
POLITECNICO DI TORINO   

Collegio di Ingegneria Chimica e dei Materiali  

  

Master of Science Course   

 in Materials Engineering for Industry 4.0  
  

 

Master of Science Thesis  

   

Analysing the influence of the workpiece geometry 

on the coolant flow field distribution during the 

milling process with internal coolant supply 

   

  

  

Tutors  

 

Prof. Daniele Ugues   

Prof. Milena Salvo 

Candidate   

                    
                Md Ibthisum Alam 

 

Settembre 2025 



 

Erasmus Mundus Joint Master in Manufacturing 

4.0 by intElligent and susTAinable technologies 

 

 

MASTER's Degree Thesis  

Analysing the influence of the workpiece geometry on 

the coolant flow field distribution during the milling 

process with internal coolant supply 

 Supervisors Candidate 

        Prof. Dr.-Ing. Martin DIX    Md Ibthisum ALAM 

       Dr.-Ing. Matthias REHM 

      Prof. Cédric COURBON 

             Prof. Daniele UGUES 

 

September 2025 
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Abstract 

In the context of sustainable manufacturing, an efficient coolant delivery system is 

essential to minimize tool wear while maintaining the machined surface quality. The 

cooling performance, however, strongly varies depending on operating parameters and 

tool-workpiece interaction. The current study addressed this issue and developed a 

Computational Fluid Dynamics (CFD) model to evaluate coolant flow behavior in 

internally cooled milling. The simulations from the model were tested against 

surrogated experimental rigs, and the comparison showed good agreement. The analysis 

was based on the Design of Experiments (DOE) framework, particularly Central 

Composite Design (CCD), where the influence of three factors, namely workpiece 

geometry (flat vs. curved), rotational speed (250–750 RPM) and coolant flow rate (20–

30 l/min), on four performance metrics such as average coolant velocity, coolant volume 

fraction, coolant coverage area, and turbulence kinetic energy (TKE) were investigated. 

A preliminary assessment on the influence of coolant type was also executed, and water 

and water-based semi-synthetic coolant showed almost identical results, deviating 

within the range of 1-2%. The DOE outputs demonstrated the dominance of coolant flow 

rate on enhancing jet momentum and turbulence intensity, while workpiece geometry 

heavily defined the coolant retention and distribution, with curved geometries 

consistently obtaining superior results. Rotational speed had a lesser yet significant 

impact as higher spindle speed (750 RPM) improving velocity and turbulence, but at the 

same time, diminishing coolant volume fraction and coverage. Regarding interaction 

effects, any involvement of geometry was found to be significant, highlighting the need 

for geometry-specific optimization strategies.  Through the study, a validated CFD-DOE 

framework was established for analyzing coolant delivery in milling. The insights 

obtained are directly transferable to tool design and process planning, hence providing 

scope for geometry-adaptive cooling strategies for advanced manufacturing. 

 

Keywords: End Milling, Computational Fluid Dynamics (CFD), Multiphase Flow, Design 

of Experiments (DOE). 
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Chapter 1  

Introduction and Background 

1.1. Introduction 

In the modern manufacturing context, machining plays a pioneering role by generating 

the parts production with precise dimensions, shapes and surface finishes through the 

material removal in the form of chips. Among the processes, milling is considered one of 

the most versatile and widely used machining techniques because of its enhanced 

flexibility achieved through the multi-axis cutting capabilities [1]. However, high-speed 

milling characterized by intense plastic deformation and friction at the tool-workpiece 

contact zone results in the conversion of nearly all input energy up to 99% into heat 

energy [2]. 

While machining high-strength or heat-resistant alloys, the issue becomes serious as it 

introduces the complexities of increased tool wear, thermal distortion of the workpiece, 

and dimensional inaccuracies. Cutting fluids or commonly known as coolants, are 

utilized to address these challenges and they resolve the issue by moving away the heat 

from the cutting zone, reducing the friction, facilitating chip evacuation, and extending 

the tool life. 

It is well proven that coolants can have a significant role in improved machining and 

increased material removal rates (MRR), particularly when pumped through advanced 

methods like internal coolant supply systems. Compared to the widely adopted external 

systems, coolants flow from the optimized internal channel structure directly to the 

cutting edge [3]. This ensures higher cooling efficiency, reduced thermal loads, and 

better lubrication at critical interfaces [4]. The overall effectiveness of the system, 

however, is determined by several factors such as the tool rotation, coolant flow rate, 

and the workpiece shape, each of which can influence the fluid flow patterns and thermal 

behavior. As the demand for high-performance machining of advanced materials in 

industries like aerospace, automotive, and energy is on the rise, the importance of an 

optimized system of internal coolant supply is gaining momentum. 

Internal coolant supply systems are constructed in such a way that cutting fluid reaches 

directly to the cutting zone through the tool's internal channels. A typical components of 
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the system include a hydraulic pump, throttle valve, relief valve, flow meter, and 

filtration unit. To operate effectively, it is important that the system offers adjustable 

fluid flow, consists of overload protection to control pressure, and supports coolant 

recovery. It enables the system to cool efficiently, lubricate stably, and make sure the 

conservation of sustainable aspects during high-performance milling. 

A major challenge in the internal cooling supply system is the variation of coolant flow 

behavior arising from the changes in working geometry and tool operating parameters. 

Internal channels are designed with the aim of precise coolant flow to the cutting zone, 

while any alteration in workpiece shape or profile can disrupt the expected flow 

trajectory, leading to uneven cooling and concentrated heat buildup. In the same way, 

when the tool rotation or coolant flow rate fluctuates it creates an uncertainty on the 

coolant's velocity, turbulence, and impact angle. These dynamic interactions create 

complexity in achieving the optimal cooling and lubrication under diverse machining 

scenarios. Addressing these challenges is the core research problem explored in this 

study. 

 

1.2. Research Motivation and Aims 

It is well documented that the coolants bring benefits in machining. They provide 

advantages by significantly prolonging tool life, generating better surface finishes, and 

enhancing overall performance. But as the tool-workpiece combinations vary and 

cutting conditions change these advantages are not consistently realized. Additionally, if 

the coolant is not properly controlled the excessive supply can cause environmental and 

health concerns, particularly involving the safe disposal and operator safety. These 

issues contribute largely to the operating costs may sometimes outweigh the potential 

benefits. As in the modern industry, more emphasis is placed on the sustainability and 

tightening of environmental regulations, it has become essential that coolant 

applications be optimized both functionally and economically. 

Despite their advantages, the implementation of internal coolant supply systems is still 

considered a challenge due to a limited understanding of coolant flow interactions with 

the workpiece under varying operating conditions. This gap often requires expensive 

and time-consuming experimental trials to evaluate cooling performance across various 

configurations. In this context, Computational Fluid Dynamics (CFD) can serve as a 

powerful alternative. This tool not only saves on the costs from the experimental settings 
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but also improves the quality of analysis by offering detailed visualization and analysis 

of coolant behavior that is difficult to achieve from an experimental rig. Particularly, to 

evaluate the morphology of fine-distributed coolant droplets, CFD has shown incredible 

success, which otherwise can be very challenging or even impossible with experimental 

measurements. The CFD simulation technique becomes more relevant for intermittent 

processes like milling, where multiple interactions occur at a time. It was noted from 

previous studies that the CFD has the potential to act as a highly effective tool when 

optimizing tool design and improving thermal management in machining [5], [6], [7]. 

By addressing the gaps in the current manufacturing context and leveraging CFD for 

predictive modeling, this study aimed to support the development of more efficient and 

sustainable internal cooling strategies. The outcomes of this research are directly 

applicable to modern industries and align with the overarching principles of industry 

4.0, where simulation-driven design, digital process optimization, and smart cooling 

integration are central to obtaining high-performance and eco-friendly production. 

The primary aim of this thesis was to investigate workpiece geometry and operational 

conditions’ influence on the coolant flow pattern in internally cooled milling operations. 

The target was to have a better understanding of coolant flow characteristics, optimize 

the cooling performance, and contribute to the progression of more effective cooling 

impacts by means of CFD modeling and experimental validation. The specific objectives 

were as follows: 

1. Develop a CFD model to simulate coolant flow in internal cooling setups 

This includes the construction of a detailed CFD model replicating the internal coolant 

flow behavior in milling. The model should also include varying workpiece geometries 

to observe their effects on coolant volume fraction, coolant velocity, flow field 

morphology, and turbulence. The developed system should be flexible enough to vary 

the operating conditions including the tool rotation and coolant flow rate. 

2. Validate the CFD results through experimental and literature benchmarks 

The simulation accuracy needs to be tested against similar experimental rigs. Under the 

identical operating parameters, the flow pattern of the coolants has to be compared. The 

outputs from the simulation should be backed up by the experimental observations. 

3. Apply Design of Experiments (DOE) to study and optimize tool and coolant parameters 

It is important that the crucial input parameters of the study have been identified.  Using 

structured DOE methods, the input variables will be altered to measure their impact on 
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the cooling performance metrics.  The results should be implemented to determine the 

optimal parameters for effective cooling and would serve as a base for recommendations 

for future internal cooling systems. 

 

1.3. Research Questions 

The study was driven by the need to observe and understand the coolant flow behavior 

from an internal coolant supply system in milling, which was going through dynamic 

operations where key machining variables were changing. The following questions, 

particularly, guided the scope of this research: 

1. How does workpiece geometry affect the coolant flow field? 

The question explored what role workpiece surface curvature plays in relation to the 

flow trajectory, velocity and dispersion of coolant within the system. By comparing flow 

impact on flat and curved geometries the study looked to point out the zones prone to 

insufficient cooling and develop geometry adaptive cooling strategies. 

2. How do variations in rotational speed and coolant flow rate influence turbulence and 

coolant velocity? 

The intensity of the tool rotation and coolant flow rate are critical in evaluating the flow 

turbulence and direction. This phenomenon introduced the question of which depth 

these parameters affect the coolant dynamics near the tool-workpiece interface. 

Investigating this question would be helpful in obtaining insight on controlling flow-

induced turbulence to achieve better heat dissipation and chip evacuation. 

3. To what extent do CFD simulation results align with experimentally obtained flow field 

data? 

It was important that the developed CFD model could be relied upon to accurately 

represent the real-world coolant flow behavior. This question addressed this condition 

and assessed the extent to which the simulation can be trusted. While a direct 

comparison between the developed CFD model of the mill and experimental tests might 

not be feasible due to the tool-specific differences, the modeling approach could still be 

evaluated through surrogate experiments. The goal was to make sure that the 

constructed model could be utilized to serve as a robust predictive tool for future coolant 

performance studies. 
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1.4. Organization of the Thesis 

The thesis report is arranged in total five chapters where each chapter was structured in 

a systematic way to address the research objectives and to generate a comprehensive 

understanding of internal coolant flow behavior in milling operations. 

