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A B S T R A C T  

Filter clogging is a critical issue in ballast-water management systems (BWMSs) and 

is caused by the accumulation of sediment deposits and particles in water, particularly 

under high total suspended solid (TSS) conditions. Despite its significance, studies 

focusing on the prediction and prevention of clogging, as well as detailed 

investigations into its mechanisms, remain limited. In this study, an analytical method 

based on Darcy’s law is devised to predict clogging occurrences and filter performance 

is evaluated via computational fluid dynamics (CFD) simulations. Additionally, a 

coupled CFD-discrete element method (DEM) approach is employed to investigate 

clogging mechanisms at the microscopic level, thus providing detailed insights into 

particle behaviour and fluid dynamics. The results show that clogging occurred rapidly 

under high-TSS conditions and that the estimated clogging time closely matched the 

analytical predictions and CFD simulations. Results of CFD-DEM simulation show 

that larger particles initially obstructed screen pores, followed by a rapid surface 

coverage, which ultimately increased the pressure drop significantly. The proposed 

methods offer a reliable framework for evaluating BWMS filter performance and 

provide foundational data for the development of next-generation filters capable of 

preventing clogging in high-turbidity environments. 

1. Introduction 

Ballast water is a critical component of ship operations that ensures stability and structural integrity by 

adjusting a ship’s draft. Typically, ballast water is transferred on board during cargo unloading at ports or 

nearby areas and is discharged at another port after the voyage. This can inadvertently facilitate the transfer 

of aquatic organisms, thus potentially adversely affecting aquatic ecosystems. Under a ballast-water capacity 

averaging one-third of a ship’s volume, approximately 10 billion tons of water are transferred between aquatic 

ecosystems annually [1], along with more than 10,000 species of organisms daily [2]. 

To minimise aquatic environmental impact caused by the transfer of sea creatures via ballast water from 

ships, the International Maritime Organization (IMO) adopted a convention in 2004 to limit the maximum 
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numbers of viable organisms in discharged ballast water [3]. This convention, known as the International 

Convention for the Control and Management of Ships’ Ballast Water and Sediment (BWMC), was 

implemented in 2017 to comply with a ballast-water performance standard (less than 10 viable organisms per 

cubic metre greater than or equal to 50 micrometres in minimum dimension and less than 10 viable organisms 

per millilitre less than 50 micrometres in minimum dimension and greater than or equal to 10 micrometres in 

minimum dimension; and discharge of the indicator microbes shall not exceed the specified concentrations), 

as specified in Regulation D-2. Moreover, ships on US routes have been required to comply with US Coast 

Guard (USCG) regulations for ballast water since 2012, which align with the IMO’s BWMC D-2  

standard [4]. Owing to these regulations, most ships operating in international ports are equipped with a type-

approved ballast-water management system (BWMS). 

A ship’s ballast-water treatment technologies can be categorised into three types: physical, chemical, 

and other [5]. These methods are applied to ships using a combination of two different processes: pre-treatment 

and treatment. Pre-treatment, which occurs at the beginning of the major process in BWMSs, aims to remove 

large particles exceeding 50 𝜇m in ballast water. Various types of filters are commonly used in BWMSs, 

including screen, hydrocyclone, bag, and self-cleaning filters, each employing a different filtration 

mechanism. The most commonly used method in pre-treatment is screen filtration [6], where the pore size 

ranges from 10 to 50 𝜇m. Among the 46 BWMS types approved by the USCG, 36 utilise the filtration method 

[7]. Following filtration, the treatment process targets viable organisms in the ballast water to comply with the 

IMO’s BWMC D-2 standard via chemical, physical, and biological methods. 

One of the major issues with BWMSs is failure caused by water-quality problems, which is commonly 

referred to as ‘clogging’. Clogging occurs when high concentrations of organic matter or sediment accumulate 

on filter elements, thereby obstructing water flow. This issue is exacerbated by the small pore sizes required 

for effective filtration, thus resulting in increased operational costs for filter cleaning and replacement [8] and 

reduced system efficiency [9-11]. Despite their critical impact, studies pertaining to clogging mechanisms, 

documented occurrences, and mitigation strategies are limited. Duan et al. [12] conducted a series of 

experiments on BWMS filters with varying pore sizes to investigate filtration efficiency. They showed that 

filtration efficiency increased as the pore size decreased; however, this improvement was accompanied by an 

increased risk of clogging. Jang et al. [13] conducted real-condition tests on various types of BWMSs using 

seawater with extremely high turbidity from the Shanghai Port in China. They reported that all filters with a 

mesh size of 50 𝜇m used in the study failed due to clogging in severe turbidity conditions, thus highlighting 

the necessity of high-performance filters that can prevent clogging in environments with high particle 

concentrations in sea water. However, these studies primarily focused on experiments related to clogging 

phenomena and did not propose practical methods for application nor attempt to comprehensively investigate 

clogging mechanisms. 

