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Abstract 

This study presents the design of a hydraulic-based glycerin waste mixer machine, 

intended for use in the cement industry as a sustainable alternative to coal. Glycerin 

waste, a byproduct of biodiesel production, has a calorific value of 25,175.98 kJ/kg, 

making it a viable substitute fuel. However, its high viscosity and tendency to 

solidify at low temperatures pose significant challenges for processing. This research 

addresses these challenges by designing a hydraulic mixer with structural strength 

verified through Finite Element Method (FEM) analysis. The design follows the 

Ulrich & Eppinger product design approach, including concept development, 

technical specifications, and hydraulic system planning. Using Autodesk Fusion 360, 

the machine's frame, made of ASTM A36 steel, withstood loads with a maximum 

stress of 87.5 MPa and a safety factor of 2.83, ensuring its structural integrity. The 

hydraulic system, employing a double-acting cylinder operating at 10 bar, requires 

a motor power of 4.09 kW and achieves a fluid flow rate of 235.5 L/min. Cost analysis 

revealed a 30.44% reduction in manufacturing costs compared to similar commercial 

machines, totaling IDR 16.7 million. These findings demonstrate the efficiency, 

safety, and economic viability of the mixer, offering a promising solution for glycerin 

waste utilization in the cement industry. 
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1. Introduction 

Industrial cement production is heavily reliant on fossil fuels, particularly coal, 

which contributes to high operational costs and substantial carbon dioxide (CO₂) 
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emissions [1]. These emissions have become a significant environmental concern, 

prompting industries to seek more sustainable alternatives to reduce both 

operational costs and the environmental impact of cement production. One 

promising alternative fuel is glycerin waste, a byproduct of the biodiesel production 

process, which has a calorific value of approximately 25,175.98 kJ/kg [2]. This energy 

content makes glycerin waste a viable candidate to partially replace coal in cement 

kilns, reducing dependency on fossil fuels and contributing to sustainable energy 

practices in the industry. 

However, the utilization of glycerin waste presents several challenges due to 

its unique physical properties. Glycerin is highly viscous, tends to solidify at low 

temperatures, and is hygroscopic, which makes it difficult to handle [3]. These 

properties can lead to sedimentation, clogging of pipes, and operational instability 

during long-term storage, necessitating a continuous stirring system to maintain its 

homogeneity and prevent solidification. Traditional mechanical agitators, while 

commonly used in industrial mixing, are suboptimal for handling high-viscosity 

fluids like glycerin waste [4]. These systems require significant space and incur high 

operational and maintenance costs, which limit their applicability in certain 

industrial environments. 

In contrast, hydraulic systems offer several advantages for mixing high-

viscosity fluids. Hydraulic systems afford precise motion control and adjustable 

torque that suit high-viscosity fluids (e.g., glycerin waste). Hydraulic actuators have 

been applied to move and position mixing elements for viscous paints, 

demonstrating controllable vertical travel and operator handling benefits for dense 

materials [5]. Studies show that kinematic viscosity of fluids directly raises flow 

resistance and increases energy and torque demand, underscoring the need for 

proper hydraulic sizing and control to handle thick fluids efficiently [6]. Inline 

hydraulic mixing provides compact and space-efficient installations with smooth, 

tunable mixing. Jet-type hydraulic mixers have been demonstrated as compact inline 

devices with controllable performance for liquid mixing and extraction, offering an 

alternative to bulky mechanical agitators [7]. Moreover, effective mixing of high-

viscosity fluids in small footprints has been illustrated through the optimization of 

hydrodynamics in compact passive/microstructured mixers [8]. These systems are 

widely used in industries where high torque and force control are essential, such as 

in waste management and fluid handling systems [9]. Hydraulic systems also 

provide a higher degree of safety, as they are less prone to mechanical failure due to 

their fewer moving parts compared to traditional mechanical systems [4]. 

From a structural design perspective, ensuring that the mixer frame can 

withstand the operational loads from the hydraulic cylinder, agitator, and fluid 

pressure is critical. The Finite Element Method (FEM) is an ideal tool for evaluating 
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the structural integrity of the machine frame, ensuring that it has adequate strength, 

stiffness, and safety margins to withstand these loads without failure [10]. FEM 

analysis has been successfully used in similar studies to optimize the design of 

machinery in waste handling and material processing, where the strength of 

structural components is critical to ensure operational safety and longevity [11]. 