Chapter 1 starts by introducing the research, outlining the background, motivations, aim 

and significance of the study. The research questions explored in the study are defined 

here with an overview of the thesis structure. 

Chapter 2 includes a detailed literature review on the existent works on end milling and 

coolant applications. It also discusses case studies involving the CFD simulations in 

machining to reshape the research gap explored in this study. 

Chapter 3 outlines the methodology followed in this work. The development of the CFD 

model including tool and workpiece geometry selection, meshing, boundary conditions 

and solver setup are described in detail. The chapter also explains the Design of 

Experiments (DOE) adopted, experimental setup and model verification approach. 

Chapter 4 demonstrates the results and analysis. It evaluates the research questions in 

correspondence to the computational model and interprets the findings from the 

perspective of machining performance and coolant system design. 

Chapter 5 concludes the report by pointing out the key results and providing answers to 

the research questions stated. Highlighting the study’s contribution, the chapter 

acknowledges any possible limitations and provides directions for future research in this 

field. 
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Chapter 2                                              

Literature Review 

2.1. Overview of End Milling and Coolant Supply 

Milling is considered one of the most widely adopted machining technologies due to their 

great versatility. End milling, in particular, has been present in the vast majority of 

industries because of its ability to produce high-precision components in the forms of 

pockets, slots, and contoured surfaces. Unlike drilling, end mill tools come with sharp 

cutting edges along their length that facilitate the cutting of workpiece from the top, 

bottom, side, or various angles. This multi-directional machining ability provides milling 

with a great deal of freedom compared to the other machining techniques [1].  

Milling plays a prominent role in shaping the hard-to-cut advanced materials, such as 

Inconel 718, for aerospace and marine applications. This nickel-based superalloy is well 

known for its strength, thermal stability, and corrosion resistance at extreme 

temperatures; however, it is its high strength, low thermal conductivity, and strain 

hardening behavior that makes machining very difficult [8], [9] . While milling Inconel 

718, a substantial heat is generated as elevated temperature affects it very little to soften 

[10]. This excess heat can initiate thermal damage and alter the machined surface, which 

in consequence impacts the part’s fatigue life. To tackle this issue, high-speed milling has 

emerged as a promising approach as it offers high machining efficiency, superior surface 

finish, and cost-effectiveness while maintaining the cutting temperature under a limit 

[11]. Although high-speed milling has shown desired outcomes for machining hard-to-

cut materials such as titanium or Inconel alloys, it is still important that effective cooling 

is in place to maintain the process stability and tool life [12]. 

Cutting fluids or coolants play a pivotal role here by controlling the temperature rise as 

well as improving machining efficiency. In the absence of proper cooling, a considerable 

portion of the input energy produced as heat can result in the adverse effects of thermal 

damage, dimensional distortion, micro-cracking, and rapid tool wear [2], [13]. The 

coolants work as a mitigator by serving three primary purposes: cooling, lubrication, and 

chip evacuation [3], [14], [15]. Coolants, in their most basic function, absorb and 

dissipate the heat from the machining interface and help maintain a stable temperature 

and prolong the tool life. As lubricants, they lower the friction between the cutting edge 
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and chip by forming a thin layer, generating a smooth and improved machined surface. 

In addition, coolants flush away chips from the cutting region and prevent tool clogging 

and built-up edge formation, particularly for the hard-to-cut materials like titanium or 

Inconel alloys.  

The effectiveness of coolants is influenced by their chemical composition, mode of 

application, and machining conditions. Water for instance, has great cooling capabilities 

but lacks lubrication that may lead to corrosion in ferrous tools. Better performance was 

observed by the water-miscible coolants with soluble oil that significantly improves the 

lubrication [14]. Mineral-oil-based coolants are best employed where lubrication is a 

concern, but there is a risk of smoke and mist formation at high temperatures, which 

potentially could impact the safety of the operator [16]. Hence, when selecting the right 

type of coolant, there has to be a balance between the thermal and lubrication priorities 

specified for the particular machining parameters. Furthermore, it is important to 

consider the environmental and economic perspectives of the coolants, given the 

drawbacks arise from the conventional flood cooling systems. Advanced techniques 

emphasize optimizing coolant usage while at the same time protecting the machining 

performance, surface quality, and tool longevity. 

The mode of how coolant is delivered has a big impact on evaluating the coolant 

effectiveness.  Traditionally, external flood cooling remains the most dominant approach 

where coolants, typically water or oil-based, are flooded over the machining zone. This 

method, however, does not work well during the high-performance machining of 

difficult-to-cut materials such as titanium or Inconel alloys. The issues observed include 

low coolant pressure, misaligned nozzle, poor injection angles, and tool rotation, all of 

which result in insufficient coolant flow to the tool-chip interface. The effect is prominent 

in parts with intricate geometry, such as deep cavities and integrated impellers.  For 

milling, the machining that involves intermittent cutting, the challenge is even greater as 

cooling gets disrupted after each cut [17]. Moreover, with flood cooling, high 

consumption is often involved due to low utilization efficiency. This leads to not only an 

increase in operating costs but also adds concerns related to their safe disposal 

[4].  Weinert et al. [18] highlighted the need for efficient cooling techniques, noting that 

coolant-related expenses may lead up to 7–17% of the total manufacturing cost. 

Internal cooling systems can counter these limitations as they have emerged as an 

efficient and targeted alternative. As shown in Figure 2.1, these systems are embedded 

with integrated micro-channels within the cutting or tool holder and deliver high-
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pressure coolant jets precisely at the tool-chip interface, leading to a far improved 

cooling, lubrication, and chip evaluation. The issues of thermal instability, insufficient 

cutting force, and built-up edge formation observed in hard-to-machine alloys are 

significantly minimized with internal cooling. Especially in high-speed milling, internal 

cooling has become essential as it demonstrates strong advantages by effectively 

dissipating heat and maintaining tool performance and surface integrity [4]. High-

pressure cooling (HPC) has also been developed to mitigate the issues encountered in 

the traditional flood methods, but it still suffers from the disturbance in tool rotation and 

inaccessible cutting zones [19]. Hence, the internal cooling system has proven to be a 

more robust and industrially applicable alternative as it ensures a consistent and 

disturbance-free coolant jet [14]. 

 

Figure 2.1: Supply of cutting fluids in external and internal cooling methods [20]. 

Research has been conducted by integrating high-pressure cooling (HPC) and internal 

cooling technology. The cutting experiment conducted by Polvorosa et al. [21] on Inconel 

718 and Waspaloy involved using coolant pressure up to 80 bar. Their results showed 
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that compared to a low pressure of 6 bar, HPC greatly reduced the flank wear in both 

materials and minimized adhesion wear in Inconel 718. Suárez et al. [22] did similar 

cutting tests and found that cooling on Haynes 282 at pressure under 80 bar results in 

20% reduced cutting and feed forces compared to the conventional cooling.  An 

experiment of Ti–6Al–4V using HPC was performed by Bermingham et al. [4], which 

showed a noticeable improvement in tool life and productivity over flood cooling. 

Courbon et al. [23] conducted a numerical study to investigate the effect of cutting fluid 

jets on machining. The study focused on the constant forces and thermal loads induced 

by the coolant jet and results showed that the coolant jet contributes to the reduction of 

cutting forces, chip radius, and tool-chip contact length, while also redistributing the 

contact pressure and temperature fields. These findings suggest that the directional 

control of coolant jets using internal channels along with optimized pressure, can 

substantially enhance the machining of superalloys. 

In parallel, studies have focused on the development of intelligent design and the 

evaluation of internal cooling systems.  Sun et al. [24] designed a smart cutting tool with 

internal cooling and temperature sensors usable for adaptive machining. They 

performed cutting tests on Al6063 in both dry conditions and wet conditions and found 

that internal cooling was able to effectively reduce the tool temperature.  The concepts 

of efficiency ratio and specific efficiency ratio were introduced by Ferri et al. [25] during 

their study on internal cooling performance through microfluidic channels. The outcome 

demonstrated improvement of cooling efficiency with the decrease in cutting speed and 

feed rate.  

The study by Peng et al. [26] involved machining of nickel-based superalloy with a 

pressurized internal cooling grinding wheel, which was able to achieve better heat 

transfer and enhanced surface quality in comparison to the flood methods. Both 

numerical and experimental research were conducted by Oezkaya et al. [27] to evaluate 

the internal cooling in Inconel 718 drilling. The results confirm the elimination of 

thermal dead zones and mitigation of tool wear under suitable coolant pressure. Qin et 

al. [28] made a comparison between internal and flood cooling in drilling Inconel 718 

with nitride-coated tools and presented that the internal cooling was able to extend tool 

life by a factor of 2.05 while also reducing the thrust force. Vaporized internal cooling 

was employed during face milling experiments on AISI 316 by Wisley Sales et al. [29], 

which showed that with the increase of coolant flow, tool life and surface quality 

significantly improved.  The outcomes from Sasahara et al.’s [30] study indicate that, 

while grinding carbon fiber reinforced plastic (CFRP), internal cooling could suppress 
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loading and contribute to a superior surface finish.  These studies highlight the vital role 

of internal cooling in the machining of superalloys and advanced materials. There is a 

growing industrial demand for efficient and sustainable machining of superalloys which 

complements the need for more detailed investigation into internal cooling strategies 

during end milling to better enhance cutting efficiency, tool life, and surface integrity. 

 

2.2. Computational Fluid Dynamics in Machining 

In recent years, Computational Fluid Dynamics (CFD) has emerged as a powerful tool in 

machining research. The coolant flow behavior in regions that are otherwise inaccessible 

during cutting operations can be accurately predicted and visualized by the application 

of CFD. In processes such as milling, where coolants play a vital role in controlling heat, 

maintaining lubrication, and evacuating chips, the direct observation of the coolant 

distribution near the cutting zone is very challenging as there are often visual 

obstructions, extreme temperatures, and intense mechanical loading associated. Typical 

experimental approaches, including thermocouple embedding and infrared imaging 

[31], most of the time are unable to provide desired insights on the coolant flow behavior 

due to the constraints in accessibility and resolution. CFD in this context poses as a viable 

option as it offers reliable modeling of fluid flow, heat transfer and tool-fluid interactions 

under conditions that closely resemble real machining phenomena [32].   

