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This article examines the calculation of hydraulic resistance and heat transfer during the mixing of highly viscous liquids, including bitumen and its modified compositions. The main relationships for determining pressure losses along the length of the pipeline and local resistances are presented, as well as a method for calculating mixer power using the Reynolds number and the dimensionless power number. The influence of viscosity on the flow regime and energy consumption of the equipment is analyzed. Calculation data on the heating of light naphtha in a plate heat exchanger are provided, and the dependence of heating time on product mass and the thermal power of the apparatus is shown. An improved design of a heat exchanger plate with a microstructure and piezoelectric microactuators is proposed, which ensures intensified heat transfer and reduced surface fouling. The results obtained confirm the need for a comprehensive consideration of hydrodynamic and thermal factors when designing equipment for the processing of high-viscosity petroleum products.
1. Introduction
Fluid transport through pipelines is essential in many industrial processes. Highly viscous fluids exhibit greater flow resistance because of stronger intermolecular interactions, resulting in higher friction and lower mobility than low-viscosity fluids. Therefore, understanding viscous flow behaviour is essential for pipeline design (Sigalotti et al., 2025).
In laminar flow, head losses depend mainly on viscosity, whereas in turbulent flow they are affected by both viscosity and wall roughness. Therefore, accurate evaluation of the friction coefficient λ is essential for reliable prediction of pressure losses (Bulgakov et al., 2014).
Efficient heat transfer in plate heat exchangers depends on flow rate, operating temperature and plate geometry. Since viscosity decreases with temperature, higher operating temperatures improve heat transfer, while the corrugation angle significantly affects thermohydraulic performance (Warnakulasuriya et al., 2008).
The rheological behavior of bitumen-based systems strongly depends on composition and mixing time. In bitumen–worn tire powder mixtures, viscosity initially increases (~0.6 Pa·s) due to particle swelling and component absorption, then decreases (~0.45 Pa·s) as dispersion improves. In contrast, bitumen–SBS systems show a continuous viscosity increase (~1.2 Pa·s), associated with polymer swelling and network formation, leading to enhanced viscoelastic properties and thermal stability (Muratov et al., 2025; Muratov et al., 2024).
Hydraulic calculations for highly viscous oils require consideration of both fluid properties and pipeline geometry. Flow behaviour is affected by Reynolds number, wall roughness, pressure distribution and temperature, while two-layer flow strategies can effectively reduce hydraulic resistance (White et al., 2016; Mitishita et al., 2018; Ilina et al., 2019; Ilina et al., 2020).
Temperature-dependent viscosity significantly affects hydraulic resistance in oil pipelines, necessitating models that incorporate thermal effects for accurate design and operation (Trapeznikov et al., 2011). In multiphase systems, such as oil–water or air–oil–water flows, viscosity strongly influences pressure drops and flow regimes, with three-phase flows exhibiting higher pressure gradients than two-phase systems (Basha et al., 2020; Brito et al., 2018).
Advanced methods for determining hydraulic resistance coefficients include inverse approaches based on pressure and flow measurements, accounting for non-Newtonian behavior to improve prediction accuracy (Bekibayev et al., 2021). For heavy crude oil transport, optimizing pressure and temperature distribution is critical to minimizing operational costs associated with pumping and heating (Bekibayev et al., 2022).
Various techniques have been proposed to enhance flow and heat transfer performance in viscous systems, including the use of screw inserts to intensify convection (Konakhina et al., 2018) and metal foam packings to stabilize two-phase flows and reduce resistance (Hapanowicz et al., 2024).
2. Methods and Materials
2.1 Hydraulic Resistance and Flow Regime Analysis
Pressure losses (or flow resistance) consist of: friction losses (λ) and local losses (Σξ):
                                                                                                                                               (1)
where “∆P” is the pressure drop, Pa; “λ” is the friction coefficient along the length; L is the pipe length, m; d is the inner diameter of the agitator, m; ∑ξ is the sum of local resistances (from valves, inlet/outlet, etc.); ρ is the density of the fluid, kg/m³; v is the average flow velocity, m/s.
The determination of the friction coefficient λ depends on the flow regime (based on the Reynolds number Re):
                                                                                                                                                                (2)
where μ is the dynamic viscosity, Pa·s.
