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1. Introduction 

Crude Palm Oil (CPO) recovery in palm oil mills is often challenged by fluctuating feed conditions, emulsification, 

and high equipment complexity in multi-stage separation systems. Sime Darby’s current Rapid Process Flow achieves 

high recovery but still suffers from oil losses in the aqueous underflow (~0.7%), sensitivity to feed variations, and limited 

scalability. The proposed next-generation single-stage cartridge coalescer aims to simplify operation, reduce oil loss to 

<0.5%, and provide a modular, adaptable design for mill-wide deployment. The cartridge coalescer employs advanced 

fiber media to trap fine oil droplets and promote coalescence via wetting, collision, cyclonic, and interception 

mechanisms, enabling efficient phase disengagement in a compact footprint. 

 While process simulation in Pro/II can predict bulk phase splits and thermodynamic behaviour, it does not capture 

spatial maldistribution or interface behaviour inside the vessel—factors critical for achieving the target underflow oil 

loss. To address this, a SolidWorks-based geometric model of the vessel was integrated with an Electrical Capacitance 

Tomography (ECT) in-silico module. This approach generates synthetic ECT data from simulated holdup distributions, 

enabling cross-sectional imaging of oil–water separation patterns without physical sensors. The resulting framework 

provides both bulk performance metrics and spatial separation insights for design validation and optimization. 

 

2. Electrical Capacitance Tomography 

The existing multi-stage CPO recovery system in Sime Darby mills uses a two-stage Rapid Process configuration, 

consisting of a pre-heating tank, a coalescent tank, and a high-speed separator followed by a vacuum dryer. Separation 

relies on a combination of gravity settling in the coalescent tank and centrifugal separation in the high-speed separator. 

This setup delivers relatively high oil recovery but still incurs oil losses in the aqueous underflow of about 0.7%, with a 

total process time of under two hours. The system is sensitive to changes in feed oil concentration and emulsification, 

requires moderate maintenance due to multiple pieces of equipment, and is constrained in scalability by tank size and 

mill layout. 

The proposed single-stage cartridge coalescer system consolidates the separation process into a compact vessel 

containing advanced oleophilic and hydrophobic fiber media that promote rapid droplet coalescence through wetting, 

collision, cyclonic, and interception mechanisms. This configuration achieves efficient oil–water separation in less than 

three minutes of residence time, reducing total process time to around 30–45 minutes. Designed for adaptability, it 
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maintains performance across variable feed conditions while lowering oil loss in the underflow to below 0.5%. The 

cartridge coalescer is skid-mounted, modular, and easy to install, significantly reducing footprint and complexity 

compared to the multi-stage system. Maintenance requirements are minimal due to the long service life of the filter media, 

and environmental compliance is maintained or exceeded through consistently clean aqueous discharge 

  

3. Methodology 

The methodology begins with Pro/II process simulations to determine bulk phase splits, densities, viscosities, and 

compositions under different feed conditions. These results provide the thermodynamic and flow parameters needed for 

the imaging model. The vessel geometry, including the cartridge coalescer arrangement, is then developed in SolidWorks, 

producing a 3D model and 2D cross-sections at critical elevations. 

From these inputs, an ECT phantom is generated by mapping Pro/II-predicted phase fractions onto the vessel cross-

section and assigning each phase its corresponding relative permittivity value. The forward problem is solved using the 

finite element method (FEM), simulating capacitance measurements for 24 virtual electrodes placed around the vessel 

wall, with Gaussian noise added to mimic real-world conditions. 

 The inverse problem is then addressed using a Total Variation (TV) regularized iterative reconstruction algorithm 

to produce cross-sectional permittivity maps, representing the spatial oil–water holdup distribution. Finally, the 

reconstructed images are compared to the phantom “ground truth” to assess accuracy, using metrics such as Root Mean 

Square Error (RMSE), Structural Similarity Index (SSIM), and maldistribution factor. This combined approach allows 

both bulk and spatial performance evaluation of the cartridge coalescer before physical testing. 

