



Review Article
Heat and Mass Transfer Analysis in High-Protein Dairy Fluids During UHT and HTST Processing

ABSTRACT

The industrial transition toward high-protein dairy nutrition has necessitated the processing of fluids with solid contents exceeding 20–30%, creating significant engineering challenges in traditional thermal processing lines. This review provides a critical analysis of the heat and mass transfer phenomena governing the Ultra-High Temperature (UHT) and High-Temperature Short-Time (HTST) treatment of these complex fluids. This review paper is focused on the latest research outcomes reporting on the non-Newtonian properties of protein concentrates. The findings were used to predict flow behavior through the Casson, Williamson, and Cross fluid models, as well as to estimate the deteriorating effect such fluidity has on the heat transfer coefficient. The study also aimed at combining the fields of food technology and chemical reaction engineering, as it modified isokinetic kinetic models such as Kissinger-Akahira-Sunose and Flynn-Wall-Ozawa to determine the activation energy of protein denaturation and “scorched particle” formation. Moreover, the manuscript discusses the mechanisms of fouling layer buildup with an emphasis placed on mesh and porous medium modeling, which allows for observing the deposit growth process in real time. The present article provides a valuable insight into multiphase transport phenomena, which could be utilized to optimize the thermal processing of new milk ingredients.
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1. INTRODUCTION
1.1. The Industrial Imperative and Engineering Bottlenecks
The global dairy industry is currently undergoing a fundamental shift in product portfolio, moving from standard liquid milk towards high-value, functional ingredients such as Whey Protein Isolates (WPI), Milk Protein Concentrates (MPC), and micellar casein formulations. This transition is driven by consumer demand for specialized nutrition but poses severe challenges to existing processing infrastructure (Hu et al., 2024). While the heat and mass transfer operations for standard milk are well-understood, the concentration of milk solids—often achieved via membrane filtration prior to thermal treatment—fundamentally alters the fluid's physicochemical state. These "engineered" fluids exhibit high viscosity, non-Newtonian flow behavior, and extreme thermal instability, leading to frequent operational failures in plate heat exchangers (PHEs) and spray dryers (Sun et al., 2024).

The central engineering problem lies in the conflict between microbial safety and functional quality. Thermal processing regimes like High-Temperature Short-Time (HTST) and Ultra-High Temperature (UHT) are mandated to ensure sterility, yet the heat loads required for safety often exceed the activation energy thresholds for protein denaturation.1 Recent comprehensive reviews indicate that while macro-nutrients remain relatively stable, the thermal load in UHT processing significantly degrades heat-sensitive vitamins (B1, B12) and induces irreversible aggregation of serum proteins (Lalwani et al., 2024; Wang et al., 2024). This degradation is not merely a chemical loss but a physical one; denatured proteins precipitate onto hot surfaces, forming insulating fouling layers that increase pressure drop and reduce thermal efficiency (Georgiadis and Macchietto, 2000).

1.2. Moving Beyond Empirical Models
Historically, the dairy industry has relied on empirical correlations to manage these issues—oversizing heat exchangers to account for fouling or running systems below capacity to avoid "burn-on." However, such approaches are energy-inefficient and unsustainable. This review argues for a shift toward mechanistic modeling rooted in fundamental transport phenomena. By integrating recent advances in Computational Fluid Dynamics (CFD), specifically Dynamic Mesh technologies and Porous Media theories (Wang and Peng, 2024; Li et al., 2025), engineers can now simulate the growth of fouling layers as a dynamic boundary condition rather than a static resistance factor.2

Furthermore, the characterization of the fluid itself requires modernization. High-protein retentates cannot be modeled using the Navier-Stokes equations for Newtonian fluids. Recent literature emphasizes the necessity of advanced constitutive equations—such as the Casson and Williamson models—to accurately predict the velocity profiles and residence time distributions (RTD) that dictate thermal exposure (Sun et al., 2024; Syam and Syam, 2024). Without accounting for shear-thinning or yield-stress behavior, calculations of the Nusselt number (Nu) and heat transfer coefficient (h) in PHEs can be erroneous by orders of magnitude (Ghorbani Kharaji and Bayareh, 2024).

1.3. Scope and Objectives
 The scope is strictly limited to the thermal processing domain, specifically encompassing:

1. Rheological Fundamentals: The transition from Newtonian to non-Newtonian flow and its impact on momentum transport.

2. Thermal Processing Dynamics: A comparative analysis of heat transfer efficiency in HTST versus UHT regimes.

3. Reaction Kinetics: The application of isoconversional kinetic models (KAS/FWO) to predict protein denaturation and thermal degradation.

