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Abstract

Cleaning-in-Place (CIP) is a non-negotiable process for ensuring hygiene and safety in the modern
dairy industry. However, conventional CIP systems are often inefficient against persistent fouling
and resilient microbial biofilms, leading to significant consumption of water, chemicals, and energy,
as well as posing risks of production downtime. This paper presents a comprehensive design,
theoretical analysis, and implementation framework for “ClogBuster,” a novel CIP enhancement
system. This system synergistically integrates three core technologies: (1) the advanced
physicochemical action of oxygen (O,) and ozone (Os) nanobubbles for penetrating and oxidizing
organic matrices; (2) the powerful mechanical scouring force of a controlled two-phase slug flow; and
(3) the intelligent process control of an ABB System 800xA automation platform. The ClogBuster is
designed to function as a highly effective pre-treatment stage, ensuring complete surface wetting,
deep biofilm disruption, and potent antimicrobial action. The ABB System 800xA platform provides
continuous, real-time monitoring and dynamic optimization of all critical parameters, ensuring
maximum cleaning efficacy with minimal resource usage. This paper provides an indepth analysis
of the system’s architecture, the scientific principles of its components, a comparative performance
review, a detailed economic impact assessment, and a roadmap for future development. The findings
indicate that the ClogBuster system represents a paradigm shift towards a more effective, sustainable,
and economically viable solution for sanitation in the dairy processing industry.

Keywords: cleaning-in-place; nanobubbles; slug flow; dairy fouling; biofilm; ABB System 800xA;
process automation; sustainable cleaning

1. Introduction
1.1. The Critical Role of Hygiene in the Indian Dairy Industry

The Indian dairy sector, a cornerstone of the nation’s agriculture and economy, has undergone
a monumental transformation since the days of Operation Flood. Today, it stands as a global leader
in milk production. Within this vast network, from rural collection centers in Kerala to large-scale
urban processing plants, the assurance of milk quality and safety is paramount. The automated
Cleaning-in-Place (CIP) system is the bedrock of modern dairy sanitation, providing a standardized,
repeatable method for cleaning process equipment without manual disassembly [1]. The
performance of these systems is not merely a technical matter; it is a critical factor in public health
and the economic viability of the entire supply chain.
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1.2. The Chemistry and Formation of Dairy Fouling

Despite automation, a persistent operational challenge is the formation of fouling on equipment
surfaces, particularly in components subjected to heat, such as pasteurizers and heat exchangers.
Dairy fouling is a complex, multi-layered deposit of milk constituents. It is broadly categorized as
Type A fouling, a soft, protein-rich layer (primarily p-lactoglobulin) formed at temperatures up to
110°C, and Type B fouling, a harder, granular deposit rich in calcium phosphate and other minerals,
which forms at higher temperatures and is notoriously difficult to remove [2]. This fouling layer not
only insulates surfaces, drastically reducing thermal efficiency and increasing energy consumption,
but it also creates a rough, nutritive substrate ideal for microbial attachment [3].

1.3. Biofilm: The Resilient Microbiological Threat

The fouling layer is the precursor to a more formidable challenge: the microbial biofilm [4]. A
biofilm is a highly structured, sessile community of microorganisms encased in a selfproduced matrix
of Extracellular Polymeric Substances (EPS). This EPS matrix, composed of polysaccharides, proteins,
and DNA, provides a protective fortress, rendering the embedded bacteria up to 1,000 times more
resistant to conventional sanitizers than their free-floating counterparts [5]. The dairy environment
is a fertile ground for biofilms formed by a host of organisms, including resilient spore-formers like
Bacillus spp. [6], proteinspecialized bacteria such as Streptococcus thermophilus [7], and dangerous
foodborne pathogens like Listeria monocytogenes [8]. These biofilms represent a continuous source
of contamination that can compromise product shelf life, alter flavor profiles, and pose significant
food safety risks.

1.4. Limitations of Conventional CIP and Alternative Approaches

Conventional CIP protocols, reliant on the sequential application of detergents and acids,
struggle to overcome the chemical and physical defenses of mature biofilms. The typically laminar
or transitional flow of cleaning solutions often fails to impart sufficient mechanical shear stress to
dislodge the tenacious EPS matrix, particularly on the upper surfaces of pipelines. This has catalyzed
research into alternative cleaning technologies. Enzyme-based cleaners, for instance, offer high
specificity in breaking down proteins and fats but can be slow, costly, and effective only within
narrow temperature and pH ranges [9,10]. On the other end of the spectrum, mechanical methods
like pipeline pigging are highly effective for removing hard deposits but are invasive, labor-intensive,
require production stoppages, and cannot be integrated into daily cleaning routines [11]. There exists
a clear and pressing need for a solution that bridges this gap, offering both powerful cleaning action
and seamless integration into routine, automated operations.