The following are summed:
                                                                                                                          (3)
Pressure losses are sometimes expressed in meters of liquid column:
                                                                                                                                                            (4)
2.2 Mixing Hydrodynamics and Mechanical Resistance
In mixers, resistance is expressed in terms of mixing power, which is related to the resistance offered by the blades to the movement of the viscous medium.
                                                                                                                                                  (5)
where N is the mixer power, W; NP is the dimensionless power number; ρ is the liquid density, kg/m3; n is the rotational speed, rpm; D is the mixer diameter, m.
The determination of the power number NP depends on the Reynolds number for the mixer:
                                                                                                                                                       (6)
Flow regimes: laminar (Re < 10), NP = K/Re; transitional (10 < Re < 10⁴); turbulent (Re > 10⁴), NP = const. For a paddle mixer, NP = 5–6 under turbulent flow, whereas K ≈ 60 under laminar flow.
Mechanical resistance of the shaft. If you need to estimate the torque (rotational resistance):
                                                                                                                                                        (7)
The hydrodynamic drag of the mixer can also be expressed in terms of the drag force on the blades:
                                                                                                                                                       (8)
where A is the projected area of the blades; v − πDnv is the linear velocity at the blade tips; ξ is the drag coefficient (which depends on the shape of the blades).
2.3 Heat Transfer and Thermal Resistance Modeling
Experimental methods for determining the thermal conductivity of heat transfer fluids are based on Fourier’s law:
                                                                                                                                                                      (9)
where: λ is the thermal conductivity coefficient, W/(m·K); q is the heat flux density, W/m²; δ is the thickness of the heat transfer medium layer, m; ΔT is the temperature difference, K.
The time is calculated based on the heat balance
                                                                                                                                                       (10)
where, m − mass of naphtha, kg; − heat capacity of naphtha ≈ 2,2 kJ/(kg·K);  − 20°C; T2=60°С; Q - thermal capacity of the heat exchanger, kW.
The thermal resistance of a layer of material is given by the expression:
                                                                                                                                                                 (11)
where:
δ − layer thickness, m; λ − thermal conductivity of the material.
The total thermal resistance of a heat exchange wall consists of:
heat transfer resistance on the hot fluid side ​;
wall resistance ​;
heat transfer resistance on the cold fluid side ​;
contamination resistance .
Total resistance:
                                                                                                                                            (12)
The heat transfer coefficient 𝐾 was determined using the classical heat transfer equation:
                                                                                                                                                  (13)
where: α1, α2 are the heat transfer coefficients from the heated and heating media, respectively, in W/(m²·K); δ is the plate wall thickness, in m; λ is the thermal conductivity of the plate material, in W/(m·K); R_z is the thermal resistance of contaminants, m²·K/W.
The heat transfer coefficients were calculated using similarity criteria:   
                                                                                                                                            (14)
where:  Nusselt number; - Reynolds number; - Prandtl number.
3. Results and Discussion
3.1 Hydraulic Resistance and Flow Behaviour
The mixing processes of highly viscous media, such as bitumen and its modified compositions, are accompanied by significant hydraulic resistances. Accurate calculation of these resistances is crucial for ensuring the energy and operational efficiency of the equipment. 
When transporting bitumen through pipelines, high pressure losses caused by viscosity and system design directly influence the selection of pumping equipment, pipe diameter, and overall energy consumption. Underestimating these resistances can lead to increased energy costs, material overheating, and a reduction in the quality of the final product.
Table 1: The Significance of Local Resistance
	Piping component
	ξ