This study aims to address these challenges by designing a hydraulic-based 

glycerin waste mixer for use in the cement industry. The design follows the Ulrich 

and Eppinger product design approach, which incorporates concept development, 

technical specification definition, hydraulic system planning, and FEM-based 

structural analysis to ensure the machine’s reliability. The unique contribution of 

this research lies in providing a hydraulic solution to handle glycerin waste 

efficiently while addressing the structural and operational challenges. The study also 

explores the potential for cost reduction, demonstrating that the proposed design is 

30.44% more economical compared to existing commercial machines. Ultimately, 

this design offers a more sustainable and cost-effective solution for utilizing glycerin 

waste as an alternative fuel in cement production. 

 
2. Methods 

This study employs an engineering product design approach, utilizing Ulrich 

and Eppinger’s method [12] along with structural analysis using the Finite Element 

Method (FEM), to ensure the strength and reliability of the mechanical and hydraulic 

systems of the glycerin waste mixer machine. The research is a numerical experiment 

and design engineering study, with the main stages including. 

2.1 Observation and Problem Identification  

In the production area of a cement plant using glycerin waste as a 

supplementary fuel, it was observed that the viscous glycerin often solidifies and 

clogs the lines, indicating a need for a stirring system to keep it in a liquid state. 

Primary data were obtained through direct observation and consultation with field 

operators, while secondary data were collected from supporting literature and 

journals [2], [3]. 

2.2 Design Stages Using Ulrich’s Method 

The use of Ulrich & Eppinger’s product design approach is particularly 

suitable for this study due to its comprehensive and systematic structure, which 

allows for the integration of user requirements, technical specifications, and 

performance analysis within a single design cycle. This methodology was chosen 

over others for its well-established capability to guide the development of complex 

engineering designs, such as the hydraulic system for the glycerin waste mixer 

machine. The approach ensures that all relevant factors, including the properties of 

glycerin waste and the specific needs of the cement industry, are addressed in the 
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design process. The first step involves identifying customer requirements and 

product functions, which are based on the challenging properties of glycerin—its 

viscosity, tendency to solidify, and its role as an alternative fuel in cement 

production. Following this, technical specifications such as tank volume, agitator 

rotational speed, torque, and hydraulic system capacity are defined to ensure the 

system's operational effectiveness. Multiple design concepts are then developed, 

exploring various transmission systems (e.g., belt, gearbox, or hydraulic) as well as 

different configurations for the tank and machine frame. These concepts are 

evaluated using an evaluation matrix, considering criteria such as manufacturing 

feasibility, operational efficiency, and ease of maintenance [13]. Finally, the best 

design concept is selected and developed further through 3D modeling using 

Autodesk Fusion 360 software. This iterative approach not only optimizes the design 

but also ensures that the final system is both technically sound and aligned with the 

objectives of enhancing glycerin waste processing in the cement industry. 

2.3 Hydraulic System Design 

The hydraulic system designed for the glycerin waste mixer utilizes a double-

acting hydraulic cylinder, which operates at a maximum working pressure of 10 bar. 

The system’s pressure, essential for determining the necessary force to drive the 

mixer mechanism, is calculated using the basic formula for pressure: 

P = 
𝐹

𝐴
 (1) 

Where P is the pressure (in N/m²), F is the required thrust force (in Newtons), 

and A is the piston's cross-sectional area (in square meters) [14]. The force exerted 

by the hydraulic cylinder is essential for the efficient operation of the mixer, ensuring 

that it can handle the viscosity and density of glycerin waste. 

The fluid flow rate, which is critical for controlling the speed and efficiency of 

the mixing process, is calculated by multiplying the cylinder’s movement velocity 

by the piston's cross-sectional area. This relationship is expressed in the following 

formula: 

Q = 𝑣 𝑥 𝐴  (2) 

Where Q is the flow rate (in liters per minute), v is the velocity of the piston (in 

meters per second), and A is the cross-sectional area of the piston (in square meters). 

The fluid flow rate directly influences the mixing speed, which is crucial when 

dealing with high-viscosity fluids like glycerine [14]. 