To mitigate the challenging issue of filter clogging, some researchers have focused on the development 

of advanced filters and the prediction of clogging in BWMSs. Sliwinski [14] proposed a machine-learning-

based method to predict filter clogging in BWMSs. They leveraged operational data, including flow rates and 

pressure differentials, to develop a predictive model for the timely maintenance and optimisation of the 

treatment process. The proposed model achieved an accuracy exceeding 90 % using various neural network 

methods. Hyun et al. [15] proposed using a grinding device in a filtration system to achieve higher filtration 

efficiency under high-turbidity conditions. They evaluated the method via pilot and full-scale tests, which 

demonstrated 100 % efficiency for larger organisms exceeding 100 𝜇m and 87–93 % for organisms smaller 

than 100 𝜇m under high-turbidity conditions. 

Despite the significant effect of filter clogging on ship operations, only a few studies have been 

conducted to address this issue. This is primarily attributed to the complex physical interactions within the 

filter and the inherent challenges of investigating these processes at the microscopic scale. To predict and 

prevent filter clogging, one must investigate the mechanisms underlying its occurrence and develop predictive 

analytical models for direct application in maritime operations. A comprehensive evaluation of filter 

performance based on a physical understanding of clogging is critical for devising effective strategies to 

mitigate clogging in BWMSs during ship operations. 
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Hence, this study is performed to predict the clogging occurrence time under varying marine 

environmental conditions and analyse the mechanisms of clogging in BWMS filters. This study examines 

particles in seawater, which are the primary cause of clogging, with emphasis on their composition, 

distribution, and concentrations in nearshore areas. 

In this study, analytical methods capable of rapid computation are developed to evaluate the performance 

of screen filters in BWMSs by focusing on the complex phenomenon of filter clogging based on Darcy’s law 

for porous media. To address the intricate hydrodynamic performance of ballast water within BWMS filters, 

computational fluid dynamics (CFD) simulations are conducted for the entire filter system, including the filter, 

basket, and backwash system. Furthermore, to investigate the mechanisms of filter clogging within fine pores, 

a coupled CFD-DEM (DEM = discrete-element method) is employed. This hybrid approach enables a detailed 

analysis of particle behaviour and fluid dynamics, thus offering insights unattainable via standalone methods, 

and has been used to capture localised and short-term behaviours. The findings of this study are expected to 

provide foundational data for predicting filter performance under clogging conditions in practical applications 

and contribute to the development of next-generation BWMS filters. 

2. Investigation of solid-particle distribution characteristics in aquatic environment 

Prior to examining the filter clogging of BWMSs, an investigation was conducted on solid particles in 

water that caused clogging on filters. The total solids contained in the water were classified based on their size 

and properties, as shown in Figure 1 [16]. First, total solids refer to suspended or dissolved matter and are 

classified into total dissolved solids (TDSs) smaller than 0.1 μm and total suspended solids (TSSs) larger than 

0.1 μm. TSSs are classified into mineral matter (MM), which refers to inorganic materials such as silt, sand, 

and clay, and particulate organic matter (POM), which includes organic materials such as animal plankton. 

TDSs can be distinguished as mineral and dissolved organic matter depending on whether they are organic, 

similar to TSSs. This study focuses on TSSs, which significantly affect the filtration performance of BWMSs. 

 

Fig. 1  Classification of particles in water 

2.1 TSS 

Table 1 summarises the reported TSS concentrations in various nearshore areas and major ports 

worldwide. The TSS concentration varied significantly by region, depending on the measurement date and 

precipitation at the time of measurement. The investigated TSS concentrations ranged from 15.7 to  

300.1 mg/L on average, with the highest TSS concentration of 577.2 mg/L measured in the Yangtze River 

estuary in China. However, because this measurement does not include data from rainy periods, the TSS is 

expected to increase significantly. Extremely high TSS concentrations were measured in estuarine areas 

connected to the sea, primarily in the Yangtze River estuary in China, the Hodeidah port in Yemen, and the 

Gulf of Kambhat in India. Additionally, when particles accumulated on the seabed traverse to the water during 

rainfall, the TSS concentration can be higher compared with the case during non-rainy periods [17]. 
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Table 1  List of TSS concentration ranges measured in nearshore areas 

Measurement location (Country) TSS concentration 

range (mg/L) 

Measurement date 

(Period) 

Precipitation Reference 

Yangtze River estuary (China) 23.2–577.2 Oct. 14–15, 2009 (2 days) Excluded [18] 

Hodeidah port (Yemen) 10–440 Summer, 2001 3 months) Included [19] 