4. Fouling Mechanisms: The physics of deposition, crystallization, and the modeling of foulant layers as porous media.

We explicitly exclude upstream farm management or downstream consumer sensory analysis, focusing solely on the process engineering aspects that define product quality and plant efficiency.

2. METHODOLOGY
2.1. Review design and guiding questions
This article is a narrative critical review rather than a systematic review. It examines how rheology, thermal exposure, reaction kinetics and fouling interact during HTST and UHT treatment of high-protein dairy fluids. The synthesis was organised around three questions: (i) how does non-Newtonian behaviour of protein concentrates change convective heat transfer and residence-time distribution; (ii) how do reaction-kinetic descriptions of protein denaturation and aggregation connect to quality loss and deposit formation; and (iii) which fouling models and mitigation strategies are supported by the available evidence, and where is that evidence thin
.
2.2. Eligibility and treatment of evidence
Studies were retained when they reported experimental or numerical results on heat transfer, flow behaviour, protein or mineral reaction kinetics, or fouling that bear directly on milk, whey, casein or milk-protein concentrate systems. Work from other fields, such as polymer and biomass pyrolysis, nanofluid boundary-layer theory or heat-exchanger fouling in non-dairy settings, was admitted only as a methodological analogue. Where such a study is cited, the text states that it is an analogue, and its parameters are not presented as dairy data.

2.3. Data extraction and synthesis
For each study the objective, system, operating conditions, main quantitative results and stated limitations were tabulated, and every value quoted in this article was checked against the original publication. Findings were then grouped by theme and compared, with attention to differences in protein concentration, temperature range, equipment scale and measurement method that could explain disagreement between studies. Statements of interpretation by the authors are identified as such in the discussion.
3. RESULTS AND DISCUSSION
3.1. RHEOLOGICAL FUNDAMENTALS AND NON-NEWTONIAN FLOW BEHAVIOR

3.1.1. Constitutive Modeling of High-Protein Concentrates
The foundation of any heat transfer analysis is the accurate description of the fluid's deformation under stress. In high-protein dairy fluids, the interaction between casein micelles, whey proteins, and colloidal calcium phosphate creates a microstructure that resists flow, leading to non-Newtonian behavior. Sun et al. (2024) provided an exhaustive review of constitutive models, categorizing biological fluids based on their response to shear. Unlike water or raw milk, which exhibit a constant viscosity (µ), protein concentrates are typically shear-thinning (pseudoplastic) or viscoplastic.

The Casson model is frequently identified as the most appropriate constitutive equation for concentrated dairy fluids and blood-like suspensions because it accounts for the yield stress (τy)—the minimum stress required to initiate flow.

√τ=√τy - √µpϓ

Equation 1: The Casson model relating shear stress (τ ) to shear rate (ϓ), where µp is the plastic viscosity (Sun et al., 2024).
The existence of yield stress is critical in the design of Plate Heat Exchangers (PHEs). In the narrow, corrugated channels of a PHE, regions of low shear stress (such as stagnation points near the contact points of plates) may fall below τy. In these "dead zones," the fluid acts as a solid plug, leading to extreme local overheating and rapid fouling (Syam and Syam, 2024).

Viscosity at high protein content also depends on protein composition, not only on concentration. Warncke et al. (2022) measured unheated and heated milk protein concentrates containing 3–14% total protein at casein-to-whey protein ratios of 85:15, 92:8 and 98:2. They found that removing 37% of the whey protein was enough to eliminate the effect of casein-micelle repulsion on viscosity, produced the highest polydispersity and packing density among the concentrates, and allowed up to 95% whey protein denaturation without a change in viscosity after heating. This suggests that the casein-to-whey ratio of the feed should be specified when a viscosity model is chosen for exchanger design. The concentrates in that study were intended for cheese production and did not exceed 14% protein, so extrapolation to the 20–30% solids fluids discussed here still needs experimental confirmation.
Alternatively, the Williamson fluid model is used to describe systems where the fluid transitions from a zero-shear viscosity (µo) to an infinite-shear viscosity (µ∞) Syam and Syam (2024) demonstrated that for Williamson fluids flowing over inclined surfaces (simulating falling film evaporators), the thermal stratification and convective transport are heavily dependent on the Weissenberg number (We), which characterizes the fluid's elasticity. Their numerical analysis revealed that ignoring these non-Newtonian parameters leads to a significant overestimation of the skin friction coefficient, potentially causing pump sizing errors in industrial plants.