To determine the required pump power for the hydraulic system, the 

following equation is used: 
𝜌 𝑥 𝑔 𝑥 𝐻 𝑥 𝑄

𝜂 𝑥 1000
  (3) 
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Where 𝜌 is the fluid density (in kg/m³), ggg is the acceleration due to gravity 

(9.81 m/s²), H is the total head (in meters), Q is the flow rate (in liters per minute), 

and 𝜂 is the efficiency of the system (assumed to be between 85% and 90%) [15]. This 

formula allows for the calculation of the motor power necessary to maintain the 

desired flow rate, considering the energy losses within the system. 

The working fluid selection is an important consideration in the hydraulic 

system’s design. Given glycerin’s chemical properties, glycerin-based fluids are 

appropriate for use in the hydraulic system, as they can effectively lubricate the 

system’s components while maintaining compatibility with the waste material being 

processed. 

2.4 Structural Strength Analysis Using Finite Element Method (FEM)  

The 3D model of the machine frame and hydraulic system was imported into 

the Static Structural module of Autodesk Fusion 360 for structural analysis. In the 

simulation, the boundary conditions were set with fixed supports at the four corners 

(legs) of the frame to replicate the machine’s operational setup. External loads of 500 

N were applied at the hydraulic cylinder connection point, and an additional 200 N 

was applied on the surface of the tank. The frame material used was ASTM A36 steel, 

which has a yield strength (𝜎𝑦) of 250 MPa. The simulation calculated the maximum 

stress (von Mises stress) and total deformation under these applied loads, providing 

a comprehensive assessment of the frame’s structural performance. 

To evaluate the frame's safety under operational conditions, the Safety Factor 

(SF) was calculated using the following formula: 

SF = 
σ𝑦 

σ𝑚𝑎𝑥 
  (4) 

Where 𝜎𝑦 is the yield strength of the material (250 MPa), and 𝜎max is the 

maximum stress experienced by the frame during the simulation [10]. This 

calculation ensures that the frame can withstand the applied loads without failing. 

A mesh convergence analysis was performed to ensure the accuracy and stability of 

the results, with an element size of 8 mm. The analysis showed a stress deviation of 

less than 5%, indicating that the simulation results were reliable. 

The simulation results were compared with similar FEM studies in the 

literature, which reported safety factors in the range of 2 to 3 for similar structural 

designs. This comparison confirmed that the frame design meets the standard design 

requirements, with a safety factor of 2.83, which is within the acceptable range for 

industrial applications [16]. 

2.5 Design Simulation and Validation  

The validation of the FEM simulation results was performed through manual 

calculations based on material strength theory, specifically focusing on the yield 

stress and deformation characteristics of the frame material [17]. To ensure the 
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accuracy of the simulation, a detailed comparison was made between the FEM 

results and the theoretical calculations. This comparison revealed a deviation of 

12.5% between the two, which is considered acceptable within industrial design 

tolerances. In typical engineering practice, deviations of less than 15% are acceptable, 

as they account for the inherent simplifications and approximations made in 

numerical modelling [16]. The acceptance criterion for the comparison was set based 

on industry standards, which allows for such deviations due to factors such as 

material heterogeneity and the complexity of the actual loading conditions, which 

may not be fully captured in the FEM model. Additionally, assumptions such as 

ideal boundary conditions, homogeneous material properties, and uniform load 

distribution were made during the validation process. These assumptions are 

common in initial design stages to simplify the analysis while still ensuring that the 

results are robust and reliable. 

Furthermore, the hydraulic system was validated by calculating the total head 

loss in both the suction and discharge pipes using the Darcy–Weisbach equation, 

which is a standard method for determining fluid flow resistance in pipelines. The 

friction factor used for these calculations was assumed to be f=0.02, based on typical 

values for the chosen pipe material and flow conditions. This validation ensures that 

the hydraulic system's flow parameters, including pressure and flow rates, are 

consistent with real-world operating conditions. 