Gulf of Kambhat (India) 94–312 2009–2010 (1 year) Included [20] 

Semerang city (Indonesia) 40–160 Sep. 9, 2018 (1 day) Excluded [21] 

Chennai port (India) 58–127 Dec. 2002–Mar. 2003 (3 months) Excluded [22] 

Santos bay (South Africa) 12.3–83 2006–2007 (1 year) Included [23] 

San Francisco bay (US) 30–80 May–Sep., 1996 (3 months) Included [24] 

Atlantic coast (US) 60–75 2002 (1 year) Included [25] 

Chesapeake bay (US) 5–70 May, Jul., Oct., 1996 (3 months) Included [26] 

Ujung Genteng (Malaysia) 20–60 2000–2016 (17 years) Included [27] 

Gulf of Mexico (US) 17–46 1989–1991 (3 years) Included [25] 

Xuwen county (China) 5.8–37.8 Jan. 13–14, 2013 (2 days) Excluded [18] 

Gulf of Suez (Egypt) 18.6–37.6 Every season, 2016 Included [28] 

Nak-dong river mouth (ROK) 2.9–28.5 2018–2021 (3 years) Included [29] 

In the IMO G8 Guidelines for the approval of BWMSs as well as in the new IMO-type approval standard 

of BWMSs applicable from 28 October 2020 (BWMS Code, [30]), different operational criteria for TSS 

concentrations based on salinity levels are suggested, as presented in Table 2. In brackish regions, BWMS 

operation is tested under TSS concentrations of 50 mg/L or higher. The TSS levels specified in the IMO G8 

Guidelines may be significantly lower than the actual TSS concentrations in the waters, thus indicating that 

even approved BWMSs can be affected by filter clogging during actual operations. To prevent clogging during 

ship operations, high-performance BWMS filters that can function under more severe conditions with higher 

TSS concentrations must be developed. 

Table 2  Performance criteria of BWMS operation in various salinity range [31] 

 Marine water 

(28–36 PSU) 

Brackish water 

(10–20 PSU) 

Fresh water 

( < 1 PSU) 

Dissolved organic carbon > 1 mg/L > 5 mg/L > 5 mg/L  

Particulate organic carbon > 1 mg/L > 5 mg/L > 5 mg/L  

Total suspended solids > 1 mg/L  > 50 mg/L  > 50 mg/L  

2.2 MM 

For the TSS in seawater, the MM, which represents inorganic matter, includes the following types of 

particles observed in the ballast tanks of ships [31]: 

• Clay: Particles measuring 2 𝜇m or less, typically dominated by silicate minerals with traces of metal 

oxides and organic matter. 

• Silt: Particles measuring 263 𝜇m, primarily composed of quartz and feldspars. 

• Sand: Particles measuring 63 µm to 2 mm, comprising either quartz or calcium carbonate. 

• Larger soil particles: Particles exceeding 2 mm, primarily gravel. 

Figure 2 shows the composition ratio of MM in nearshore areas, as reported in the literature [32-37]. 

The composition of MM varies slightly depending on the region but primarily comprises fine particles 

measuring less than 63 µm known as mud, which is a mixture of clay and silt. This implies that when 

employing a filter with a pore size of 10–50 µm primarily for pre-treatment in BWMSs, filter clogging can 

occur frequently. 
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Fig. 2  Mineral-matter distributions measured in various nearshore areas 

2.3 POM 

POM, which represents particulate organic matter in seawater, is primarily measured based on carbon 

and is also expressed as particulate organic carbon (POC). The POC concentration in aquatic environments 

worldwide is 0–0.3 mg/L [38], which corresponds to less than 0.1 % of the TSS concentration in areas with a 

TSS concentration of 300 mg/L. In other words, POM constitutes a minute portion of the TSS and thus is 

expected to minimally affect filter clogging. The POC may differ depending on the region; nonetheless, it 

fluctuates by 0 to 0.2 mg/L depending on the seasons [39] and by only 0 to 3.0 mg/L depending on the 

precipitation amount [40]. In other words, POM constitutes a minute portion of the TSS and thus is expected 

to minimally affect filter clogging. The TSS in aquatic environments is primarily composed of MM, and 

among them, small inorganic particles, such as clay and silt, are major contributors to filter clogging. 

3. Mathematical background 

This section provides a mathematical overview of two methods for evaluating the performance of ship 

BWMS filters: the analytical method and CFD simulations. Additionally, it introduces the CFD-DEM 

approach for estimating clogging mechanisms at the microscale in localised filter regions. 

3.1 Analytical methods 

In the design and operation of BWMS filters, pressure drop due to the filter screen is a crucial factor. 