3.1.2. Multiphase Flow and Particle Transport
In many high-protein applications, the fluid is not a homogeneous continuum but a suspension of rehydrated powder particles or added functional ingredients (e.g., cocoa, fiber). The transport of these non-spherical particles in a non-Newtonian carrier fluid presents a complex coupled problem. Hu et al. (2024) reviewed the transport mechanics of non-spherical particles, highlighting that the drag coefficient (CD) is significantly altered by the fluid's shear-thinning nature. In a shear-thinning fluid, the apparent viscosity decreases around the moving particle, reducing drag compared to a Newtonian fluid of equivalent average viscosity.

However, viscoelasticity introduces new forces. Kaveh and Malcherek (2024) proposed an extension to the Cross flow model to account for particle concentration (C) and size (dp). Their work suggests that in dense suspensions, particle-particle interactions create an "effective" viscosity that rises exponentially with concentration, following a Krieger-Dougherty-like relationship. This is particularly relevant for the feed stream to a spray dryer, where the solids content may exceed 45%. If the viscosity is underestimated, the atomization energy supplied by the high-pressure nozzle will be insufficient, resulting in large droplets that fail to dry completely, leading to sticky powder and chamber fouling (Finotello et al., 2020).

3.1.3. Impact of Rheology on Heat Transfer Efficiency
The deviation from Newtonian behavior has profound implications for the Nusselt number (Nu), the dimensionless parameter governing convective heat transfer. In a standard turbulent flow, eddies promote mixing and heat transfer. However, Ghorbani Kharaji and Bayareh (2024) utilized numerical simulations to show that in spiral micromixers (analogous to the complex paths in PHEs), the viscoelasticity of non-Newtonian fluids can suppress turbulence. This phenomenon, known as "drag reduction," paradoxically reduces heat transfer efficiency.

For Walter's B nanofluids and Second-grade fluids—theoretical models often used to approximate polymer-thickened dairy drinks—Sarfraz et al. (2024) and Rafique et al. (2025) found that the thermal boundary layer thickness is greater than that of a Newtonian fluid. This means that for a given temperature difference (ΔT), the heat flux (q") is lower. Consequently, UHT units processing high-protein shakes requires a larger surface area (A) or a higher driving temperature difference to achieve the same sterilization effect. The latter option is dangerous, as higher wall temperatures (Tw) exponentially increase the rate of protein denaturation and fouling.

3.2. THERMAL PROCESSING DYNAMICS: UHT VS. HTST

3.2.1. Comparative Heat Transfer Analysis
The choice between UHT and HTST processing is dictated by the desired shelf life and the thermal sensitivity of the product. HTST (High-Temperature Short-Time), typically operating at 72–75°C for 15–20 seconds, relies on turbulent convective heat transfer to ensure rapid equilibration of the fluid temperature. In contrast, UHT (Ultra-High Temperature) operates at 135–150°C for 2–5 seconds.

Lalwani et al. (2024) conducted a rigorous industrial-scale comparison of these regimes. Their data reveals that the heat transfer mechanism in UHT (specifically indirect tubular heating) creates severe radial temperature gradients. Unlike HTST, where the bulk temperature (Tb) and wall temperature (Tw) differ moderately, UHT units often require Tw > 160°C to drive the rapid heating of the bulk. This high Tw is the critical factor for quality loss. The study found that while total mineral content (calcium, magnesium) remains stable across all treatments, heat-labile vitamins undergo significant degradation. Specifically, Vitamin B12 levels dropped by over 30% in UHT milk compared to less than 10% in HTST pasteurized milk (Lalwani et al., 2024).

3.2.2. Micronutrient Degradation as a Mass Transfer Proxy
From an engineering perspective, nutrient degradation serves as a tracer for the "thermal history" of the fluid elements. The loss of Vitamin B1 and B12 follows first-order kinetics, described by:

Equation 2:
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(Where k(T) is the temperature-dependent rate constant).
The finding that UHT causes higher degradation despite the shorter holding time (t) confirms that the reaction rate constant k(T) increases exponentially with temperature, outweighing the reduction in time (Arrhenius behavior).