2.6 Cost Budget Plan 

A comprehensive cost estimate for the glycerin-waste mixer enumerated major 

assemblies—machine frame, hydraulic components (pumps, cylinders, valves), 

electric motor, gearbox/impeller drive, pulleys, and accessory fittings—and used 

supplier/unit-production pricing adjusted for material, labor, and fabrication to 

derive capital cost lines [5]. Viscosity-driven increases in torque and energy demand 

were included because kinematic viscosity raises pump and drive power needs, 

impacting both capital (larger pumps/gearbox) and operating costs [18]. Trade-offs 

between compact hydraulic/inline solutions (reducing footprint and some structural 

cost) and more complex/high-capital designs were assessed, incorporating inline/jet 

mixer options and previous findings on capital complexity for chaotic mixers [19]. 

CFD-led design iteration and mixer-geometry optimization were employed to trim 

manufacturing and commissioning contingencies in the estimate [20], [21]. 

The total manufacturing cost was then calculated by summing the individual 

costs of all components, along with any additional overhead expenses related to 

assembly, quality control, and testing. This approach ensures that all direct and 

indirect costs associated with the production of the machine are accounted for. 

Furthermore, the cost estimate was compared to that of similar commercial machines 

available in the market to evaluate potential cost savings. The comparison 
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highlighted a 30.44% reduction in manufacturing costs, making the proposed design 

not only economically viable but also more competitive in the industry. 

 
3.Results and Discussion 

3.1 Frame Strength Analysis (FEM) 

The machine frame was designed using hollow steel profiles (80 × 40 × 2 mm) 

made of ASTM A36 steel to support the loads from the agitator, hydraulic cylinder, 

and operational forces. ASTM A36 steel has a yield stress (σy) of approximately 250 

MPa. Figure 1 shows the frame model, which was subjected to reaction forces and 

an agitator load (nominal) of 500 N, with fixed supports at its four feet. 

 

 
Figure 1. Design of the Glycerin Waste Mixer Machine 

 

Figure 2. shows the simulation results of the Von Mises stress distribution in 

the frame, which were obtained using Autodesk Fusion 360. The simulation was 

carried out by applying a load of 500 N, representing the pushing force from the 

hydraulic cylinder at the cylinder mount, under fixed supports at the four feet of the 

frame. The frame material was ASTM A36 steel (yield stress σy = 250 MPa). The stress 

distribution indicates that the maximum stress (σmax) of 87.52 MPa occurred at the 

joint between the cylinder mount and the main frame, while the minimum stress of 

1.29×10⁻⁹ MPa occurred at the base of the support leg, which did not carry a direct 

load. The red region in the simulation results corresponds to the areas of highest 

stress, whereas the blue region corresponds to areas with very low stress. The 

maximum stress value is well below the yield stress of the material, indicating a safe 

design under the applied load. 
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The safety factor (SF) is conventionally computed as the material yield strength 

divided by the maximum von Mises stress obtained from a finite element method 

(FEM) analysis [22], [23]. Therefore, an SF of 2.83 mathematically implies the FEM-

predicted peak stress is substantially below the material yield, meaning the structure 

can sustain approximately 2.83 times the applied load level before yielding [22]. An 

SF greater than unity is commonly interpreted as “safe,” with values around or 

above 2 often adopted to provide a margin against uncertainties and variable 

loading; examples in engineering practice report safe and useful SFs of 

approximately 2.1 and higher where required [24], [25]. The use of ANSYS/FEM and 

von Mises criteria to derive these conclusions is standard practice for static strength 

assessment of frames and test stands [23]. These results align with those reported by 

individuals who noted a safety factor of approximately 3 for loads up to 20.000 N 

[26]. Furthermore, frame optimization using FEM can reduce weight by 

approximately 12% without compromising strength, as demonstrated in a study on 

an electric bus frame [27]. 

 

 
Figure 2. Von Mises Stress Distribution from FEM Simulation on the Frame of the 

Glycerin Waste Mixer Machine 

 

In order to validate the model, theoretical calculations based on material 

strength theory were compared with the FEM results [17]. Tabel 1. presents the 

comparison between the theoretical calculations and the FEM simulation results: 

The maximum deformation from the simulation was 1.52 mm, which is below 

the allowable deformation limit for the structure. This deformation occurred at the 

top of the hydraulic cylinder mount, but did not significantly affect the overall 
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stability of the structure. The frame's good stiffness supports stable operation of the 

agitator when working with high-viscosity fluids. The comparison between 

theoretical and simulation results in Tabel 1.  shows deviations of less than 15%, 

indicating that the numerical model is accurate and valid. This finding is consistent 

who suggest that deviations below 15% are acceptable for FEM simulations of 

lightweight steel structures [16]. 

