6 20.3
2 0.2 5.4 1.1 157 173 25 27 3.6 0.44 6.0 20.2
3 0.2 9.5 0.5 293 143 117 57 5.0 0.30 4.6 18.9
4 0.2 12.2 0.5 409 200 0 0 7.2 0.37 6.0 24.6
5 0.3 4.2 1.1 75 83 106 117 2.3 0.32 4.6 19.3
6 0.3 5.4 1.1 114 125 68 75 3.5 0.43 6.0 18.4
7 0.3 9.5 0.5 215 105 194 95 5.0 0.30 4.6 17.6
8 0.3 12.2 0.5 348 170 61 30 6.9 0.35 6.0 18.0
9 0.4 4.2 1.1 59 65 123 135 2.3 0.32 4.6 17.9
10 0.4 5.4 1.1 86 95 95 105 3.4 0.41 6.0 17.0
11 0.4 9.5 0.5 164 80 246 120 4.9 0.28 4.6 17.0
12 0.4 12.2 0.5 286 140 123 60 6.9 0.35 6.0 17.3
Table 5.  Pilot experiments with a horizontal belt filter and a claw vacuum pump. Slurry temperature T = 22 °C
and s = 28 wt.% in all experiments.
Test Δp
(bar)
w
(kg/m2)
vbelt
(cm/s)
tf
(s)
zf
(cm)
td
(s)
zd
(cm)
L
(mm)
εav
(-)
Ms
(g/s)
M
(wt.%)
1 0.2 4.6 1.1 105 115 77 85 3.3 0.48 5.0 19.4
2 0.2 5.9 1.1 164 180 18 20 4.2 0.48 6.5 19.5
3 0.2 10.3 0.5 276 135 133 65 6.3 0.39 5.0 17.9
4 0.2 13.3 0.5 409 200 0 0 8.1 0.39 6.5 22.7
5 0.3 4.6 1.1 77 85 105 115 3.2 0.47 5.0 18.1
6 0.3 5.9 1.1 118 130 64 70 4.0 0.45 6.5 17.8
7 0.3 10.3 0.5 225 110 184 90 6.1 0.37 5.0 16.9
8 0.3 13.3 0.5 358 175 61 25 7.7 0.36 6.5 17.6
9 0.4 4.6 1.1 59 65 123 135 3.1 0.45 5.0 17.0
10 0.4 5.9 1.1 100 110 77 90 3.9 0.44 6.5 16.7
11 0.4 10.3 0.5 184 90 225 110 5.8 0.34 5.0 16.4
12 0.4 13.3 0.5 286 140 123 60 7.6 0.35 6.5 16.6
13 0.5 4.6 1.1 55 60 127 140 2.9 0.41 5.0 16.4
14 0.5 13.3 0.5 235 115 174 85 7.3 0.33 6.5 16.3
15 0.6 4.6 1.1 50 55 132 145 2.8 0.39 5.0 15.4
16 0.6 13.3 0.5 215 105 194 95 7.2 0.32 6.5 16.0
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Table 6.  Measured standard volumetric air flow rates for the total flow through the vacuum pump, the estimated
volumetric air flow rate, and the air flux through the filter cake dewatering area calculated on the basis
of leak flow measurements.
Liquid ring vacuum pump experiments Claw vacuum pump experiments
Test Δp
(bar)
w
(kg/m2)
Qa, total
(m3/h)
Qa, cake
(m3/h)
ua, cake
(m3/h·m2)
Test Δp
(bar)
w
(kg/m2)
Qa, total
(m3/h)
Qa, cake
(m3/h)
ua, cake
(m3/h·m2)
1 0.2 4.2 35.0 2.0 23.7 1 0.2 4.6 31.5 3.5 41.3
2 0.2 5.4 33.5 0.5 19.0 2 0.2 5.9 29.2 1.2 60.6
3 0.2 9.5 36.0 3.0 52.8 3 0.2 10.3 33.7 5.7 87.9
4 0.2 12.2 33.0 0.0 - 4 0.2 13.3 28.0 0.0 -
5 0.3 4.2 45.0 4.9 42.1 5 0.3 4.6 41.0 5.9 51.5
6 0.3 5.4 43.0 2.9 39.0 6 0.3 5.9 40.0 4.9 70.3
7 0.3 9.5 49.0 8.9 93.9 7 0.3 10.3 45.5 10.4 115.8
8 0.3 12.2 43.5 3.4 114.1 8 0.3 13.3 38.8 3.7 124.1
9 0.4 4.2 53.0 5.8 43.2 9 0.4 4.6 49.0 6.8 50.6
10 0.4 5.4 55.0 7.8 74.6 10 0.4 5.9 48.5 6.3 74.5
11 0.4 9.5 63.0 15.8 132.0 11 0.4 10.3 55.5 13.3 121.2
12 0.4 12.2 57.0 9.8 163.9 12 0.4 13.3 50.0 7.8 130.6
13 0.5 4.6 56.0 6.7 48.2
14 0.5 13.3 58.0 8.7 102.9
15 0.6 4.6 66.0 9.7 66.6
16 0.6 13.3 65.0 8.7 91.1