The pressure drop (∆𝑃𝑡𝑜𝑡𝑎𝑙) caused by the filter system can be classified into the pressure drop caused by fluid 

passing through the filter screen (∆𝑃𝑠𝑐𝑟𝑒𝑒𝑛) and the pressure drop caused by the accumulation of substances, 

known as the 'filter cake' (∆𝑃𝑐𝑎𝑘𝑒), on the filter, as shown in Equation (1): 

∆𝑃𝑡𝑜𝑡𝑎𝑙 = ∆𝑃𝑠𝑐𝑟𝑒𝑒𝑛 + ∆𝑃𝑐𝑎𝑘𝑒 (1) 

In this study, Darcy’s law [41], which describes the relationship between velocity and pressure drop in 

porous media, was used to estimate the pressure drop caused by the screen and filter cake. Darcy’s equation 

for estimating pressure drop by the screen (∆𝑃𝑠𝑐𝑟𝑒𝑒𝑛) is shown in Equation (2): 

∆𝑃𝑠𝑐𝑟𝑒𝑒𝑛 =
1

𝐴

1

𝐵

d𝑉

d𝑡
𝜇𝑇 (2) 

where 𝐴 is the screen area, 𝑉  the volume of fluid passing through the BWMS, 𝑡 the time, 𝐵 the specific 

permeability of the screen, 𝜇 the viscosity coefficient of the fluid, and 𝑇 the screen thickness. The screen 

permeability (𝐵) can be estimated using the Kozeny–Carman equation [5], which relates 𝐵 to the geometry of 

the screen, as shown in Equation (3): 

𝐵 =
1

𝐾0𝑆0
2

𝜀3

(1 − 𝜀)2
 (3) 
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where 𝜀 is the porosity of the screen; 𝐾0 is the Kozeny coefficient, which can be obtained using Equation (4); 

and 𝑆0 is the specific surface area of the screen, which can be obtained using Equation (5): 

𝐾0 =
4𝜀3

(1 − 𝜀)0.5
[1 + 56(1 − 𝜀)3] (4) 

𝑆0 =
π𝑑

π(𝑑/2)2
 (5) 

where 𝑑 is the equivalent cylinder diameter of the screen [5]: 

𝑑 = √
𝑄

1.8𝜀π
 (6) 

Here, 𝑄 denotes the filter design flow rate. Subsequently, the pressure drop of the filter screen can be 

derived as follows: 

∆𝑃𝑠𝑐𝑟𝑒𝑒𝑛 =
64𝑢𝜇𝑇

𝑑2
(1 − 𝜀)1.5[1 + 56(1 − 𝜀)3] (7) 

where 𝑢 denotes the filtration velocity. The pressure drop caused by the filter cake (∆𝑃𝑐𝑎𝑘𝑒) can be estimated 

using Darcy’s equation for porous media, as shown in Equation (8): 

∆𝑃𝑐𝑎𝑘𝑒 =
𝜇𝑟𝑙

𝐴

d𝑉

d𝑡
 (8) 

where 𝑙 is the filter-cake thickness and 𝑟 is the transmission coefficient, which can be obtained using Equation 

(9): 

𝑟 =
5(1 − 𝑒)2𝑆2

𝑒3
 (9) 

Here, 𝑒 is the average porosity of the filter cake and 𝑆 is the specific area of the particles, which can be 

calculated via Eq. (5) using the particle diameter: The filter-cake thickness can be determined by calculating 

the volume of the filter cake per unit volume [42] using Equation (10): 

𝜐 =
𝑙𝐴

𝑉
≈

𝜌𝑓𝐽

(1 − 𝐽)(1 − 𝑒)𝜌𝑠 − 𝐽𝑒𝜌𝑓
 (10) 

where 𝜌𝑓 and 𝜌𝑠 are the densities of the fluid and solid, respectively; and 𝐽 is the mass fraction of solid in the 

fluid. Subsequently, Equation (8) can be expressed as follows: 

∆𝑃𝑐𝑎𝑘𝑒 =
5(1 − 𝑒)2𝑆2𝜇𝜐𝑉2

𝑒3𝐴2𝑡
 (11) 

Finally, the total pressure drop of the filter screen can be expressed analytically using Equation (12), by 

summing Equations (7) and (11): 

∆𝑃𝑡𝑜𝑡𝑎𝑙 =
64𝑢𝜇𝑇

𝑑2
(1 − 𝜀)1.5[1 + 56(1 − 𝜀)3] +

5(1 − 𝑒)2𝑆2𝜇𝜐𝑉2

𝑒3𝐴2𝑡
 (12) 