 

Tabel 1. Theoretical calculations and the FEM simulation results 

Parameter Theoretical FEM Simulation Difference (%) 

Maximum Stress 100 MPa 87.5 MPa 12.5 

Maximum 

Deformation 
1.68 mm 1.52 mm 9.5 

Safety Factor 2.50 2.83 13.2 

 

The frame design meets the mechanical safety criteria and can reliably handle 

the anticipated operational loads. The use of hollow profiles minimizes weight and 

material cost while maintaining stiffness and strength, consistent with the principles 

of efficient design [15]. 

3.2 Hydraulic System Planning 

The hydraulic system is designed to drive a cylinder with a 50 mm bore 

diameter and a 1200 mm stroke, which will raise and lower the glycerin waste mixer. 

Tabel 2. shows the calculation results for the hydraulic system parameters. 

 

Tabel 2. Hydraulic System Calculation Results 

Parameter Result Description 

Working Pressure 10 bar Operational working pressure 

Cylinder Thrust Force 1.960 N Thrust to lift the agitator shaft 

Fluid Flow Rate 235.5 L/min At a cylinder speed of 0.02 m/s 

Pump Power 3.54 kW Pump efficiency assumed at 86.6% 

Hydraulic Motor Power 4.09 kW 3-phase electric motor 

 

Hydraulic system calculations in Tabel 2. indicate that a motor power of 4.09 

kW is sufficient to achieve a working pressure of 10 bar and generate a thrust of 

approximately 1,960 N (about 200 kgf). The pump, assumed to have an efficiency of 

86.6%, delivers the necessary power to drive the hydraulic system. Additionally, the 

system is equipped with a 12-bar relief valve for safety to prevent over-

pressurization during operation [9]. The fluid flow rate of 235.5 L/min corresponds 

to a cylinder extension/retraction speed of 0.02 m/s under the specified conditions. 

Viscosity-driven efficiency loss in centrifugal pumps is well established: as 

fluid viscosity rises, internal friction and flow resistance increase, lowering 

volumetric efficiency and requiring higher input power to maintain flow rates [28]. 

Empirical analyses indicate that optimal impeller geometry (blade count and shape) 
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shifts with viscosity; for high-viscosity fluids, fewer blades or tailored profiles can 

reduce energy losses and improve operational performance [9]. Pump performance 

also depends on the operating point, and can suffer from issues such as cavitation or 

degraded efficiency across varying flow rates, making experimental characterization 

across expected viscosities and temperatures necessary [30]. A comprehensive study 

for glycerin-type wastes should combine controlled bench testing (flow, head, power 

vs. viscosity), impeller-geometry optimization, and numerical analyses to quantify 

efficiency curves, motor sizing margins, and derating strategies for varying glycerin 

mixtures and temperatures [29], [30]. 

Relevant literature suggests that a well-designed mixer and agitator should 

consider fluid circulation, impeller geometry, and optimal energy efficiency [4]. 

Hydraulic systems offer advantages in providing more flexible thrust control 

compared to mechanical agitators or direct pumping systems [9]. The hydraulic 

control system is designed with a flow control valve and a pressure relief valve set 

at 12 bar for safety. Technical evaluation shows that this hydraulic system enables 

precise movement, from low to high speeds (a 1200 mm stroke in 60 seconds → v = 

0.02 m/s), and delivers sufficient torque to handle the high viscosity of glycerin 

waste. This aligns with the principles of mixing equipment design, which consider 

both mechanical and process aspects [31]. 

3.3 Manufacturing Cost and Design Efficiency 

The manufacturing cost of the glycerin waste mixer machine was calculated 

using standard unit production prices (HSPP) for all major components, including 

the frame material, hydraulic system components, electric motor, gearbox, pulleys, 

and the associated manufacturing processes. The total manufacturing cost was 

estimated at IDR 16,695,500, which represents a significant cost saving of 30.44% 

compared to a comparable commercial machine. This cost reduction is attributed to 

several key factors. 