Several studies have explored the use of CFD to investigate both fluid flow patterns and 

thermal characteristics of machining. Works published by Johns et al. [7] and Fallenstein 

& Aurich [5] presented the effective implication of CFD in drilling to optimize coolant 

distribution and improve thermal management, depicted in Figure 2.2. Their research 

contained insights into the design of the cooling channel, flow uniformity, and reduction 

of the tool wear. Uhlmann et al. [6] developed more advanced models that integrated 

coolant flow prediction with thermal behavior. The approach was particularly 

interesting for the intermittent cutting processes like milling, as it worked the unique 

challenges of rapid temperature fluctuations and periodic tool engagement. Bräunig et 

al.[33] developed a CFD model to investigate the multi-phase coolant flow around cutting 

tools, highlighting how coolant distribution can impact thermal behavior and machining 

precision, as shown in Figure 2.3. Validated through experimental tests, their study 

emphasizes the need for accurate coolant flow modeling to achieve improved tool 

cooling and minimized thermal distortion, especially in high-speed machining. Naumann 
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et al. [34] implemented CFD simulations to make a comparison among cooling methods 

in machining. The outcomes indicated water-based cooling to be most effective in 

reducing tool temperature and machining performance. 

 

 

Figure 2.2 : Coolant volume fraction in the drilling simulation developed by Johns et al. 
[7]. 

 

Figure 2.3 : Comparison of experimental and simulated coolant flow in the study by 
Bräunig et al. [33].  
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The performance of external jet cooling has also been evaluated by CFD. A fluid-

structure-interaction (FSI) simulation was carried out by Brier et al. [35] to investigate 

the effects of thermal tool elongation during machining. Their approach took into 

account CFD and structural simulations to model and correct thermal deformations 

caused by coolant flow and cutting forces. The work signified the critical role coolant 

delivery systems play in enhancing thermal distribution and machining accuracy. 

Similarly, Brier et al. [36] also worked on a CFD model to assess convective heat transfer 

during jet cooling in milling, indicated by Figure 2.4. The outcomes indicated the 

importance of optimized coolant flow in achieving improved thermal management and 

machining precision. The milling cutter model developed by Najiha et al. [37] indicated 

that due to the geometrical barrier, coolant jets often do not reach the cutting edge. Their 

further work involving three symmetrically placed nozzles demonstrated improved 

coolant distribution; however, these models did not incorporate the factors of workpiece 

or chips [38]. 

 

Figure 2.4 : Volume fraction of coolant Flow noted in the study by Brier et al.[36]. 

Tool rotation adds a substantial level of complexity in coolant flow dynamics. Duchosal 

et al. [39] and Oezkaya et al. [27] emphasized it and highlighted the impact of high 

spindle speeds. It was presented that with high spindle speeds, centrifugal forces are 

generated, which can significantly alter the flow trajectory. If the coolant was supplied 

at a lower pressure, the flow jets might get deflected away and not reach the desired 

region of the cutting zone. It was interesting to note that within certain speed ranges, 

rotation could actually assist in directional cooling by enhancing the horizontal velocity 

component, which could result in contributing to the chip evacuation.  
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Oezkaya et al. [27] conducted simulations on internal cooling and observed the 

formation of cooling dead zones near the cutting edge, which they mentioned could not 

be eliminated by varying coolant pressure or modifying channel diameter. Later work by 

Biermann and Oezkaya[40], however, showcased how redesigning the outlet geometry 

internal channels could contribute to better flow focus and enhanced velocities (Figure 

2.5), and in mitigating these dead zones. In separate works, Zachert et al. [41] and Peng 

et al.[42] reported non-uniform coolant velocity and pressure distribution in 

conventional tools, showcased in Figure 2.6 and Figure 2.7. Their investigation revealed 

that the reason was flow separation and high turbulence caused by the sharp 

intersections and poor surface finish of the channels.  

Furthermore, cutting speed and fluid velocity ratios have been studied in relation to the 

Leidenfrost effect. Due to the Leidenfrost effect, coolants tend to vaporize prematurely 

at high surface temperatures. CFD results [43] depicted that when the coolant is directed 

at a velocity less than twice the cutting speed, the access to the tool-chip becomes 

increasingly difficult. At extreme spindle rotation, additional challenges occur, such as 

fluid cavitation and loss of contact, leading to further degradation of cooling 

performance.  

 

Figure 2.5 : Comparison of fluid volume distribution from the study of Biermann and 
Oezkaya [40]. 
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Figure 2.6 : Comparison of fluid velocity distribution from the study of Zachert et al. 
[41]. 

 

 

Figure 2.7 : Streamline of cutting fluid, outlet pressure and velocity distribution as 
reported by Peng et al.[42]. 

Despite the potential the practical implementation of CFD remains a challenge because 

of a number of technical limitations. The combination of complex cutting tool geometries, 

rotating motion, and coolant tribology makes it complicated to accurately realize the 

boundary conditions and generate high-quality mesh. It is also essential that a 

compatible turbulence model is applied, particularly for the cases of simulation of flows 

with rotational components and thermal gradients. Generally most models utilize k- ε or 

shear stress transport (SST) models but to achieve precise and reliable results, finer 

meshing near boundary layers and the correct definition of inlet and outlet conditions 

are often needed. 

Three-dimensional CFD simulations are generally preferred as they are able to simulate 

the full interaction between coolant flow and tool geometry, although they demand 

significant computational power to resolve fine-scale calculations in dense meshes. 3D 
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modeling enables the feature of vortical structures, a characteristic closely related to the 

rotating system and has a significant impact on turbulence intensity and energy 

dissipation. To identify and evaluate these flow structures techniques such as q-criterion 

and λ²-method are most frequently implemented [44]. 

Given the challenges observed in both experimental and numerical modeling, CFD has 

become a commonly used tool for optimizing tool design, designing cooling channels, and 

planning advanced machining. However, the successful application relies on a well-

constructed model, careful validation, and inclusion of realistic factors such as tool 

rotation, coolant properties, and thermal loads. CFD models can be leveraged to their 

maximum possible limit by integrating multi-physics models that simultaneously 

consider fluid flow, heat transfer, and structural deformation for applications involving 

internal cooling in rotating milling tools. 

 

2.3. Internal Cooling Channel Design and Optimization  

Achieving an effective system of internal coolant supply requires careful consideration 

of geometry and functional design that would ensure that the coolant reaches critical 

cutting zones without a significant energy loss. This is impacted by multiple interrelated 

factors, including the shape and layout of cooling channels, their cross-sectional design 

and manufacturing methods, coolant’s volumetric flow, and nozzle configuration. 

Analysis of these parameters is extremely challenging with experimental rigs, as 

accurate measurement is quite difficult to obtain. In this regard, CFD proves to be an 

essential tool that can qualitatively evaluate and describe the flow of the field. Hence, 

CFD simulations have become the pioneering tool to refine these features to enhance 

cooling and lubrication during machining. 

In order to maximize the benefits of internal cooling, the key concerns are on coolant 

supply pressure and internal channel geometry to ensure the uniform coolant supply to 

the tool-chip or tool-workpiece interface. Minimizing fluid mechanical loss, particularly 

the pressure drop, is considered an important objective here, as otherwise this can 

significantly diminish cooling performance. It was noted that while straight channels in 

general fulfill this criterion and offer very good flow efficiency, their limitation lies in 

reaching the intricate cutting zone. Therefore, branched channels are in more use 

compared to the straight channels, although typical drilling of branched channels adds 

complexities such as sharp intersections that disrupt the flow and might contribute to 
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the adverse effects of backflow, reduced outlet pressure, diminished jet velocity and 

occasional cavitation [20]. 

CFD simulations have proposed the introduction of transition radii at intersections to 

mitigate this issue. The study by Kelliger et al. [45] indicated that with the addition of a 

5 mm transition radius, volumetric flow rates saw a significant rise of 27 % compared to 

the channels with only sharp-edge intersections (Figure 2.8). It was also reported that 

with the further increase of radius, the velocity distribution got better. Zachert et al. [41] 

conducted similar research, where their design included a 30-degree radius in place of 

the sharp corner, and resulted in 23% more volumetric flow. These findings point out 

the need for smooth transitions to obtain an enhanced flow efficiency and uniformity. 

 

Figure 2.8 : Velocity profiles from CFD analysis of internal cooling channels with 
varying transition radii, based on the findings of Kelliger et al. [45]. 

The cross-sectional shape and size of the internal channels have a direct impact on the 

cooling capacity and the tool’s structural stability. Circular cross-sections are widely 

used in most applications as they often provide the benefits in terms of favorable 

hydraulic radius, pressure resistance, and minimized stress concentration. However, 

studies suggest that for additively manufactured tools, this option might not be ideal. As 

Kelliger et al. [45] reported, better performance of horizontally built triangular cross-

sections was observed when applied in a similar area. Nonetheless, it is still quite 

complicated to incorporate such geometries into the curved paths without overhangs; 

there is a high risk associated with the possibility of generating poor orientation during 

printing. 

In addition, there is a concern of surface roughness inside the channels that can hinder 

the flow. Kugaevskii et al. [46] showed that tools manufactured by selective laser melting 
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(SLM) can achieve mechanical strength compared to the conventional tools; there might 

be a need for post-processing, such as abrasive flow machining, to function properly. 

The volumetric flux of coolant is an important parameter when evaluating cooling 

performance and it is closely tied to the channel cross-sectional area. Klocke et al. [47] 

and Oezkaya et al. [27] confirm the benefits of higher flux to improve heat removal, chip 

evacuation, and surface finish. However, there is a potential barrier that compromises 

the tool stiffness. Therefore, there should be a trade-off between thermal efficiency and 

mechanical integrity, and a right balance needs to be employed, particularly when 

dealing with heat-sensitive materials like Inconel 718.   

The nozzle design of internal cooling systems involves three key aspects, posture, shape, 

and number (Figure 2.9) [20]. The nozzle posture refers to its position and orientation, 

which dictates whether the coolant should be directed at the tool-chip or tool-workpiece 

interface [48]. When the coolant jet targets the tool-chip interface, the cutting 

temperature reduces so as the cutting force. But problems arise in the form of crater 

wear produced by the direct impact on the rake face, which is associated with high-

pressure coolant flows resulting in high impact velocities. On the other hand, aiming 

coolant flow at the tool-workpiece interface is useful in obtaining a better surface finish 

as a lubricating layer is produced at the interface. The most effective cooling 

configuration utilizes the benefits of both modes, though it is very complicated to 

implement due to the structural limitations [49], [50]. 