In this study, the performance of the backwash system, which is primarily used in BWMS filters to 

prevent screen clogging, was predicted. When using the suction nozzle for backwashing in the filter, some of 

the water flowing into the BWMS is discharged owing to suction, and the loss flow rate (𝑄𝑙𝑜𝑠𝑠) can be 

calculated by multiplying the area of the suction nozzle tip (𝐴𝑛𝑜𝑧𝑧𝑙𝑒) by the suction speed at the nozzle tip 

(𝑢𝑛𝑜𝑧𝑧𝑙𝑒)), as shown in Equation (13): 

𝑄𝑙𝑜𝑠𝑠 = 𝑢𝑛𝑜𝑧𝑧𝑙𝑒 ∗ 𝐴𝑛𝑜𝑧𝑧𝑙𝑒 (13) 

𝑢𝑛𝑜𝑧𝑧𝑙𝑒 can be estimated using the Bernoulli equation as follows: 

𝑢𝑛𝑜𝑧𝑧𝑙𝑒 = √
2

𝜌𝑓
∆𝑃𝑛𝑜𝑧𝑧𝑙𝑒 (14) 
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where ∆𝑃𝑛𝑜𝑧𝑧𝑙𝑒 is the pressure drop at the tip of the suction nozzle. 

3.2 CFD simulations  

CFD simulations were performed in this study to analyse the localised clogging mechanism of the 

BWMS filter at the microscale. The Reynolds averaged Navier-Stokes (RANS) equation was employed using 

the commercial CFD software STAR-CCM+ v13.06 [43] for an incompressible, steady, single-phase flow 

(liquid) under isothermal conditions by incorporating the continuity equation:  

𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) = −

𝜕𝑝̅

𝜕𝑥𝑖
+

𝜕𝜏𝑖𝑗  

𝜕𝑥𝑗
+

𝜕

𝜕𝑥𝑗
(−𝜌𝑢′𝑖𝑢′𝑗) (15) 

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖
= 0 (16) 

where 𝜌 is the density, 𝑢𝑖 is the relative averaged velocity vector for the flow between the fluid and the control 

volume, 𝑢𝑖𝑢𝑗is the Reynolds stress,  𝑥𝑖 is the coordinate, 𝑝̅ is the mean pressure, and 𝜏𝑖𝑗is the mean shear 

stress tensor which can be expressed as: 

𝜏𝑖𝑗 = 𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) (17) 

where 𝜇 is the dynamic viscosity. 

The equations were solved using second-order numerical methods for both time and space discretisation. 

In the simulation, the semi-implicit method for pressure-linked equations was used to couple the velocity and 

pressure. Additionally, the standard k-ω turbulence model was used owing to its suitability for rotational flows. 

The filter screen, i.e. the focus of the CFD analysis, contains a porous layer with extremely small pores, 

which complicates the modelling and numerical analysis. Therefore, the pressure drop across the screen was 

analysed for different incoming flow velocities via a series of numerical simulations. 

The resistance force (𝑓𝑝 ) of the porous medium is defined in terms of the velocity 𝑉  and porous 

resistance tensor 𝑃, as shown in Equation (18) [43]: 

𝑓𝑝 = −𝑃 ∙ 𝑉 (18) 

The porous resistance tensor 𝑃 comprises two components, as shown in Equation (19): 

𝑃 = 𝑃𝑉 + 𝑃𝐼|𝑉|, (19) 

where 𝑃𝑉  and 𝑃𝐼  represent the viscous and inertial resistance coefficients, respectively. These coefficients 

were derived from numerical experiments and are explained in detail in Section 5.2. 

In this study, the DEM was used to analyse clogging occurrences on a localised filter screen at the 

microscale under severe TSS conditions. CFD-DEM is a method for analysing the multiphase flow of fluids 

and particles by combining the Eulerian methodology for fluids and the Lagrangian methodology for particles. 

Unlike CFD, which analyses fluids, the DEM focuses on the motion and interaction of individual particles 

based on Newton’s law of motion and contact mechanisms [44]. The particle dynamics were calculated using 

the classic momentum conservation equations and a particle-index representation as follows [43]: 

𝑚𝑖

d𝑣𝑖

d𝑡
= 𝑚𝑖𝑔 + ∑ 𝐹𝑐𝑜𝑛𝑡 + 𝐹𝑑𝑟𝑎𝑔 + 𝐹𝑝𝑟𝑒𝑠 + 𝐹𝑎𝑑𝑑𝑒𝑑 (20) 