Furthermore, Chen et al. (2024) highlighted that non-thermal processing methods (such as UV-C or High Hydrostatic Pressure) can achieve microbial safety (measured by E. coli inactivation) without the mass transfer penalties associated with thermal processing. Their comparative study showed that while thermal UHT destroyed nearly all immune-active proteins (IgG, lactoferrin), non-thermal methods retained >80% of these bioactive components. This suggests that for high-value protein streams, the future may lie in "minimal processing" technologies that decouple sterilization from thermal mass transfer.
Phase Change and Evaporation

In the concentration steps preceding UHT/HTST, such as in Falling Film Evaporators, the heat transfer is governed by phase change (evaporation).

3.3. THERMAL DEGRADATION AND REACTION KINETICS

3.3.1. The Engineering of Quality Loss
While rheology dictates the physical flow of the product, reaction kinetics govern the chemical evolution of the dairy matrix under thermal stress. The heat-induced denaturation of whey proteins (β-lactoglobulin and α-lactalbumin) is the primary precursor to both fouling and the loss of functional properties such as solubility. Unlike simple chemical solutions, high-protein dairy fluids represent a crowded macromolecular environment where the kinetics of unfolding and aggregation are coupled with mass transfer limitations (Hu et al., 2024).

Recent investigations have moved beyond first-order Arrhenius approximations to more robust isoconversional kinetic models. Originally developed for the thermal decomposition of polymers and energetic materials, these methods are now being applied to food systems to map the "activation energy landscape" of protein denaturation.

3.3.2. Isoconversional Kinetic Modeling (KAS and FWO Methods)
The precision of shelf-life prediction and fouling induction relies on accurately determining the activation energy (Ea). Al-Hakami et al. (2024) and Mahapatra et al. (2024) demonstrated the superiority of model-free isoconversional methods, specifically the Kissinger-Akahira-Sunose (KAS) and Flynn-Wall-Ozawa (FWO) equations, in analyzing complex organic degradation. These methods allow Ea to vary as a function of the conversion degree (α), acknowledging that the energy barrier changes as the protein unfolds and aggregates.

The FWO equation, derived from Doyle’s approximation, is expressed as:

Equation 3:
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 is heating rate, T is temperature, and A is the pre-exponential factor; Al-Hakami et al., 2024).
Applying this framework to dairy proteins suggests that denaturation is not a single elementary step: unfolding is followed by aggregation, and the apparent kinetic parameters depend on concentration and shear. Quevedo et al. (2020) treated β-lactoglobulin at 50–70% protein under controlled temperature (60–100 °C) and shear, and described overall denaturation and covalent-bond aggregation with reaction orders of about 2.15 and 1.7. The activation energies they calculated spanned 25–283 kJ/mol and fell with increasing shear rate, mainly at high temperatures, and combined heat and shear produced more non-disulfide covalent aggregation. A single activation energy therefore cannot describe the process. The insolubility of the scorched particles found in dryer chambers is plausibly linked to this high-conversion, covalently cross-linked regime, although that link is an inference and has not been demonstrated directly for dryer deposits. The KAS and FWO studies cited above concern polycarbonate, plastic and biomass pyrolysis; they illustrate the isoconversional method and do not supply dairy parameters. Applying isoconversional analysis to whey protein or milk protein concentrate data remains an open task.

3.3.3. Mechanisms in Complex Matrices: The "Crowding Effect"
The kinetic behavior of proteins is significantly altered by the presence of other solids. Lee et al. (2024) investigated the denaturation of whey proteins in a processed cheese environment (a high-solids, high-fat matrix). Their findings contradict the classic theory that high viscosity protects proteins by limiting diffusion. Instead, they observed a reaction order of n = 1.5 for β-lactoglobulin, suggesting a complex collision-based aggregation mechanism facilitated by the casein micelle network.

This implies that in High-Protein/Low-Water systems (like MPC-85 retentates), the rate of quality loss may actually accelerate in the boundary layer of a heat exchanger where local concentrations are highest. This "crowding effect" forces unfolded proteins into close proximity, bypassing the diffusion limitations that would typically slow down aggregation in dilute milk (Lee et al., 2024).