 

Figure 2.9 : Cutting fluid supply at different nozzle orientations [20]. 
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There are still no standardized guidelines or universally accepted criteria for optimizing 

nozzle orientation. Most designs are developed through trial and error, leading to a great 

variety of constructions [51]. Nonetheless, it is well established that the closer the nozzle 

is positioned to the cutting edge, the better the coolant focus and energy delivery [45]. A 

similar principle is applicable to nozzle shape also. The more narrow and concentrated 

the jet are minimal is the fluid dispersion. Regarding the nozzle number, the general 

recommendation is to employ at least one nozzle at the rake face of each cutting edge. To 

obtain enhanced performance, multi-nozzle configurations are implemented to cool both 

rake and flank faces, enabling much better lubrication and thermal control [20]. 

 

2.4.  Research Gap and Summary 

The reviewed literature provides valuable insight into how CFD can be applied to 

simulate coolant flow and optimize cooling systems in machining, particularly for the 

instances in end milling. However, there are still gaps that need to be worked upon to 

gain a complete understanding of coolant flow dynamics and their implications on 

machining performance. 

In spite of substantial research on CFD simulations, much remains unexplored regarding 

coolant behavior in the dynamic and complex context of end milling. Studies such as 

those by Bräunig et al. [33] and Naumann et al. [34] emphasized the need for accurate 

models to capture the interaction between coolant and rotating tools. However, there is 

still a lack of experimental validation under real-world conditions. This gap calls for a 

more reliable simulation approach that considers high-speed cutting, coolant flow rate, 

and changes in geometry. 

While CFD is an established and powerful tool for modeling coolant behavior, it has often 

been used independently without following a systematic approach. To get a 

comprehensive evaluation of the interacting parameters, it is required that the 

simulations be performed in a systematic manner. The Design of Experiments (DOE) 

concept provides a structured framework through which multiple factors affecting 

coolant performance can be evaluated simultaneously. In fact, there is great potential in 

integrating CFD with DOE to optimize the internal cooling system. This CFD-DOE 

approach can be useful in identifying the key parameters that significantly impact 

cooling efficiency. 
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In the context of optimizing internal cooling systems in end milling, there still exists a 

significant gap. Several studies, including Kelliger et al. [45], have focused on redesigning 

channel geometry and reducing pressure loss, but there is still a lack of applicable 

solutions that can integrate these designs with the real-time machining environment. 

Hence, a comprehensive multi-physics simulation is required that combines tool design, 

workpiece geometry, and machining and lubrication phenomena to better understand 

the impact of coolant flow in machining. 

Many existing models have overlooked tool-specific variations that can significantly 

impact coolant flow dynamics. Brier et al. [36] mentioned that while surrogate models 

can be useful in addressing this issue, they still need to be redefined before application 

across different tool types and machining environments. This highlights the requirement 

for a generalized model that can be relied upon to predict coolant performance for 

diverse tool designs and cutting conditions, replicating real-world milling scenarios. 

From the existing literature, it is clear that CFD modeling has high significance in 

optimizing internal coolant flow in end milling, although several research gaps still 

persist. The gaps can be summarized in terms of limited understanding of coolant 

behavior, the lack of an integrated CFD-DOE approach and challenges in implementing 

CFD models in actual machining. Addressing these gaps and resolving them is crucial for 

advancing cooling design and achieving high-performance milling. 

  

  



20 

Chapter 3  

Methodology 

3.1. Research Design 

In this study, a Computational Fluid Dynamics (CFD) model was developed to conduct 

the simulation of the coolant flow in end mill operations with an internal coolant supply 

system. The primary focus was to evaluate the flow morphology and to investigate the 

supply of coolant in the desired regions of the cutting zone. Particularly in dynamic 

machining and coolant conditions, it was important to monitor the coolant behavior. 

Additionally, the research intended to compare the variation of workpieces that was 

impacting the cooling performance. With the implication of the Design of Experiment 

(DOE), the goal was to obtain a numerical model that can be implemented in a broader 

perspective and would be helpful in the optimization of the coolant performance in 

machining. In order to ensure the accuracy and reliability of the CFD model, the 

simulation results were validated through surrogate experiments. Experiments were 

conducted in the workshop, using similar operating conditions as the CFD simulations, 

and the coolant flow behavior was monitored subsequently. By comparing the 

simulations with experimental observations, the study made sure the reliability of the 

developed CFD model to serve as a strong tool for future investigations into coolant flow 

dynamics. 

The methodology employed in this study is illustrated in the flowchart in Figure 3.1. At 

first, a comprehensive CFD was constructed that includes the tool design, workpiece 

geometry, coolant system, and boundary conditions representing the operating 

phenomena. Then, with the help of DOE, key input parameters such as workpiece 

geometry, coolant type, tool rotation, and coolant flow rate were structured to be 

implemented in the model. After that, simulations were performed following the 

organization of the DOE, and outcomes were noted down. Next, real-life cooling was 

performed, replicating the constraints applied in a surrogated CFD model, and a 

comparison of coolant flow behavior was made. Finally, results from the actual CFD 

model were analyzed to obtain an insight into the optimization of coolant performance. 
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Figure 3.1 : Methodology flowchart for CFD analysis and coolant optimization. 

 



22 

3.2. CFD Model Development 

To analyze the internal coolant flow behavior in milling, a compatible tool design was 

needed. For this study, a simplified tool geometry was developed on the basis of the 

commercial Harvi Ultra 8X end mill from Kennametal, as presented in Table 3.1 and 

Figure 3.2  [52]. In CFD software environment, it was essential that complexity is reduced 

as much as possible while maintaining functional accuracy to fully optimize the 

computational power. In the developed tool, the original coolant nozzles were replaced 

with evenly placed cylindrical holes along the tool’s circumference. The approach was 

sent to Kennametal, and their feedback confirmed that the simplification was acceptable 

for simulation purposes. 

The tool design incorporated a total of 24 holes. There were four large holes, each 2 mm 

in diameter, at the end of the tool and twenty small holes, each 1.4 mm in diameter, 

equally distributed above them. With the selected configuration, a consistent and 

balanced coolant distribution was expected to be achieved as all holes were uniformly 

spaced along the flutes.  The geometry was created in SolidWorks. The tool length and 

diameter were 98 mm and 63 mm, respectively, retaining the dimensions of the 

commercial tool. It includes 4 flutes completing one full revolution along the tool’s 

length. After the construction, the final geometry was exported for meshing and CFD 

simulation. 

Parameter Specification 

Tool Type Simplified Harvi Ultra 8X 

Total Number of Coolant Holes 24 

Large Coolant Channels 4 holes, 2 mm diameter, near tool end 

Small Coolant Channels 20 holes, 1.4 mm diameter, above large holes 

Hole Distribution Evenly spaced along flutes 

Number of Flutes 4 (helical, one full revolution) 

Tool Length 98 mm 

Tool Diameter 63 mm 

Modeling Software SolidWorks 

Table 3.1: Geometrical specifications of the modeled end mill tool. 
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Figure 3.2 : (a) Original Harvi Ultra 8X tool [52] and (b) simplified tool geometry with 
coolant channels. 

For the current work, two distinct workpiece profiles, flat and curved, were 

considered.  The flat workpiece was selected to simulate a typical planar surface, widely 

encountered in standard machining. On the other hand, curved workpiece replicated 

complex contoured surfaces found in components such as turbine blades or biomedical 

components. This selection was particularly interesting to observe the influence of 

curvature on flow behavior. The inclusion of both workpiece shapes ensured that the 

study addressed practical considerations of both standard and advanced manufacturing 

applications.    

The components of the model were imported and defined in ANSYS Design Modeler. The 

system includes a simulation domain of 200 mm × 200 mm × 200 mm, inside which the 

milling tool, the workpiece, and a plate are placed to replicate the real-life machining, 

indicated in Figure 3.3. 

Meshing was done in ANSYS Meshing by utilizing a CFD-oriented approach in order to 

correctly capture complex flow features within the internal coolant system, shown in 

Figure 3.4 . To obtain an effective mesh, a linear element order was used, and CFD physics 

preference was implemented with solver compatibility enabled for CFX. For the entire 

domain, a global element size of 0.01 m was applied uniformly.  A local face sizing was 

introduced at the coolant channel inlet, refining the mesh to 0.0005 m. It was necessary 

to achieve an enhanced resolution in this critical flow region. The domain includes flutes 

and internal channels on the tool, and hence, curvature and proximity-based refinement 

were activated to improve the mesh conformity. In addition, mesh quality control was 

turned on with medium smoothing and a target skewness of 0.9. 
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The final mesh statistics, as presented in Table 3.2, included approximately 199,000 

nodes and 930,000 elements, which ensured a balance between numerical precision and 

computational cost. Before setting the solver settings, key mesh metrics such as element 

quality and minimum edge length were observed, and they were found to be within the 

acceptable standards of CFD analysis. 

 

Figure 3.3 : CFD model setup in ANSYS showing the fluid domain (200 × 200 × 200 
mm) containing the milling tool, workpiece, and mounting plate. 

 

Figure 3.4 : (a) Global mesh view and (b) Localized refinement near coolant inlets. 

 

 



25 

Parameter Value / Setting 

Physics Preference CFD 

Solver Preference CFX 

Element Order Linear 

Global Element Size 0.0100 m 

Face Sizing (Coolant Inlet) 0.0005 m 

Curvature and Proximity Capture Enabled 

Smoothing Medium 

Target Skewness 0.9 (Default) 

Nodes 199,394 

Elements 930,475 

Table 3.2 : CFD meshing parameters and settings. 

ANSYS CFX, as the CFD solver, was utilized to perform the simulation of internal coolant 

flow. The analysis was carried out under the approximation that the system is in a steady, 

incompressible, and isothermal state. It was assumed that no heat transfer, radiation, or 

phase change was occurring as the study explicitly focused on the flow dynamics. 

The CFD simulation is rooted in the numerical solution of the Navier–Stokes equations, 

which explain the fundamental laws governing fluid motion [53], [54]. This covers 

mathematical expressions such as the continuity equation (3.1) and the momentum 

equation (3.2). Because the current study dealt solely with the hydrodynamic aspects of 

the coolant flow, thermal and compressibility effects were disregarded, and the energy 

equation was not involved.  