𝐼𝑖

d𝜔𝑖

d𝑡
= ∑ 𝑀𝑐𝑜𝑛𝑡 + 𝑀𝑑𝑟𝑎𝑔 (21) 

where subscript 𝑖 represents the particle number; 𝐹𝑐𝑜𝑛𝑡 and 𝑀𝑐𝑜𝑛𝑡 are the forces and moments due to contact, 

respectively; 𝐹𝑑𝑟𝑎𝑔, 𝐹𝑝𝑟𝑒𝑠, and 𝐹𝑎𝑑𝑑𝑒𝑑 are the hydrodynamic forces of drag, pressure gradient, and added mass 

terms, respectively; and 𝑀𝑑𝑟𝑎𝑔  is the torque resulting from fluid interaction. In this study, the contact 

dynamics between the particles were modeled as one-way coupling from the fluid to particle, thus ensuring 

that the particles do not affect the fluid dynamics. 
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4. Test model and conditions 

In this study, a basket-type filter system (with a processing capacity of approximately 300 tons/h), which 

is widely used as pretreatment for BWMSs owing to its simple design. A plain-weave screen with a pore size 

of 40 𝜇m was selected for the filter screen, and the main specifications of the basket and the screen considered 

in this study are shown in Table 3. 

Table 3  Principal dimensions of basket-type filter and screen 

Component Parameter Value 

Basket 

Basket outer diameter 620 mm 

Basket inner diameter 585 mm 

Inlet, outlet pipe diameter 220 mm 

Screen 

Screen inner diameter 440 mm 

Screen height 830 mm 

Thickness (𝑇) 0.25 mm 

Porosity (𝜀) 0.146 

This filter was assumed to operate in an environment with a high concentration of TSS (i.e. 1,000 mg/L). 

Clogging is considered to have occurred when the pressure drop of the filter system reaches 0.5 bar due to 

particles during operation [13]. Additionally, the pressure at the filtration outlet was maintained at 3 bar. 

Furthermore, a backwash system with suction nozzles was used for the basket-type filter, as shown in  

Figure 3. The suction nozzle comprises four nozzle tips with a length and width of 0.18 and 0.005 m, 

respectively. The backwash system was assumed to be operating under a continuous rotation at 170 RPM 

during the BWMS filter operation. Considering a 10 % loss of flow entering the BWMS due to the backwash 

system, the flow velocity and pressure drop at the suction nozzle tip can be analytically estimated as 2.08 m/s 

and 0.0217 bar, respectively, using Equations (13) and (14), respectively. 

 

Fig. 3  Model of backwash suction nozzle 

5. Results and discussions 

5.1 Performance evaluation of filter screen via analytic analysis 

Figure 4 presents the estimated pressure drop and filter-cake thickness over time for a BWMS filter with 

a plain-weave screen designed for a capacity of 300 tons/h, operating at a TSS concentration of 1,000 mg/L 

without incorporating a backwash system. For the analysis, all particles in the water were assumed to measure 

50 μm. As shown in Figure 4(a), the initial pressure drop across the screen was approximately 0.059 bar when 

the system began to operate. During the BWMS operation, the pressure drop increased steadily at a rapid rate 

of approximately 0.688 bar/h, where 0.5 bar was attained in merely 42.6 min, thus indicating the onset of 

clogging in the filter system. As illustrated in Figure 4(b), the filter-cake thickness was approximately  
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10.34 mm, which corresponds to approximately 5 % of the cylindrical-screen radius. These findings indicate 

that under high-turbidity conditions of 1,000 mg/L, clogging can develop within less than 1 h of operation. 

   

(a) Clogging time (b) Filter-cake thickness 

Fig. 4  Estimation of clogging time and filter-cake thickness using analytic method 

Figure 5 presents the analysis of the time to clogging of the screen under varying TSS concentrations 

and particle sizes. As shown in Figure 5(a), the time to clogging decreased exponentially as the TSS 

concentrations with a uniform particle size of 50 μm increased. Specifically, at 50 mg/L, which complies with 

the IMO G8 Guideline [45], clogging occurred after approximately 860.1 min, whereas at 500 mg/L, i.e. the 

maximum TSS concentration in the Yangtze River estuary, clogging occurred in approximately 85.8 min. 

Considering that typical ballasting operations may require 24 h [46], the system is expected to operate without 

clogging at TSS levels of up to 30 mg/L. Additionally, Figure 5(b) illustrates the effect of particle-size 

variations, showing that as the particle size increased, both the time to clogging and the corresponding filter 

cake thickness exhibited a quadratic relationship. 