This argument needs a caveat. The β-lactoglobulin study discussed in Section 3.3.2 found that denaturation and aggregation rates decreased at the highest concentrations tested (50–70% protein), and restricted diffusion is a plausible reason. Concentration may therefore speed up quality loss at intermediate solids content, where collisions are more frequent, while slowing it near the solid-like limit. We found no study in the cited literature that tests which regime applies in the boundary layer of a heat exchanger handling 20–30% solids.
3.3.4. Particle Size and Thermal Stability
The physical morphology of the dispersed phase also plays a role in thermal stability. Work on a non-dairy energetic material offers a possible analogy: Liu et al. (2024) showed that the particle size of CL-20 significantly influences its thermal decomposition temperature (T peak). Smaller particles, with their higher specific surface area, exhibit lower onset temperatures for degradation. As an untested hypothesis for dairy spray drying (no dairy study is cited for it here), atomizing a retentate into ultra-fine droplets to enhance drying speed may inadvertently lower the thermal stability of the protein, increasing the risk of surface scorching if the air inlet temperature is too high. This introduces an engineering trade-off between drying efficiency (favored by small d_32) and thermal stability (favored by larger droplets).

Table 1: Comparative Kinetic Parameters for Thermal Degradation

	Kinetic Model
	Activation Energy (Ea)
	Application Context
	Key Insight
	Reference

	Arrhenius (1st Order)
	~280 kJ/mol
	Dilute Skim Milk
	Oversimplifies aggregation; assumes constant Ea.
	Lee et al. (2024)

	KAS Method
	245.8 kJ/mol (varies w/ α)
	Polycarbonate pyrolysis (non-dairy analogue)
	Ea varies with conversion; illustrates the method, not a dairy value.
	Al-Hakami et al. (2024)

	Friedman Method
	145–160 kJ/mol
	Biomass pyrolysis (non-dairy analogue)
	Highly sensitive to noise; detects multi-step reactions.
	El-Sayed et al. (2023)

	Power Law (n=1.5)
	N/A
	High-Solid Cheese Matrix
	Aggregation is collision-limited, not just temp-dependent.
	Lee et al. (2024) [to be verified]

	Reaction-order kinetics (n = 2.15 and 1.7)
	25–283 kJ/mol
	β-Lactoglobulin, 50–70% protein, with shear
	Rates fall at very high concentration; shear raises rates at high temperature.
	Quevedo et al. (2020)


3.4. FOULING LAYER FORMATION AND MECHANISMS

3.4.1. The Physics of Deposition: A Coupled Problem
Fouling in UHT and HTST units is arguably the most critical operational challenge, resulting in a time-dependent reduction of the overall heat transfer coefficient (U). It is a coupled phenomenon involving crystallization fouling (inverse solubility salts like calcium phosphate) and particulate fouling (protein aggregates).

Wang et al. (2024) utilized advanced numerical models to analyze calcium carbonate crystallization on heated surfaces. They confirmed that the deposition rate is driven by the local supersaturation ratio (S) at the wall, which is a function of the wall temperature (Tw) and the local pH.

Equation 4:
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(Where m dot d is deposition rate, Cb is bulk concentration, and Cs is saturation concentration at Tw).
This relationship highlights the danger of the "film temperature" concept. Even if the bulk fluid temperature is maintained below the denaturation point, the laminar sublayer near the wall often exceeds critical temperatures (>85°C), initiating rapid nucleation sites for mineral growth (Wang et al., 2024).

3.4.2. Modeling Fouling as a Porous Medium
Historically, fouling layers were modeled as solid, insulating slabs. However, recent breakthroughs in Computational Fluid Dynamics (CFD) have redefined the foulant layer as a porous medium. Yeo and No (2018) and Wang and Peng (2024) applied the Brinkman-Forchheimer-Darcy model to simulate flow and heat transfer within the fouling deposit.

Equation 5:
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(The Brinkman equation describing flow through the porous fouling layer).
This "Porous Media" approach reveals a "chimney effect" mechanism: steam and liquid can diffuse through the porous protein-mineral matrix. Initially, the roughness of the porous layer promotes turbulence, leading to a temporary increase in heat transfer (the "induction period"). However, as the pores clog with denatured protein, the layer densifies, thermal resistance skyrockets, and the pressure drop across the heat exchanger increases exponentially (Li et al., 2025).

3.4.3. Dynamic Mesh Technology
To capture the real-time growth of the fouling layer, Li et al. (2025) employed Dynamic Mesh technology in ANSYS Fluent. Unlike static grid simulations, this method allows the mesh boundary to deform physically as mass deposits on the wall. The simulation results showed that fouling does not grow uniformly; it forms "dunes" and ripples in the direction of flow. These geometric irregularities create wake regions downstream of the deposits, where local recirculation zones further trap particles, creating a self-accelerating fouling feedback loop. This explains why industrial fouling is often localized to specific zones in a plate heat exchanger rather than being evenly distributed (Grijspeerdt et al., 2003).