𝛻𝜐 =
𝜕𝜐𝑥

𝜕𝑥
+

𝜕𝜐𝑦

𝜕𝑦
+

𝜕𝜐𝑧

𝜕𝑧
 3.1 

𝜌 (
𝜕𝑣

𝜕𝑡
+  (𝜐 · 𝛻) 𝜐) = 𝑓 −  𝛻𝑝 + 𝜂 · ∆𝜐 3.2 

   

Here, symbols are denoted as ρ (density), f (volume force), t (time), p (pressure), υ 

(velocity), η (dynamic viscosity), and x, y, z (spatial directions).  
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To account for the turbulence, the Shear Stress Transport (SST) formulation of the k-ω 

model was employed. The model solves two additional transport equations for turbulent 

kinetic energy (k) and specific dissipation rate (ω). It was expected that with these 

settings, the simulation would accurately capture near-wall effects and rotational flow 

behavior. 

The simulation domain as depicted in Figure 3.5, consisted of a rotating fluid region that 

included the milling tool, a static fluid region surrounding it, and adjacent solid regions 

to specify the tool, workpiece, and mounting plate. Two immiscible fluids, such as the 

coolant and air, were defined as continuous fluids in the fluid domains. ANSYS CFX 

Material Library was utilized to assign material properties. The domain was set as 

buoyant, and gravity was applied in the global z direction to account for gravity-

influenced effects. 

The rotating domain was applied with angular velocity about the global z-axis to 

incorporate the tool rotation. At the fluid-fluid interface, the Frozen Rotor model was 

assigned to couple the rotating and stationary domains. This allowed a steady-state 

approximation of relative motion in place of computationally demanding transient 

computation. Throughout the simulation, the geometry stayed rigid; hence, the mesh 

deformation option was disabled. 

 

Figure 3.5 : Domain setup for CFD simulation. 
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Table 3.3 summarizes the boundary conditions applied in the simulation. There was a 

mass flow inlet to introduce the coolant, a pressure opening, and wall conditions for both 

the rotating tool and the enclosed surfaces. It was necessary to specify volume fractions 

of air and coolant to define phase dominance at the respective boundaries. Additionally, 

wall settings were input based on the domain configuration. 

Boundary Type Specification 

Coolant Inlets Mass flow inlet Flow rate (kg/s) and coolant volume fraction 

set to 1.0 

Opening Pressure Opening Pressure set to 0 Pa (gauge) and air volume 

fraction set to 1.0 

Tool Wall Wall Rotating wall motion with default no-slip 

condition 

Enclosure Walls Wall Stationary wall with default no-slip condition 

Table 3.3 : Summary of boundary conditions used in the CFD simulation. 

The solver settings were configured in such a way that they could ensure numerical 

stability, efficient convergence, and accurate representation of the flow patterns of the 

coolant. To account for the stability and accuracy, a high-resolution advection scheme 

and a first-order turbulence numerical scheme were applied. Root mean square (RMS) 

residuals were implemented to track the convergence, with a target threshold of 1.0 × 

10⁻⁴. In addition, conservative automatic timescale was selected with a timescale factor 

of 0.5. This selection smoothens the balance between stability and convergence rate. A 

depiction of solver settings is shown in Table 3.4 . 

Simulation Type Steady-State 

Advection Scheme High Resolution 

Turbulence Numerics First Order 

Residual Target (RMS) 1.0 × 10⁻⁴ 

Timescale Control Auto (Conservative) 

Timescale Factor 0.5 

Turbulence Intensity Medium (5%) 

Table 3.4 : Solver control settings. 



28 

After each CFD simulation, quantitative flow parameters relevant to coolant delivery 

performance were analyzed in ANSYS CFX-Post. A fixed reference location was created 

within the computational domain for the calculation as presented in Figure 3.6, which 

ensured consistency in the comparability of all simulated cases. 

The reference location was located at the YZ-plane, replicating the actual cutting-zone 

plane with a dimension of 200 × 10 mm rectangle. The position and the structure of the 

plane were oriented such that it would intersect the tool-workpiece engagement region, 

where the coolant interaction is most critical. The spatial dimension of the plane was 

kept the same for every simulation and was implemented as a basis for extracting all key 

performance indicators. 

 

Figure 3.6 : Reference plane positioned at the cutting zone for coolant flow evaluation 
(a) Flat Workpiece (b) Curved Workpiece. 

Four key parameters from the cutting-zone plane were obtained to evaluate the 

performance of the coolant delivery. The first one was average coolant velocity (m/s), 

measured as the area-weighted average of the coolant-phase velocity over the cutting-

zone plate. It represented the mean jet speed in the target region and was closely linked 

with the coolant’s penetration capability, convective heat removal, and chip evacuation 

efficiency. A higher average velocity would generally indicate the formation of a more 

energetic jet; however, excessively high velocities could initiate splashing or jet 

deflection. The average coolant volume fraction, defined by the area-weighted mean of 

the coolant phase volume fraction, indicated the proportion of the sampled plane 

occupied by the coolant compared to the air. Values approaching unity meant dense 

coolant coverage, while lower values suggested high affinity of air.  A meaningful contact 

between the coolant and the cutting zone is required for efficient heat dissipation and 

lubrication. To account for the spatial extent of this, the parameter coolant coverage area 

fraction (%) was introduced. It was expressed as the percentage of the plane’s surface 
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where the coolant volume fraction exceeded a threshold limit of 0.1. The threshold was 

implied to filter out the negligible amount of coolant formed as fine mist and to consider 

only the effective liquid impingement. The last parameter considered was the turbulence 

kinetic energy (m²/s²), computed as the area-weighted mean of the coolant-phase 

turbulence kinetic energy.  It provided a measure of the energy associated with velocity 

fluctuations. While elevated turbulence can be useful for mixing and convective heat 

transfer, after a certain limit, it might cause jet dispersion and directional instability. 

 

3.3. Design of Experiments (DOE) Framework 

In this study, the design of experiments (DOE) framework was implemented to organize 

the simulation run. The DOE method is widely used to systematically investigate the 

influence of key input parameters, and for the current research, it would be useful to 

understand each input’s contribution to the output flow parameters [23]. The primary 

target was to evaluate the optimization in coolant performance with the help of response 

surface methodology (RSM), particularly through central composite design (CCD). This 

approach was able to effectively capture both linear and nonlinear effects across 

multiple variables. 

The factors considered in this DOE were workpiece type, rotational speed, and coolant 

flow rate. Aside from these, variation of coolant type was also investigated, but it was not 

included in the DOE framework. Water and water-based semi-synthetic coolants are 

commonly applied in industrial machining for their cooling and lubricating properties, 

and the study considered both of them to observe any potential variation in the flow 

patterns. Physical properties of water and water-based semi-synthetic coolant utilized 

in the simulation are stated in Table 3.5. 

Property Water water-based semi-

synthetic coolants 

Density [kg/m3] 997 990 

Dynamic Viscosity [Pa⋅s] 8.899 x 10−4 1.26 x 10-3 

Thermal Conductivity [W/(m·K)] 0.6069 0.533 

Specific Heat [J/(kg·K)] 4181.7 4118.8 

Table 3.5 : Physical properties of water and water-based semi-synthetic coolant [55]. 
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Factor levels in DOE are vital, and it was essential that the levels of each factor were 

chosen with established relevance.  For the workpiece type, flat and curved were 

selected, as one accounts for the most typical milling while the other represents the 

milling in advanced applications. The rotational speed of the tool ranged from 250 RPM 

to 750 RPM in alignment with the tool specifications of HARVI™ Ultra 8X [52]. The lower 

speed of 250 RPM is representative of roughing on the other hand, the higher speed of 

750 RPM is indicative of finishing. From the performance curve of the HARVI™ Ultra 8X 

tool as presented in Figure 3.7, the lower and higher values of 20 l/min and 30 l/min for 

the coolant flow rate were chosen [56]. Though at the higher flow rate up to 30 l/min, 

the cooling is enhanced, it comes with the cost of higher energy consumption. Therefore, 

a considerable range of flow rates was required to mimic the real-world machining 

conditions. 

 

Figure 3.7 : Power consumption versus coolant flow rate for various milling tools, 
highlighting the HARVI™ Ultra 8X [56]. 

Using the CCD design in Minitab, a total of 26 simulations were planned, 13 simulation 

runs for each workpiece type. The implication of CCD design facilitated the evaluation of 

both main effects and interaction effects, providing a comprehensive insight into both 

linear and nonlinear effects on coolant behavior. DOE factors and levels are noted down 

in Table 3.6 while DOE setup is shown in Table 3.7. 

Factor Type Levels 

Workpiece Type Categorical 2 (Flat, Curved) 

Rotational Speed Numeric 2 (Low: 250 RPM, High: 750 RPM) 

Coolant Flow Rate Numeric 2 (Low: 20 l/min, High: 30 l/min) 

Table 3.6 : DOE factors and levels. 
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This setup made sure a structured exploration of the key factors impacting the coolant 

flow and subsequently enabled the development of an empirical RSM, which would be 

useful in predicting coolant performance across varying operating conditions.  

Workpiece Type Rotational Speed (RPM) Coolant Flow Rate (l/min) 

Flat 146.447 25 

Flat 250 20 

Flat 250 30 

Flat 500 17.9289 

Flat 500 25 

Flat 500 25 

Flat 500 25 

Flat 500 25 

Flat 500 25 

Flat 500 32.0711 

Flat 750 20 

Flat 750 30 

Flat 853.553 25 

Curved 146.447 25 

Curved 250 20 

Curved 250 30 

Curved 500 17.9289 

Curved 500 25 

Curved 500 25 

Curved 500 25 

Curved 500 25 

Curved 500 25 

Curved 500 32.0711 
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Curved 750 20 

Curved 750 30 

Curved 853.553 25 

 Table 3.7 : DOE simulation matrix showing the factor levels for workpiece type, 
rotational speed, and coolant flow rate. 

 

3.4. Model Validation Approach 

The reliability of the developed CFD model is verified by conducting a series of surrogate 

experiments with three distinct tools under controlled operating conditions. These 

experiments serve as substitutes for the commercial Harvi Ultra 8X [52], the tool used in 

the current study, given that the model was developed on the basis of an idealized tool 

design. The objective here was to monitor whether the developed CFD model can 

accurately replicate the coolant flow pattern observed in the real-world conditions. This 

was required to validate the model’s reliability for further applications. 

All the experiments were performed on the DECKEL MAHO DMC 850 V CNC Vertical 

Machining Center, presented in Figure 3.8 [57]. The machine tool was equipped with a 

high-pressure cooling system and precise tool holders, which enabled a thorough 

analysis of coolant delivery and its impact on machining. The tools used in the 

experiments are depicted in Figure 3.9. 