 

(a) TSS concentration (b) Particle diameter 

Fig. 5  Estimation of clogging time with varying TSS concentration and particle diameter 

5.2 Performance evaluation of filter screen using CFD 

5.2.1. Estimation of pressure drop for local screen 

Before estimating and analysing the performance of the filter using CFD, numerical experiments were 

performed on a local screen to numerically model the plain weave screen geometry in CFD and estimate the 

inertia and viscous resistance coefficients, PI and PV, in Equation (19). The numerical experiments involved 

varying the flow rate and screen size to analyse their effects on the PI and PV, as summarised in Table 3. The 

shape and mesh structure of the screen model are shown in Figure 6. 
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Table 3  Test cases for estimation of PI and PV for local screen 

Case no. Screen size (mm2) Num. of cells Velocity (m/s) 

1 0.84 × 1.00 0.43 × 106  0.055 

0.100 

0.200 

0.300 

0.400 

2 1.69 × 2.00 1.70 × 106 

3 3.38 × 4.00 8.30 × 106 

  

(a) Case 1 (b) Case 2 

 

(c) Case 3 

Fig. 6  Test model and mesh structure for estimation of PI and PV for local screen 

Figure 7 shows the pressure and velocity fields on the plain-weave screen analysed using CFD 

simulations at a flow velocity of 0.4 m/s. A region of relatively high pressure developed on the upstream 

surface where the fluid entered, leading to localised acceleration as the fluid passed through the pores of the 

screen. The variations in the pressure drop with respect to screen size and flow velocity are shown in Figure 

8. This numerical experiment confirmed that the screen size does not affect the pressure drop, whereas the 

pressure drop increases quadratically with the flow velocity. Based on this, the screen size required to estimate 

the PI and PV can be determined. The estimated PI and PV, corresponding to changes in the flow velocity were  

6.57 × 106 and 2.42 × 107, respectively. 

  

(a) Pressure field (b) Velocity field 

Fig. 7  Pressure and velocity fields of local screen (Case 2) 
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Fig. 8  Pressure-drop estimation results of local screen for varying screen size and flow velocity 

  

(a) (b) 

 

(c) 

Fig. 9  Test model and mesh structure of filter system in BWMS 

5.2.2. Performance evaluation of BWMS filter with backwash system 

The hydrodynamic performance of the BWMS filter, including the backwash speed at the nozzle and 

pressure drop for the entire filter system with a basket, was assessed via CFD simulations. The screen was 

modelled as a virtual porous medium instead of modelling it using the PI and PV obtained from the numerical 

experiments for the filter screen. The key components of the BWMS, such as the screen, suction nozzle system 

for the backwash, and basket, were numerically modelled, as shown in Figure 9. The total number of grids 

used in the modelling was 2.1 million (Figure 9 (c)). 

Figure 10 shows the pressure and velocity fields as well as the streamlines obtained from the CFD 

simulation of the filter without backwash operation. The fluid entering the filter exhibited a significant 

rotational flow as it flowed upwards inside the screen before losing velocity upon reaching the bottom surface 

and ultimately passing through the screen (Figure 10 (c)). The simulation results indicated that the fluid 

experienced a pressure drop while passing through the screen (Figure 10 (a)). In the basket, the flow velocity 

decreased upon entry but increased again at the outlet after passing through the screen  

(Figure 10 (b)). The pressure drop across the screen, estimated via CFD simulation, was approximately  

0.091 bar, which was approximately 35 % higher than that estimated using the analytical method  

(0.059 bar). This discrepancy can be attributed to additional factors considered in the CFD simulation, such 
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as the geometry of the suction nozzle, the positions of the basket inlet and outlet, and the effects of gravity, 

which were not considered in the analytical method. 

  

(a) Pressure field (b) Velocity field 

 

(c) Streamline 

Fig. 10  Pressure and velocity fields, and streamline of filter system in BWMS without backwash operation 

  

(a) Pressure field (b) Velocity field 

 

(c) Streamline 

Fig. 11  Pressure and velocity fields, and streamline of filter system in BWMS with backwash operation 

The CFD simulation results for the BWMS filter with the backwash system operating via the suction 

nozzle (Figure 3) are shown in Figures 11 and 12. As shown in Figure 11, the overall pressure and velocity 

fields as well as the streamline patterns were similar to those observed prior to the activation of the backwash 

system (Figure 10). However, during the backwash operation, a region of relatively low pressure developed 

at the tip of the suction nozzle, causing the fluid to pass from the screen surface into the nozzle, as illustrated 

in Figure 12(a). The velocity at the suction nozzle tip was estimated to be approximately 2.01 m/s, which is 

almost identical to the analytically calculated value of 2.08 m/s. Additionally, the pressure drop induced by 
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the suction nozzle, as estimated via CFD simulation, was approximately 0.020 bar, whereas it was estimated 

to be 0.022 bar via the analytical method (Equation (14)). These results demonstrate that the analytical method 

provides performance estimates for the suction nozzle that were almost identical to the results obtained from 

the CFD simulation. 

   

(a) Pressure field (b) Velocity field 
 

 

Fig. 12  Pressure and velocity fields of backwash suction nozzle 

5.2.3. Investigation of clogging-occurrence mechanism using CFD-DEM 

The clogging mechanism of a local screen was analysed at the microscale via CFD-DEM simulations. 