	Inlet to the mixer (sharp bend)
	0,5

	Outlet to the atmosphere
	1,0

	90° elbow
	0,6

	Gate valve fully open
	0,1-0,2


3.2 Mixing Performance and Power Requirements
In mixers, calculating the resistance of the blades to the flow of a viscous medium is necessary to determine the drive power, assess flow patterns, and ensure uniform mixing of modifiers. This is particularly relevant when working with bitumen, where heat and mass transfer processes are highly dependent on hydrodynamic resistance and flow characteristics.
3.3 Heat Transfer Performance and Heating Time
To ensure effective heating of naphtha during the bitumen modification process, careful selection of the plate heat exchanger (PHE) capacity is essential, since it directly determines both the heating cycle time and the overall energy consumption of the process. Experimental calculations were performed for different crude oil masses and installed thermal capacities in order to evaluate their influence on the heating duration. Such an analysis makes it possible to determine the optimal operating conditions, improve thermal efficiency, reduce energy consumption and minimize equipment downtime during industrial operation.
Table 2: Results of Changes in Heating Time as a Function of PHE Power
	Mass of naphtha
	PHE power
	Heating time

	500 kg
	50 kW
	12-15 minutes

	1000 kg
	100 kW
	15-20 minutes

	5000 kg
	200 kW
	1-1,2 hours



Table 2 summarizes the calculated heating time of crude oil in a plate heat exchanger (PHE) as a function of product mass and installed thermal capacity. Increasing the crude oil mass from 500 to 5000 kg requires increasing the heat exchanger capacity from 50 to 200 kW to maintain an acceptable heating time. These results provide a basis for selecting the appropriate PHE capacity under different production conditions. (Khurmamatov et al., 2024).
3.4 Thermophysical Properties and Heat Transfer Efficiency
In addition, the thermal conductivity of the plates plays an important role in ensuring efficient heat transfer. Hot fluid: hot water. Water temperature: Tin = 90 °C, Tout = 70 °C. Condensation occurs on the plate surface. Cold fluid: light naphtha; Tin = 20 °C, Tout = 60 °C.

Table 3: Key Performance Indicators of the Improved Plate Heat Exchanger
	№
	Indicators
	Values

	1
	Panel Material
	stainless steel (AISI 316)

	2
	Thermal Conductivity, W/(m·K)
	14,5

	3
	Panel Thickness, mm
	0,6

	4
	Thermal Resistance, m²·K/W
	4,1⋅10−5

	5
	Heat Transfer Coefficient, W/(m²·K)
	750



Table 3 presents the main thermophysical and design characteristics of the plates in a plate heat exchanger used for heating light naphtha. AISI 316 stainless steel was selected as the plate material; it is widely used in heat exchange equipment in the petrochemical industry due to its high corrosion resistance and stable thermophysical properties. The thermal conductivity of the plate material is 14.5 W/(m·K), which corresponds to reference data for austenitic stainless steels. With a plate thickness of 0.6 mm, the thermal resistance of the wall is 4.1⋅10−5 m²·K/W, which is a small value compared to the heat transfer resistances on the side of the heat transfer fluids. This indicates that the thermal conductivity of the plate has a negligible effect on the overall heat transfer process. The calculated heat transfer coefficient of the plate heat exchanger is 750 W/(m²·K), which is typical for heat exchangers of this type and confirms the high efficiency of heat exchange when using a “hot water–light naphtha” system. The main thermal resistance in this case is provided by the cold heat transfer fluid, while the contribution of the metal plate’s thermal conductivity is secondary (Yusupova et al., 2026).
3.5 Effect of Surface Geometry on Heat Transfer Enhancement
The wavy surface of the plates in plate heat exchangers creates local vortices that increase turbulence and prevent the formation of stagnant zones. This results in a self-cleaning effect and reduces the flow resistance of the heat transfer fluid, thereby improving heat transfer performance and reducing the energy required for circulation.
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a) Traditional Plate Heat Exchanger Surfaces
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b) Improved Surfaces of Plate Heat Exchangers
Figure 1: (a) Comparison of Traditional and (b) Improved (Smooth) Corrugated Surfaces of a Plate Heat Exchanger
Fig. 1a shows conventional corrugations with sharp corners, which create high hydraulic resistance and flow stagnation zones where deposits can accumulate. This design reduces heat transfer efficiency and requires regular cleaning. Fig. 1b shows smooth corrugations with a microtexture, which ensure a more uniform flow distribution.
3.6 Innovative Plate Design and Self-Cleaning Mechanism
[image: 2 Nadira apa 27.12.2025]
Figure 2: Proposed New Plate Surface Design