  

Figure 3.8 : Experimental Setup: (a) DECKEL MAHO DMC 850 V CNC Vertical 
Machining Center and (b) The coolant pump system. 
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The tool 1 was a Seco Tools milling cutter with an indexable insert, commonly utilized 

for high-precision milling. The geometry of the tool included a cutting diameter of 25 mm 

and a functional length of 30 mm. It was equipped with two integrated coolant nozzles 

that directed the coolant directly to the cutting edge [58]. Tool 2 represented a solid 

carbide twist drill with an HSK-A63 DIN69893-A tool holder. The tool was well suited for 

high-speed, high-precision drilling. It had a diameter D of 10 mm with a drilling depth of 

5×D and featured two coolant nozzles to generate an optimized internal coolant 

delivery[59]. Gühring VHM radius cutter was used as the tool 3, which was particularly 

designed for precision radius milling. The cutting diameter of the tool was 11.5 mm, 

while it had a length of 120 mm. Compared to tool 1 and tool 2, it had four cooling 

channels for effectively cooling the machining regions [60]. 

 

Figure 3.9 : Tools Used in experiment. 

The experiments were conducted under carefully controlled operating parameters. For 

each tool, a consistent flow rate of water was maintained, and the flow dynamics were 

observed at three rotational speeds of 200 RPM, 500 RPM, and 1000 RPM. No workpiece 

was included in the experiments, as the focus was solely on the coolant flow pattern at 

varying tool rotation. Flow rates applied for each tool are calculated in Table 3.8. 

Images of the coolant flow were captured for each experiment. This results in 9 unique 

images generated from 3 tools at 3 rotational speeds. These snapshots served as the 

visual representation of the experimental results and were compared with the developed 

CFD model. 
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Tool Measured Coolant 

Volume (l) 

Time (s) Calculated flow rate (l/min) 

Tool 1 2.25 5.73 23.56 

Tool 2 1.05 5.83 10.81 

Tool 3 1.05 5.74 18.82 

Table 3.8 : Calculated flow rates (l/min) for each tool based on measured coolant 
volume and time. 

The simplified geometry of three tools was incorporated in the defined CFD model, with 

identical coolant flow rates and rotational speeds as in the experiments. The simulations 

were executed, and the generated coolant flow fields were placed side by side with the 

experimental images. 
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Chapter 4  

Results and Discussion 

4.1. Model Validation with Experiments 

A direct comparison was made between the experimental observations and simulations 

to establish the reliability of the CFD model. Three surrogate cutting tools were tested 

under identical coolant flow rates and rotational speeds of 200, 500, and 1000 RPM. The 

experimental measures were taken as the images of coolant jets for each case, while 

coolant volume fraction renderings served as the representation of the simulation 

results. The images were placed side by side for experiments and simulations to evaluate 

the agreement, as represented by Figure 4.1, Figure 4.2, and Figure 4.3. 

At lower rotation speeds (200 RPM), the output showed an excellent match, with the 

simulation perfectly capturing the coolant jet shape and trajectory. At intermediate 

speeds (500 RPM), a small deviation was observed as the jet appeared slightly wider in 

experimental images. Nevertheless, the model could accurately replicate the jet direction 

and spread despite minor physical disturbances such as mist formation in the 

experiment, which the CFD inherently smooths out. At higher speed (1000 RPM), the 

differences between experiment and simulation become a little more apparent. It 

occurred as coolant jets exhibited more visible atomization and deflection due to the 

strong centrifugal effects but the differences were not significant enough to undermine 

the model’s predictive power. The coolant coverage and flow field remained closely 

aligned between both approaches. 

The assessment demonstrated that the developed CFD model was capable enough to 

accurately reproduce the main coolant flow features observed in practice. Minor 

variations at the high spindle speeds are rooted in the complex physical phenomena, 

such as droplet breakup, mist formation, and small-scale turbulence, which are difficult 

to identically replicate in a steady-state CFD model. However, the close overall 

agreement implied confidence in the developed model, ensuring the model could be 

relied on for subsequent analysis of coolant delivery performance. 
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Figure 4.1: Experimental vs. CFD comparison for Tool 1. 

 

Figure 4.2: Experimental vs. CFD comparison for Tool 2. 
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Figure 4.3: Experimental vs. CFD comparison for Tool 3. 

 

4.2. Mesh Independence Test 

In computational fluid dynamics (CFD), it is essential that the discretization of the 

computational domain is done correctly, as the accuracy of the numerical prediction 

depends on this. While a coarse mesh fails to capture key flow features, a very fine mesh 

consumes a high computational power without meaningfully improving the accuracy. In 

addition, there is a possibility that overly fine meshes violate the CFL Condition 

(Courant–Friedrichs–Lewy condition, 𝐶 = 𝑎.
Δt

Δx
 ≤ 1, where a is the flow speed, Δ t is the 

time step, and Δ x is the cell size). This type of occurrence could hamper the numerical 

stability unless the time step is adjusted. Therefore, a balance was required to make sure 

that the optimized computation was utilized while preserving the simulation accuracy. 

Mesh independence test, a widely adopted technique in the context of CFD, was applied 

in this study to serve this purpose. 
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Three mesh densities, coarse, medium, and fine, were generated by modifying the global 

element size and the local sizing at the nozzle inlet. All other setup parameters, including 

boundary conditions, solver settings, and physical models, were kept the same. The test 

was performed under a representative operating condition that utilizes water as a 

coolant with a flow rate of 25 l/min, in correspondence with a tool rotation of 500 RPM 

and a workpiece with a flat geometry. The configuration was determined as a baseline to 

examine the mesh sensitivity with the absence of any additional complexities from 

variable operating conditions, workpiece geometry, or fluid properties. 

Table 4.1 and Table 4.2 represent the number of nodes and elements for each mesh type, 

along with the key performance parameters monitored in the cutting-zone plane. 

For each mesh configuration, the following key coolant flow metrics were recorded at 

the cutting-zone plane: average coolant velocity (m/s), average coolant volume fraction, 

coolant coverage area (%), and turbulence kinetic energy (m²/s²). 

A significant deviation from medium mesh was observed at the coarse mesh, with 

velocity reduced by 9.4%, coolant volume fraction increased by 10.3%, coverage area 

increased by 2.2%, and turbulence kinetic energy reduced by 4.1%. The differences 

suggested the lack of desired accuracy in resolving coolant flow dynamics at the coarse 

mesh. In contrast, when the fine mesh was applied, the differences were minimized. For 

all parameters, deviations remained within the range of 1–2% (velocity −0.58%, volume 

fraction −1.27%, coverage area −0.95%, and turbulence kinetic energy −0.58%), which 

is generally considered acceptable in CFD practice. 

Mesh 
Level 

 

Global Element 

Size (m) 

Nozzle Inlet 

Element Size (m) 

Nodes Elements 

Coarse 0.02 0.005 130,395 630,654 

Medium 0.01 0.00050 199,394 930,475 

Fine 0.0035 0.00010 281,640 1350,010 

Table 4.1: Element sizes and mesh counts for each mesh level. 
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Mesh 
Level 

 

Average Coolant 

Velocity (m/s) 

Average 

Coolant 

Volume 

Fraction 

Coolant 

Coverage 

Area (%) 

Turbulence 

Kinetic Energy 

(m²/s²), 

Coarse 4.13668 0.141606 69.5478 0.221584 

Medium 4.56551 
 

0.128415 
 

68.0248 
 

0.231074 
 

Fine 4.53918 
 

0.126784 
 

67.3815 
 

0.229731 
 

Table 4.2 : Key coolant flow metrics for each mesh level. 

The differences can be well visualized in Figure 4.4, which depicts the percentage 

deviation of the coarse and fine meshes compared to the medium mesh across all key 

parameters. It highlights the close matches of medium mesh with the fine mesh, 

confirming convergence. Therefore, for all simulations in this study, the medium mesh, 

with 199,394 nodes and 930,475 elements, was adopted as it confirmed a balance 

between accuracy and computational efficiency. 

 

Figure 4.4 : Percentage deviation of coarse and fine mesh results relative to the 
medium mesh for key flow parameters. 

 



40 

4.3.  Influence of Coolant Type 

Water and water-based semi-synthetic coolants were employed in the simulation, and 

their influence on the performance was evaluated in terms of four key parameters: 

average coolant velocity (m/s), average coolant volume fraction, coolant coverage area 

(%), and turbulence kinetic energy (m2/s2). To distinctly observe the effect of coolant 

type, the simulation was executed under a fixed baseline condition of 500 RPM and 25 

l/min with the flat-shaped workpiece. The outcome revealed only marginal variations 

across all parameters and identified their impact on delivery performance to be very 

similar. 

From the ANSYS CFX-Post, it was found that water achieved slightly higher average 

velocity (4.565 m/s) compared to the semi-synthetic coolant (4.549 m/s). A similar 

trend was noticed for other parameters also.  The coolant volume fraction and coverage 

area remained slightly higher for water (0.1284 and 68.02% respectively) than the semi-

synthetic fluid (0.1279 and 67.71%, respectively). Turbulence kinetic energy values 

followed the same pattern with water (0.231 m²/s²) exceeding the semi-synthetic 

coolant (0.226 m²/s²) by a small margin.  Overall, these differences were very minimal 

within the range of 1% to 2% indicating that coolant type has negligible to no influence 

on the coolant delivery characteristics under the studied conditions. The key reason for 

this was due to the very similar viscosity properties of the coolants. 

The outcomes are summarized in Figure 4.5, while a comparison of coolant streamlines 

and volume fraction renderings are depicted in Figure 4.6 and Figure 4.7. 

Given that the utilization of the Design of Experiments (DOE) framework in this study 

was intended to systematically assess the factors that produce significant variation, it 

was understood that the inclusion of coolant type as a DOE factor would be unnecessary. 

As the performance differences between water and semi-synthetic coolant are very 

insignificant, including it would result in substantially increased computational effort 

without yielding any additional insights. 

The finding aligns with the literature that reports that the physical properties of water-

based semi-synthetic coolants closely approximate those of pure water, particularly in 

terms of density and thermal transport behavior. Consequently, comparable 

hydrodynamic performance in the internal cooling channel was noticed for both fluids. 

Hence, it was concluded that while coolant type can have a role in tribological aspects of 
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machining performance, from a purely fluid-flow perspective, the influence is negligible, 

and it was reasonable to exclude it from the DOE framework.  

 

 Figure 4.5 : Comparison of water and semi-synthetic coolant for (a) Average velocity 
(m/s), (b) Volume fraction, (c) Coverage area (%), and (d) Turbulence kinetic energy 

(m2/s2). 