Firstly, the selection of ASTM A36 steel as the frame material is supported by 

its demonstrated balance of strength, stiffness, and cost, as noted in literature 

examining comparable chassis and frame studies [32], [33]. Finite Element Analysis 

(FEA) validated the structural capacity using the von Mises/yield-strength safety-

factor definition, supporting a safety factor (SF) of approximately 2.05, as reported 

in recent literature [33]. Optimization approaches, similar to those reported in 

structural engineering studies, could potentially yield mass reductions while 

maintaining structural integrity; these methods suggest a feasible reduction in 

weight and material costs, as well as decreases in waste and fabrication time [34]. 

This aligns with findings that support weight reduction strategies through advanced 

design methods that streamline geometry and reduce raw-material usage. 
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Secondly, the hydraulic system was cost-optimized by selecting components 

and tuning hydraulic parameters to the glycerin-waste duty, leveraging energy-

saving architectures, such as variable-displacement pumps and speed-controlled 

drives, to match power to demand and avoid costly oversizing [35]. System losses 

occur across pumps, valves, hoses, and actuators; therefore, targeting these elements 

through optimal pump type, control strategy, and piping reduces both capital and 

operating costs [36]. Additionally, designing for minimal pressure loss and 

incorporating built-in safety mechanisms and redundancy further improve life-cycle 

cost and reliability [37]. Practical tailoring of the system is facilitated by axial-piston 

and swash-plate technologies that permit precise pump power matching to the 

varying viscosity and flow requirements of glycerin mixtures, thereby limiting 

unnecessary motor sizing and energy consumption [38], [39]. 

Lastly, Simplifying the machine design—standardized parts, DFMA-aligned 

assemblies, and a modular hydraulic package—reduces assembly labor and shop 

time and speeds field integration/testing by enabling off the shelf procurement, 

parallel subassembly work, and plug in verification of hydraulic modules [35], [40]. 

Standard hydraulic units (e.g., axial piston/swash plate modules) and common 

fasteners shorten fabrication and commissioning while preserving controllability 

and safety, lowering both labor hours and lifetime maintenance effort [37], [38], [39]. 

Targeting system losses and selecting matched pump/motor families permit right 

sizing without bespoke manufacture, further cutting component lead time and 

assembly complexity [35], [36]. The combined approach—material standardization, 

DFMA, modular hydraulics, and component matching—therefore provides 

demonstrable reductions in labor, assembly time, and integration cost while 

retaining performance and serviceability [33], [36], [40]. 

The combination of these factors—optimized material selection, reduced 

weight, careful hydraulic system design, and simplified assembly—contributed to 

the 30.44% reduction in manufacturing costs compared to similar commercial 

machines. The use of FEM for frame optimization not only improved the machine’s 

structural performance but also allowed for material savings, which directly 

influenced the cost efficiency of the manufacturing process. 

 
4. Conclusion 

The results of this study indicate that the frame of the glycerin waste mixer 

machine, constructed from ASTM A36 steel, possesses adequate strength and 

stiffness, with a maximum stress of 87.5 MPa and a safety factor of 2.83, ensuring it 

is safe under operational loads. The hydraulic system, operating at a working 

pressure of 10 bar, can generate a thrust of 1,960 N, a fluid flow rate of 235.5 L/min, 

and requires a motor power of 4.09 kW, meeting the stirring process requirements. 
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The 12.5% deviation between the simulation and theoretical results confirms the 

model's validity. Economically, the total manufacturing cost of IDR 16,695,500 is 

30.44% lower than that of a comparable commercial machine, demonstrating the 

design's cost-effectiveness. Based on these findings, the design of the glycerin waste 

mixer is deemed feasible, efficient, and suitable for implementation in the cement 

industry as a sustainable alternative fuel. However, there are areas where further 

research could enhance the system's performance and applicability. Future studies 

could test the system under varying environmental conditions, such as temperature 

fluctuations that may affect the viscosity of glycerin waste, to ensure consistent 

operation across different climates. Additionally, exploring automation options for 

the mixer, including integrating sensors and control systems for real-time 

monitoring and adaptive operation, could further improve efficiency and reduce 

operational costs. These improvements would not only optimize the system's 

performance but also contribute to advancing the use of glycerin waste in industrial 

applications. 
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