Fig. 2 shows the proposed new design for the plates of plate heat exchangers, featuring a new corrugation geometry that prevents the accumulation of contaminants. Smooth, yet micro-textured micro-notches that create a self-cleaning effect due to turbulent vortices. Localized zones with slight vibrations (mechanical micro-actuators) to prevent solid particles from settling.
The innovative design facilitates the integration of microactuators into corrugations or the creation of a “living” surface with a variable micro-relief. The plate features a classic 30° smooth chevron pattern, but the corrugated surface is coated with a microtexture: micro-notches measuring 80 μm. The spiral shape of the notches creates local turbulent vortices. This structure facilitates the continuous removal of contaminant films and prevents their adhesion. Micro-vibrators (piezoelectric elements) are built into the plates: periodic vibration at a frequency of 50–60 kHz. The vibration amplitude is sufficiently small (micrometers) to avoid damaging the plate, yet effectively dislodges contaminants and biofilm. Vibration is activated periodically in response to signals from contamination sensors. The microstructure creates conditions for the formation of vortices that “loosen” contaminants. Vibrations enhance the removal of contaminants, increasing the efficiency of self-cleaning. This approach reduces the need for chemical cleaning agents and frequent shutdowns of the heat exchanger (Khurmamatov et al., 2025).
Table 4: Technical Specifications of the Proposed Plate Heat Exchanger
	Component
	Description

	Microstructure
	Dimensions: 80 μm; groove pattern: spiral

	Microactuators
	Piezoelectric plates integrated into the edge of the plate or into the frame

	Vibration frequency
	50–60 kHz

	Control
	Automatic, using pressure and temperature sensors

	Plate material
	Stainless steel


Table 4 lists the main structural and functional elements of the improved plate in a plate heat exchanger with active heat transfer intensification. The plate surface features a microstructure characterized by spiral grooves approximately 80 μm in size, which promotes the formation of a developed turbulent flow structure and increases heat transfer intensity. To further intensify heat transfer and prevent deposits, the design incorporates microactuators based on piezoelectric plates, which are integrated into the edge of the plate or into the frame of the heat exchanger. The microactuators operate in the 50–60 kHz frequency range, which ensures the generation of high-frequency vibrations on the plate surfaces without compromising the unit’s integrity. The operating modes of the microactuators are controlled automatically using pressure and temperature sensors, which allows the intensity of the vibration to be adapted to current operating conditions. Stainless steel was selected as the plate material, providing the necessary corrosion resistance, mechanical strength, and compatibility with the working media.
4. Conclusions
The analysis of local hydraulic resistances and the hydrodynamic resistance of agitator blades demonstrated that the correct selection of drive power and plate heat exchanger capacity is essential for efficient mixing and heating of highly viscous media such as bitumen and its modified compositions.
The calculated parameters of the plate heat exchanger ensure optimal heating times for different masses of crude oil while maintaining high heat transfer rates, energy efficiency, and process stability. The obtained overall heat transfer coefficient of approximately 750 W/(m²·K) confirms the high thermal performance of the system.
The proposed innovative plate design, combining a spiral microstructure (80 μm grooves) with integrated piezoelectric microactuators operating at 50–60 kHz, significantly enhances heat transfer efficiency by generating local turbulent vortices and inducing high-frequency vibrations. This self-cleaning mechanism effectively prevents deposit formation and reduces the need for frequent maintenance. The automatic control system based on pressure and temperature sensors allows adaptive operation, ensuring stable performance and lower operating costs of the heat exchanger.
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