 

Figure 4.6: Comparison of coolant streamlines for (a) water and (b) semi-synthetic 
coolant under identical conditions, indicating negligible impact of coolant type on flow 

behavior. 
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 Figure 4.7: Comparison of coolant volume fraction renderings for (a) water and (b) 
semi-synthetic coolant under identical conditions, indicating negligible impact of 

coolant type on flow behavior. 

 

4.4. Influence of Operating Parameters and Geometry 

(DOE Analysis) 

As outlined in Chapter 3, the impacts of changing functional conditions and workpiece 

surface were systematically examined through a Design of Experiment (DOE) 

framework. Implemented Central Composite Design (CCD) in Minitab enabled the 

assessment of both linear and quadratic effects for three factors, namely workpiece 

geometry (flat vs. curved), rotational speed (250–750 RPM), and coolant flow rate (20–

30 l/min). In order to construct a robust statistical coverage, a total of 26 simulations 

were executed. 

Four quantifiable response metrics, average coolant velocity, average coolant volume 

fraction, coolant coverage area, and turbulence kinetic energy (TKE), were extracted 

from the cutting-zone plate and were employed in the statistical structure. The DOE 

results were presented and interpreted using Minitab outputs, including summarized 

ANOVA (Analysis of Variance) table, Pareto chart, main effect plots, response surface 

plots, and contour plots. 

 

4.4.1. Analysis of Average Coolant Velocity 

Table 4.3 depicts the ANOVA P-value summary for average coolant velocity. The values 

stated that all three primary factors, rotational speed (P = 0.000), coolant flow rate (P = 

0.000), and workpiece geometry (P = 0.000), could induce a significant impact at the 95% 
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confidence level. In terms of two-way interactions, rotational speed × geometry (P = 

0.000) and flow rate × geometry (P = 0.001) had a considerable effect, while the 

combined effect of speed × flow interaction (P = 0.336) did not change the average 

coolant velocity that much. These findings were further illustrated in the Pareto chart 

(Figure 4.8). The chart indicates the clear dominance of coolant flow rate (Factor B) in 

determining the jet’s momentum. 

Source P-Value 

 

Linear 

Model 

Rotational Speed (RPM) 0.000 

Coolant Flow Rate (l/min) 0.000 

Workpiece Type 0.000 

 

Square 

Model 

Rotational Speed (RPM)×Rotational Speed (RPM) 0.148 

Coolant Flow Rate (l/min) ×Coolant Flow Rate (l/min) 0.777 

 

2-Way 

Interaction 

Model 

Rotational Speed (RPM) ×Workpiece Type 0.000 

Coolant Flow Rate (l/min) ×Workpiece Type 0.001 

Rotational Speed (RPM) ×Coolant Flow Rate (l/min) 0.336 

 Table 4.3 : ANOVA P-value summary for average coolant velocity. 

 

Figure 4.8:  Pareto chart of standardized effects for average coolant velocity. 
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The main effect plots for average coolant velocity are shown in Figure 4.9. As can be seen, 

the change of coolant flow rate resulted in the steepest slope, confirming the strongest 

impact on the velocity. Increasing rotational speed also had a positive impact on the 

velocity, though less pronounced. Shifting from the flat workpiece to the curved 

workpiece resulted in a slightly higher velocity, but the impact was much less than the 

coolant flow rate and rotational speed. These findings were consistent with the ANOVA 

and Pareto results and further confirm the dominance of flow rate in controlling coolant 

velocity.  

 

Figure 4.9 : Main effect plots for average coolant velocity. 

To further investigate the effects of rotational speed and coolant flow rate together, both 

surface (Figure 4.10) and contour (Figure 4.11) plots were generated for flat and curved 

workpieces. The plots indicated that coolant velocity increased with both rotational 

speed and coolant flow rate, while the effect was more visible for the flat workpiece. At 

high rotational speeds above 750 RPM and flow rates above 30 l/min, coolant velocities 

exceeded 4.5 m/s and started approaching 6 m/s for both workpiece types. The 

strongest effect of the coolant factor was also clearly visualized through these plots. 
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Figure 4.10 : (a) Surface plot of average coolant velocity (m/s) for flat workpiece. 
(b) Contour plot of average coolant velocity (m/s) for flat workpiece. 

 

Figure 4.11 : (a) Surface plot of average coolant velocity (m/s) for curved workpiece. 
(b) Contour plot of average coolant velocity (m/s) for curved workpiece. 

 

4.4.2. Analysis of Coolant Volume Fraction 

From the ANOVA P-value summary table (Table 4.4)  for average coolant volume 

fraction, it is evident that three primary factors, rotational speed (P = 0.000), coolant 

flow rate (P = 0.002), and workpiece geometry (P = 0.000), were statistically significant 

at the 95% confidence level. It was also important to note that the quadratic term for 

coolant flow rate² (P = 0.016) has some impact, suggesting a non-linear behavior.  

Regarding the two-way interactions, the involvement of geometry could induce a 

considerable impact with speed × geometry (P = 0.000) and flow × geometry (P = 0.001). 

It indicates that the variation in rotational speed or flow rate would have a significant 

effect, depending heavily on the choice of workpieces. The Pareto chart in Figure 4.12 

reinforced this insight, showing the workpiece geometry (Factor C) as the most 

dominant factor. 
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Source P-Value 

 

Linear 

Model 

Rotational Speed (RPM) 0.000 

Coolant Flow Rate (l/min) 0.002 

Workpiece Type 0.000 

 

Square 

Model 

Rotational Speed (RPM)×Rotational Speed (RPM) 0.757 

Coolant Flow Rate (l/min) ×Coolant Flow Rate (l/min) 0.016 

 

2-Way 

Interaction 

Model 

Rotational Speed (RPM) ×Workpiece Type 0.000 

Coolant Flow Rate (l/min) ×Workpiece Type 0.001 

Rotational Speed (RPM) ×Coolant Flow Rate (l/min) 0.200 

Table 4.4 : ANOVA P-value summary for average coolant volume fraction. 

 

 

Figure 4.12 : Pareto chart of standardized effects for average coolant volume fraction. 

Figure 4.13 presents the main effect plot for average coolant volume fraction. In line with 

the findings from the ANOVA and Pareto results, workpiece geometry had the strongest 

influence on coolant concentration, observed by the steepest slope. Compared to the flat 

surface, curved geometries were able to maintain more coolant at the cutting zone, and 

it was noted by the consistently higher volume concentrations than flat workpieces. A 
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moderate decline in coolant volume could be seen with the increase of RPM, as with 

higher centrifugal forces, coolant could be pushed away further from the cutting zone. 

The non-linear trend of coolant flow rate from the ANOVA analysis could also be clearly 

seen on the graph. As the flow rate increased above 25 l/min, the volume fraction 

reached its peak and started to decrease slowly for high flow rates.  

 

Figure 4.13 : Main effect plot for average coolant volume fraction. 

Further insights on the combined effects of rotational speed and coolant flow rate on 

coolant volume fraction were obtained by the response (Figure 4.14) and contour plots 

(Figure 4.15) for both sets of workpieces. The curved geometry generated a much higher 

value of volume fractions (exceeding 0.22), in comparison to the flat workpiece 

(surpassing 0.16) at the similar operating range.  

 

Figure 4.14 : (a) Surface plot of average coolant volume fraction for flat workpiece. (b) 
Contour plot of average coolant volume fraction for flat workpiece. 
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Figure 4.15 : (a) Surface plot of average coolant volume fraction for curved workpiece. 
(b) Contour plot of average coolant volume fraction for curved workpiece.  

 

4.4.3. Analysis of Coolant Coverage Area (%) 

Outcomes from ANOVA P-value summary (Table 4.5) found that all three main factors, 

rotational speed (P = 0.000), coolant flow rate (P = 0.001), and workpiece geometry (P = 

0.000), were statistically important at the 95% confidence level.  

Similar behavior to coolant volume fraction regarding two-way interactions was 

observed for coolant coverage area (%). Like the coolant volume fraction, the 

involvement of geometry with rotational speed (P = 0.000) or coolant flow rate (P = 

0.000) resulted in a considerable impact. This implies that the shape of the workpiece 

strongly influenced how widely the coolant is distributed across the cutting zone. The 

Pareto chart in Figure 4.16 represents workpiece geometry (C) as the most influential 

factor, followed by the interaction of rotational speed and workpiece geometry (AC) and 

rotational speed alone (A). 

The main effect plots in Figure 4.17 also depict the significance of workpiece geometry 

with a steep slope.  Curved workpieces showed a significantly higher coverage area, as 

the surface curvature enhanced the coolant distribution across the cutting zone. 

Rotational speed also had a noticeable effect, indicated by a sharp negative slope. As the 

RPM increased from 250 to 750 RPM, the centrifugal force deflected the coolant away 

from the targeted region, thereby reducing effective coverage. 
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Source P-Value 

 

Linear 

Model 

Rotational Speed (RPM) 0.000 

Coolant Flow Rate (l/min) 0.001 

Workpiece Type 0.000 

 

Square 

Model 

Rotational Speed (RPM)×Rotational Speed (RPM) 0.585 

Coolant Flow Rate (l/min) ×Coolant Flow Rate (l/min) 0.620 

 

2-Way 

Interaction 

Model 

Rotational Speed (RPM) ×Workpiece Type 0.000 

Coolant Flow Rate (l/min) ×Workpiece Type 0.000 

Rotational Speed (RPM) ×Coolant Flow Rate (l/min) 0.206 

Table 4.5 :  ANOVA P-value summary for coolant coverage area (%). 

 

 

Figure 4.16 : Pareto chart of standardized effects for coolant coverage area (%). 

 



50 

 

Figure 4.17 : Main effect plots for coolant coverage area (%). 

 Surface plots and contour plots for both flat and curved workpieces are shown in Figure 

4.18 and Figure 4.19. The curved geometry clearly achieved high coverage across the 

whole operating range, never under 80%.  On the other hand, results showed a high 

dependency of performance on the rotational speed for flat geometry. With the increase 

of RPM above 500, the coolant coverage area fell rapidly, even below 40% with very high 

tool rotation and low coolant flow rate. The contour plot for curved workpiece 

represents an interesting outlook on the combined effect of rotational speed and coolant 

flow rate, depicted by Figure 4.19.  

 

 

Figure 4.18 : (a) Surface plot of coolant coverage area (%) for flat workpiece. 
(b) Contour plot of coolant coverage area (%) for flat workpiece. 
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Figure 4.19: (a) Surface plot of coolant coverage area (%) for curved workpiece. 
(b) Contour plot of coolant coverage area (%) for curved workpiece. 