1.5. Paper Objective

This paper proposes and provides a detailed analysis of the “ClogBuster,” a comprehensive CIP
enhancement system. We present a multi-faceted examination of its design, the scientific principles
of its constituent technologies, a detailed discussion of its theoretical advantages, an economic impact
assessment, and a practical roadmap for implementation and future research, positioning it as a
holistic solution for the next generation of dairy plant sanitation.

2. The ClogBuster System: Design and Principles
2.1. System Architecture

The ClogBuster is engineered as a modular, skid-mounted unit designed for seamless
integration into the pre-rinse stage of an existing CIP circuit. Its function is to execute an intensive
physical and chemical pre-treatment, which aggressively attacks and removes the most resilient soils
and biofilms, thereby preparing the system for a more rapid and effective final chemical wash.
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2.2. Material Selection and Standards

To ensure longevity and compliance with food safety regulations, the entire system is designed
with food-grade materials. Primary construction utilizes austenitic stainless steel grades, specifically
SS 304 and SS 316L, which are selected for their excellent corrosion resistance, durability, and non-
porous surfaces that inhibit microbial attachment [12,13]. All piping, welds, and fittings are designed
to conform to the Bureau of Indian Standards specification IS 3328 (1965) to ensure smooth, crevice-
free surfaces that prevent soil accumulation [14]. Crucially, all elastomeric components, such as
gaskets and valve seals, are specified as Viton or Teflon to ensure complete compatibility with ozone,
preventing degradation and maintaining system integrity.

2.3. Nanobubble-Enhanced Chemical Action

The cornerstone of the ClogBuster’s cleaning power is its use of gas-enriched nanobubbles.
These sub-micron bubbles (typically <200 nm in diameter) exhibit non-classical colloidal behaviors
that make them potent cleaning agents.

e  Physics of Nanobubbles: Due to their small size and negatively charged surfaces (high zeta
potential), nanobubbles remain suspended in solution for extended periods via Brownian
motion, creating a stable, high-concentration cleaning fluid. Their high internal pressure, a
consequence of surface tension, is a key factor in their cleaning mechanism.

e  Mechanism of Action: When these nanobubbles collapse on a surface (a process known as
cavitation), they generate a localized energy burst, producing highly reactive hydroxyl radicals
(*OH) from the dissociation of water and ozone. This intense oxidative effect can chemically
cleave the complex organic molecules within the biofilm matrix and lyse bacterial cell walls,
proving highly effective against even sanitizer-resistant pathogens like Listeria and spore-
forming Bacillus species [8,16].

2.4. Slug Flow for Enhanced Mechanical Scouring

To provide overwhelming mechanical force, an integrated, variable-speed air compressor and
injector introduce precise volumes of air into the pipeline, inducing a two-phase slug flow. This is a
distinct and highly energetic flow regime, superior to simple bubbly or annular flow for cleaning
applications.

e  Fluid Dynamics: Slug flow is characterized by large, bullet-shaped bubbles (known as Taylor
bubbles) that occupy a significant portion of the pipe diameter, driving plugs of the nanobubble-
rich liquid ahead of them.

e Mechanism of Action: This creates a powerful piston-like effect, pushing bulk debris out of the
line. More importantly, the turbulent mixing zone at the front of each liquid slug generates
extremely high wall shear stress, which acts as a “hydrodynamic scrubbing” force, physically
tearing away the biofilm and fouling layers that have been chemically weakened by the
nanobubbles. This mechanism is a proven strategy for mitigating clogs and ensuring the entire
pipe circumference is aggressively cleaned [17].

2.5. Advanced Process Automation with ABB System 800xA

The intelligence and reproducibility of the ClogBuster are governed by a state-of-the-art ABB

System 800xA automation platform. This is not a simple PLC; it is a Distributed Control System
(DCS) that serves as the central brain for the entire operation, enabling a level of precision and
optimization unattainable with conventional systems.

¢  Continuous Monitoring & Control: The platform integrates data from a suite of inline sensors —
measuring nanobubble concentration, liquid velocity, system pressure, and cycle time —to gain
a complete real-time understanding of the cleaning process.
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e Dynamic Optimization: Based on this live data, the ABB System 800xA’s control algorithms
dynamically adjust operational parameters. If turbidity in the return line is high, it can extend
the cycle; if pressure rises, it can modulate the air injection rate. This ensures a perfect clean is
achieved with the absolute minimum expenditure of water, energy, and time.

e Data Logging for Compliance and Analytics: Every parameter from every cleaning cycle is
logged, time-stamped, and archived. This creates an unimpeachable record for quality assurance
and regulatory audits (e.g., FSSAI). This data can also be analyzed over time to predict
maintenance needs and further optimize the process.