The screen used in this study measured 1.69 mm × 2.00 mm, as specified in Case 2 of Table 3. Simulations 

were performed at a TSS concentration of 1,000 mg/L. The DEM analysis was performed under particle sizes 

ranging from 20 to 70 µm, a screen pore size of 40 µm, and the assumption of spherical particles. 

Figure 13 shows images of particle accumulation on the local screen surface. Approximately 0.1 s after 

the fluid began to flow through the screen (Figure 13 (b)), particles larger than 70 𝜇m, which exceeded the 

screen pore size, began to obstruct some of the pores. By 0.5 s (Figure 13(c)), particle accumulation localised 

around the pores obstructed by relatively larger particles. Eventually, within 1 s of fluid-flow initiation, the 

particles almost occupied the entire screen surface. This indicates that clogging on the filter screen began at 

locations where relatively large particles were obstructed by the screen. Once an obstruction occurs, a large 

area of the screen becomes rapidly occupied by particles. These findings highlight the importance of managing 

relatively large particles to prevent filter clogging. 

 

(a) 0.001 s 
 

(b) 0.106 s 

 

 
(c) 0.511 s 

 
(d) 1.040 s 

Fig. 13  Images of clogging generation on local screen via CFD-DEM simulation 
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Figure 14 shows a comparison of the velocity distribution around the screen in the presence and absence 

of particles. When particles accumulated on the screen (Figure 14(b)), unlike the case without particles, a 

localised increase in velocity was observed, which potentially exerted greater loads on the screen. The time-

dependent pressure drop resulting from particle accumulation is shown in Figure 15. The pressure drop 

increased by 0.02 × 10-3 bar within 1 s, and assuming a linear increase over time, the pressure drop is estimated 

to reach the clogging threshold of 0.5 bar after approximately 41.7 min. This prediction aligns closely with 

the clogging time of 42.6 min estimated using the analytical method, thus confirming its consistency. 

  

(a) without particles (b) with particles 

Fig. 14  Comparison of velocity fields around local screen between cases with and without particles at t = 0.104 s 

 

Fig. 15  Pressure-drop results of local screen estimated using CFD-DEM method 

6. Conclusions 

This study investigated filter clogging mechanisms in a BWMS by integrating analytical modelling and 

CFD-DEM simulations. The results indicated that clogging occurred rapidly under high-TSS conditions, and 

that the clogging time, pressure drop, and filter-cake thickness predicted by the analytical model aligned well 

with the results of CFD simulations. The DEM approach provided further insights into the microscopic 

clogging process, thus revealing the manner by which particles accumulated on the filter screen and interacted 

with the backwash system. These findings contribute to the optimisation of the BWMS filter performance and 

improvements to clogging-mitigation strategies. 

The key findings in this study are listed below: 

- Particles in seawater are primarily composed of inorganic matter, particularly small clay and silt 

particles. The actual TSS concentrations in the water may be significantly higher than the IMO G8 

Guidelines, which implies that even BMWSs with type approval can be affected by filter clogging 
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during their operations. From a shipowner’s perspective, frequent clogging may increase maintenance 

costs, extend ballast-water treatment times, and require higher energy consumption owing to increased 

pump pressure. 

- An analytical method based on Darcy’s law was proposed to assess the performance of the filter screens 

by considering the effect of the filter cake. The results yielded by the method for the pressure drop of 

the filter screen and filter cake, the flow speed and pressure drop at the suction nozzle tip, and the 

clogging time agreed well with the results of CFD simulations for the entire BWMS filter with backwash 

operation. 

- The clogging mechanism on a plain-weave screen was investigated via CFD-DEM simulations. The 

results showed that particles larger than the pores first began obstructing the screen pores, whereas other 

particles began to accumulate on the screen and occupied the entire screen rapidly. The clogging time 

estimated by the CFD-DEM simulations agreed well with the results yielded by the analytical method 

and CFD simulations. 

The analytical method proposed herein for evaluating the filter performance BWMSs presents certain 

limitations as it does not consider the specific device configurations, such as the different filter types and 

backwash systems. Nevertheless, it provides rapid estimates with low computational loads, particularly under 

severe ballast conditions and high TSS levels. This method, along with the CFD analysis techniques developed 

in this study, is expected to be applicable for predicting the filter-clogging performance of BWMSs in diverse 

ocean environments, where complex physical phenomena contribute to clogging. Furthermore, these 

approaches, combined with insights into clogging mechanisms obtained through CFD-DEM analysis from a 

microscopic perspective, are expected to serve as foundational data for the development of next-generation 

BWMS filters designed to prevent clogging in advance. 
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