 

4. Results and Discussion 

The performance of the proposed single-stage cartridge coalescer system was evaluated through a combination of 

Pro/II process simulations and in-silico Electrical Capacitance Tomography (ECT) imaging. These tools provided both 

bulk separation metrics and spatial insights into oil–water holdup distribution under varying feed conditions. 

Pro/II simulations demonstrated that the cartridge coalescer consistently achieved underflow oil losses below the 

target threshold of 0.5% across a wide range of feed compositions. For oil-rich feeds, underflow losses were the lowest, 

ranging from 0.42% at 5% free fatty acid (FFA) content to 0.45% at 14% FFA. In contrast, water-rich feeds exhibited 

slightly higher losses, between 0.46% and 0.48%. This increase is attributed to reduced oil residence time and enhanced 

emulsion stability due to higher aqueous content.  

A clear trend was observed where increasing FFA content negatively impacted separation efficiency. This aligns 

with the known role of FFAs in stabilizing emulsions, which hinders droplet coalescence and settling. These findings 

validate the cartridge coalescer’s capability to maintain high recovery efficiency, even under challenging feed conditions. 

 

 

 
 

Figure 1. Trends of underflow oil loss (%) and Maldistribution Factor vs the FFA Content 

 

  

To complement the bulk simulations, ECT-based in-silico imaging was employed to assess internal flow behavior 

and holdup distribution. The reconstructed permittivity maps revealed that oil-rich feeds maintained relatively uniform 

holdup profiles, with maldistribution factors (Mf) ranging from 0.06 to 0.10. Conversely, water-rich feeds, particularly 
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those with high FFA content, exhibited more pronounced concentration zones near the inlet region. In these cases, Mf 

values increased to approximately 0.12, indicating uneven cartridge loading and tilted interface profiles in the boot 

section. 

These spatial variations directly correlated with the underflow oil losses observed in the Pro/II simulations. The 

results suggest that maldistribution within the vessel contributes to performance degradation, especially under high-FFA, 

water-rich conditions.  

The analysis highlights the importance of feed composition in determining the coalescer’s performance. While the 

current design performs optimally with oil-rich and balanced feeds, its efficiency approaches the design limit under water-

rich, high-FFA scenarios. To address this, targeted design enhancements—such as incorporating flow conditioning inlets 

or implementing feed preheating—are recommended. These modifications could improve holdup uniformity, reduce 

maldistribution, and further lower underflow oil losses. 

The integration of bulk and spatial simulation tools provides a robust framework for evaluating and optimizing the 

coalescer design prior to physical implementation. This approach not only reduces development time and cost but also 

ensures that the system is tailored to real-world operating conditions 

 

5. Conclusions 

This study demonstrates that the proposed single-stage cartridge coalescer can achieve the target underflow oil loss 

of <0.5% across a range of feed compositions, while offering a compact, modular, and operationally flexible 

alternative to conventional multi-stage separation systems. Bulk Pro/II simulations confirmed strong performance for 

oil-rich and balanced feeds, with predicted underflow losses as low as 0.42%. Water-rich, high-FFA feeds exhibited 

slightly higher losses, approaching 0.48%, highlighting the influence of feed composition on separation efficiency. 

      The integration of in-silico Electrical Capacitance Tomography (ECT) into the evaluation process provided critical 

spatial performance insights, revealing that maldistribution factors remained low (<0.06) in oil-rich feeds but 

increased to ~0.12 in challenging water-rich, high-FFA conditions. These elevated maldistribution values correlated 

directly with higher oil losses, indicating that uneven cartridge loading and interface instability can limit performance 

in certain operating scenarios. 

      Overall, the combined simulation and imaging framework proves effective for linking bulk efficiency predictions 

to internal flow and holdup patterns, enabling informed design adjustments before fabrication. The results suggest 

that while the current configuration meets its primary performance targets, further optimizations such as inlet flow 

conditioning or feed heating—could enhance robustness under the most demanding feed conditions. This 

methodology offers a replicable, low-cost approach for process design, optimization, and scale-up in the palm oil 

industry and can be extended to other two-phase separation applications. 
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