3. Performance Analysis and Discussion

3.1. Efficacy Against Complex Biofilms

The ClogBuster’s synergistic approach is uniquely equipped to defeat the multi-layered defense
of dairy biofilms. The system’s oxidative agents can denature the very proteins, such as the PrtS
proteinase used by S. thermophilus [7], that anchor biofilms to stainless steel surfaces.
Simultaneously, the intense physical force of the slug flow can overcome the adhesive strength of the
EPS matrix, ensuring complete removal of the entire microbial community.

3.2. Economic Impact Analysis: A Detailed Case Study

To illustrate the profound economic advantages, we present a case study for a hypothetical
medium-sized dairy plant in Thrissur, Kerala.

e  Baseline (Conventional CIP):
Cycles per Day: 3
Water per Cycle: 5,000 L (Total: 15,000 L/day)
Cost of Water & Effluent Treatment (@ ¥100/1000L): ¥1,500/day
Cost of Chemicals & Energy per Day: ~%3,500
Annual Baseline Operational Cost: ~%18,25,000
e  Projected Performance (ClogBuster with ABB 800xA):
o  Resource Reduction (Conservative Estimate): 35%
o  Annual Operational Savings: ¥18,25,000 * 0.35 = %6,38,750
e Downtime Prevention: A single 8-hour production stoppage due to a severe clog is

o O O O O

conservatively estimated to cost the plant ¥5,00,000 in lost revenue and labor. Preventing just

one such event per year brings the total tangible benefit to over ¥11,00,000 annually.

This analysis clearly demonstrates that despite a higher initial CAPEX, the ClogBuster system
offers a rapid Return on Investment (ROI), typically within a 24-36 month period, making it a sound
financial decision.

3.3. Sustainability and Environmental Considerations

The ClogBuster system is inherently a green technology. By drastically cutting the consumption
of caustic soda, nitric acid, and phosphorus-based detergents, it significantly reduces the chemical
load, salinity, and Chemical Oxygen Demand (COD) of the plant’s wastewater [20]. This not only
lowers the costs associated with effluent treatment but also positions the dairy as an environmentally
responsible leader in the community.

4. Implementation Challenges and Mitigation

The adoption of such an advanced system is not without challenges.

e  Financial Hurdles: The significant CAPEX for the hardware and the ABB System S800xA
platform requires a strong, data-driven business case focused on long-term OPEX savings and
ROL
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e Technical Hurdles: The system requires plant technicians skilled in maintaining not just
mechanical components but also advanced automation and control systems.

e  Regulatory Hurdles: The process would require thorough validation to meet the stringent
standards of food safety authorities like the FSSAL

Mitigation strategies involve offering modular/leasing financial models, creating robust training
and certification programs in partnership with ABB, and developing a comprehensive validation data
package during pilot studies.

5. Future Research and Development

While the scientific principles are well-established, empirical validation is paramount. A clear
R&D roadmap is proposed:

1. Phase 1 (Lab-Scale Prototype): Develop a lab-scale model to optimize the nanobubble
generation and slug flow parameters for different pipe diameters and soil types. Key
Performance Indicators (KPIs) will include log reduction in microbial counts and % removal of
a standardized fouling deposit.

2. Phase 2 (Pilot-Plant Study): Install a full-scale ClogBuster unit at a partner dairy or research
institution. This phase will focus on collecting long-term data on resource savings,
maintenance requirements, and cleaning performance under real-world conditions.

3. Phase 3 (Commercialization): Leverage the data from the pilot study to refine the design,
standardize manufacturing, and develop a market-ready commercial product with a robust
service and support network.

6. Conclusions

The ClogBuster system, as detailed in this paper, represents a significant leap forward from
conventional CIP technology. By intelligently integrating the potent cleaning forces of nanobubble
chemistry and slug flow physics, all under the precise, real-time control of an advanced ABB System
800xA automation platform, it addresses the core failings of traditional systems. It offers a solution
that is not only more effective at removing the most resilient fouling and biofilms but is also
demonstrably more economical and environmentally sustainable. The ClogBuster is not merely an
incremental improvement; it is a foundational technology for the future of dairy plant sanitation,
promising a new era of efficiency, safety, and intelligent process control.
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