3.4.4. Data-Driven Prediction: Neural Networks
Given the complexity of mechanistic models, there is a growing trend toward "Grey-Box" or purely data-driven models for industrial control. Ilyunin et al. (2024) developed an artificial neural network (ANN) to estimate the heat transfer coefficient in heat exchangers while accounting for the dynamics of fouling formation. Models of this kind learn from operating records such as inlet and outlet temperatures and pressure drop, and could in principle be used to schedule Cleaning-in-Place (CIP) cycles from the measured state of the exchanger instead of a fixed timetable. Whether the approach transfers to dairy fluids, where deposit composition changes with temperature and protein content, would need to be shown with data from dairy lines.

3.4.5. Emerging Mitigation Strategies
Understanding the mechanism points toward mitigation. Sritham et al. (2023) used dimensional analysis to predict soymilk fouling, identifying flow velocity as the dominant control variable. Increasing the shear stress at the wall (τw) can physically scour the soft protein deposits before they harden (cross-link). Furthermore, Chavagnat et al. (2025) studied the deposition of CO2 during cryogenic boiling, noting that surface nano-structuring can alter nucleation density. Applied to dairy, this suggests that nano-coated heat exchanger plates (e.g., with hydrophobic or "lotus effect" coatings) could significantly delay the onset of the induction period by preventing the initial adhesion of the protein monolayer.

Feed formulation can also limit fouling. Abdallah et al. (2023) processed neutral high-protein (14%) beverages made from micellar casein concentrates in a pilot-scale tubular UHT unit at 142 °C, with calcium reduced by 0, 10 or 40%. Moving from 0 to 40% calcium reduction cut the fouling rate roughly four-fold in beverages without sugar and fat, whereas adding sugar and fat increased deposition, largely through more protein deposition. Mineral balance of the feed therefore appears to be a practical control variable that complements wall shear and surface modification, although the result comes from casein-based beverages and a single pilot unit.
4. CONCLUSION AND FUTURE OUTLOOK

4.1. Synthesis of Findings
The thermal processing of high-protein dairy fluids is a discipline where rheology, kinetics, and thermodynamics converge. The evidence examined in this review supports the following core conclusions:

1. Rheology is the Master Variable: The assumption of Newtonian behavior for protein concentrates is a critical engineering error. The shear-thinning nature (Williamson/Casson behavior) dictates the velocity profile, effectively creating "dead zones" in heat exchangers where fouling initiates.

2. Kinetics are Multi-Stage: Protein denaturation is not a simple first-order reaction. Isoconversional models (KAS/FWO) reveal that the activation energy evolves during processing, heavily influenced by the "crowding effect" in high-solids matrices.

3. Fouling is Dynamic: The fouling layer is a living, growing porous medium. Its impact on heat transfer is non-linear, transitioning from a roughness-induced enhancement to a severe insulating penalty. Dynamic mesh CFD is the only tool capable of accurately predicting this geometric evolution.

4.2. Future Research Needs
Despite these advances, significant gaps remain. Future research must focus on:

· Coupled Rheo-Kinetic Models: Developing constitutive equations that update viscosity in real-time as proteins denature and aggregate (i.e., μ = f(γ, T, α)).

· Industrial Validation of CFD: Moving dynamic mesh simulations from ideal tubes to complex, corrugated plate heat exchanger geometries with experimental validation.

· Non-Thermal Synergy: Investigating hybrid processes (e.g., RF-assisted heating or Ultrasound pre-treatment) that decouple the energy input from surface temperatures, potentially eliminating the "hot wall" problem entirely.

By bridging the gap between fundamental transport phenomena and applied process control, the dairy industry can move towards "Smart Processing"—systems that adapt dynamically to the changing physics of the fluid, ensuring both safety and superior nutritional quality.
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TABLE OF ABBREVIATIONS

	Abbreviation
	Full form / meaning

	ANN
	Artificial neural network

	CFD
	Computational fluid dynamics

	CIP
	Cleaning-in-place

	FWO
	Flynn–Wall–Ozawa method

	HTST
	High-temperature short-time

	KAS
	Kissinger–Akahira–Sunose method

	MPC
	Milk protein concentrate

	Nu
	Nusselt number

	PHE
	Plate heat exchanger

	RTD
	Residence-time distribution

	UHT
	Ultra-high temperature

	WPI
	Whey protein isolate

	Ea
	Activation energy

	Tw
	Wall temperature

	Tb
	Bulk temperature

	Α
	Conversion degree

	Τy
	Yield stress
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