 

4.4.4. Analysis of Turbulence Kinetic Energy 

(TKE) 

Table 4.6 presents ANOVA P-value summary, demonstrating the strong relevance of all 

three primary factors, rotational speed (P = 0.001), coolant flow rate (P = 0.000), and 

workpiece geometry (P = 0.000). at the 95% confidence level. In addition, the quadratic 

term of coolant flow rate² (P = 0.009) was found to be notable, suggesting non-linear 

behavior. Regarding two-way interactions, rotational speed × geometry (P = 0.000) and 

flow rate × geometry (P = 0.000) were significant, indicating the differences in effects on 

flat and curved workpieces. The Pareto chart from Figure 4.20 highlights the stark 

dominance of coolant flow rate (B) over other factors, implying the vital role of flow rate 

in modulating turbulence levels. 

Figure 4.21 presents the main effect plots for turbulence kinetic energy (TKE). Coolant 

flow rate showed the most pronounced effect, as the turbulence intensity increased 

sharply with the higher coolant flow. A slight non-linearity in the increase aligned well 

with the analysis from the ANOVA results. Workpiece geometry showed a measurable 

influence, but not as strong as the coolant flow rate. The curved workpiece, due to its 

surface curvature, promoted enhanced coolant mixing and jet instability, resulting in 

higher TKE. The rotational speed also had a weak but noticeable influence, as the TKE 

increased gradually with the increase in RPM. 
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Source P-Value 

 

Linear 

Model 

Rotational Speed (RPM) 0.001 

Coolant Flow Rate (l/min) 0.000 

Workpiece Type 0.000 

 

Square 

Model 

Rotational Speed (RPM)×Rotational Speed (RPM) 0.485 

Coolant Flow Rate (l/min) ×Coolant Flow Rate (l/min) 0.009 

 

2-Way 

Interaction 

Model 

Rotational Speed (RPM) ×Workpiece Type 0.000 

Coolant Flow Rate (l/min) ×Workpiece Type 0.000 

Rotational Speed (RPM) ×Coolant Flow Rate (l/min) 0.391 

Table 4.6 : ANOVA P-value summary for turbulence kinetic energy (TKE). 

 

 

Figure 4.20 : Pareto chart of standardized effects for turbulence kinetic energy (TKE). 
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Figure 4.21: Main effect plots for turbulence kinetic energy (TKE). 

The surface (Figure 4.22) and contour (Figure 4.23) plots for turbulence kinetic energy 

(TKE) under both flat and curved workpieces depicted that TKE increased with both 

rotational speed and coolant flow rate. However, the much stronger impact of coolant 

flow rate was clearly visualized for both cases. The contour plots revealed that the 

turbulence remained below 0.20 m²/s² at lower flow rates around 20 l/min, even at 

medium to high spindle speeds of around 500 RPM, while exceeding 0.35 m²/s² at high 

flow rates of 30 l/min and low RPM of around 250. 

 

Figure 4.22 : (a) Surface plot of turbulence kinetic energy (m2/s2) for flat workpiece. 
(b) Contour plot of turbulence kinetic energy (m2/s2) for flat workpiece. 
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Figure 4.23 : (a) Surface plot of turbulence kinetic Energy (m2/s2) for curved 
workpiece. (b) Contour plot of turbulence kinetic energy (m2/s2) for curved workpiece. 

 

4.4.5. Summary of DOE Results 

The structure of Design of Experiments (DOE) allowed a comprehensive understanding 

of each factor, workpiece geometry, rotational speed and coolant flow rate’s influence on 

coolant delivery performance. The responses were evaluated separately in terms of 

average coolant velocity, coolant volume fraction, coolant coverage area, and turbulence 

kinetic energy (TKE) and an in depth insight was achieved. Complete tabulated results 

for all DOE operating conditions are attached in Appendix A. 

Table 4.7 confirm that the coolant flow rate was the most responsible for altering the 

average coolant velocity and turbulence kinetic energy, as the increase in flow strongly 

enhanced the jet momentum and turbulence intensity. The influences were sometimes 

nonlinear, showing diminishing returns at higher levels.  On the other hand, variation of 

workpiece geometry exerted the greatest influence on volume fraction and coverage 

area. The shift from flat to curved surface generated better performance across all 

operating parameters. Rotational Speed played a secondary but contrasting role in 

impacting average coolant velocity, turbulence kinetic energy and coolant volume 

fraction, coolant coverage area. It increased velocity and turbulence but showed a 

negative effect on volume fraction and coverage, where higher RPM deflected coolant 

away from the cutting zone. Interaction effects involving geometry were significant in all 

cases, indicating that operating parameters behave differently depending on the 

workpiece surface shape. 
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Response Metric Dominant Factor Secondary Factors Notable 

Interactions 

Average Coolant 

Velocity 

Flow rate (+) Speed (+), Geometry 

(Curved > Flat) 

Flow × Geometry, 

Speed × 

Geometry 

Coolant Volume 

Fraction 

Geometry (Curved 

> Flat) 

Speed (–), Flow (+) Flow × Geometry, 

Speed × 

Geometry 

Coolant Coverage 

Area (%) 

Geometry (Curved 

> Flat), Speed (–) 

Flow (+) Flow × Geometry, 

Speed × 

Geometry 

Turbulence Kinetic 

Energy (TKE) 

Flow rate (+, 

nonlinear) 

Geometry (+), Speed 

(+) 

Flow × Geometry, 

Speed × 

Geometry 

Table 4.7 : Summary of factor significance across response metrics (+ = positive effect, 
– = negative effect). 

From the DOE analysis, it can be summarized that flow rate governs jet momentum and 

turbulence, geometry controls retention and coverage, and spindle speed modifies these 

effects, either reinforcing them, such as for velocity, TKE, or reducing them, as for volume 

fraction and coverage. 

Appendix B contains the regression equations developed for the four output responses 

(average coolant velocity, coolant volume fraction, coolant coverage area, and turbulence 

kinetic energy). 
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Chapter 5  

Conclusion and Future Work 

The study was aimed at investigating the stand alone and combined influence of 

workpiece geometry, tool rotation, and coolant flow rate on coolant delivery 

performance in internally cooled milling operations. For the analysis, a CFD model was 

created and backed by surrogated experimental validation. The simulations were carried 

out following a structured Design of Experiments (DOE) framework and the outcomes 

were reported as four key coolant delivery metrics:   average coolant velocity, coolant 

volume fraction, coolant coverage area, and turbulence kinetic energy (TKE). The 

findings generated a clear understanding of coolant performance in dynamic machining 

scenarios and have established the developed CFD model as a reliable predictive tool. 

The outcomes of the research can be summarized in following points. 

• The change in coolant type did not influence the delivery performance. The 

comparison between water and water-based semi-synthetic coolant showed 

only 1-2% differences between each other across all performance indicators. 

• Coolant flow rate directly controls jet momentum and turbulence intensity. The 

increase in flow consistently could enhance both velocity and TKE, but the 

intensity diminished at higher levels. 

• The choice of workpiece geometry played a decisive role in coolant retention and 

distribution. In all cases, curved geometries performed far better indicated by 

higher volume fractions and coverage areas. This confirms the implications of 

using curved geometries in maintaining stable coolant delivery to the cutting 

zone. 

• Rotational speed was recognized as a secondary but influential factor, 

particularly at higher levels. The high spindle speeds contributed to increased 

velocity and turbulence, but at the same time significantly deteriorated coolant 

fraction and coverage at the target zone. 

• All interaction effects, including geometry, had a considerable impact on the 

performance metrics. It highlighted that any effort to parameter optimization 

must consider geometry-specific responses. 
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The study demonstrated novelty in coupling CFD simulations with a structured CFD 

approach. Particularly for widely adopted internally cooled milling, the analysis brings 

practical value to systematically analyze the coolant delivery. The insights gathered 

would be useful in machining hard to cut advanced materials and hence accelerating the 

industry 4.0 applications. In addition, the validated computational model could work as 

a cost and time-effective alternative to extensive experimental trials, while also 

providing detailed insights that are difficult to obtain from physical setups. The output 

from the study directly relates tool design with machining process planning and has the 

potential to guide the development of geometry-adaptive cooling systems. Furthermore, 

the CFD model developed here would serve as a basis for future simulations-based 

studies involving the cooling performance in machining. 

The current study naturally falls under some limitations that could be improved further. 

The sole focus of the research was to examine the hydrodynamic behavior of the coolant. 

The simulation was conducted at isothermal, steady-state conditions, and it did not 

consider heat transfer, droplet atomization, and thermal stresses to minimize the 

complexity. The phenomenon observed in experimental rigs, such as mist formation and 

fine-scale turbulence at high spindle speed, was challenging to recreate in the CFD 

simulations. In addition, the tools used in the model were simplified representations of 

a commercial cutter, which, while it was able to provide accurate measures on the flow 

field, did not fully capture the complexities of industrial tool geometries. 

These limitations open several promising aspects on which future research could be 

conducted. First comes the integration of heat transfer and thermal stress into the 

developed CFD simulations, which would provide a more complete picture of cooling 

effectiveness and tool–workpiece interactions. Further, it would enhance the results if 

the model were extended to transient conditions, allowing better analysis of intermittent 

cutting phenomena. Next, the insights from the work could be implemented in designing 

optimized cooling channels. Cutting tools with added complexities could be tested, and 

better comprehensive evaluation could be made on the industrial applicability. Finally, 

an interesting approach would be to incorporate advanced methods such as machine 

learning into the simulation workflow. It would enable much faster and more accurate 

prediction of flow behavior while also supporting real-time optimization. 
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To conclude, the research was successful at meeting the objectives of the study outlined 

at the beginning. The developed CFD model has been validated through surrogated 

experiments and has been enhanced by DOE methods, and proves to be a powerful tool 

for understanding and optimizing coolant delivery in milling with internal supply 

systems. The importance of tailoring coolant strategies in response to the operating 

conditions and workpiece geometry was reaffirmed by the outcomes. The study, most 

importantly, establishes a robust foundation upon which future developments in 

sustainable, high-performance machining can be achieved. 
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Appendix A 

Detailed CFD Results for Flat and Curved 

Workpieces 

Extracted results for all simulation results are displayed in this section. Table A.1 and 

Table A.2 include obtained values of average coolant velocity, coolant volume fraction, 

coolant coverage area, and turbulence kinetic energy (TKE) for all tested rotational 

speeds and flow rates for flat and curved workpieces. 

 

 

RPM 
Flow Rate 

(l/min) 

Average 

Coolant 

Velocity 

(m/s) 

Average 

Coolant 

Volume 

Fraction 

Coolant 

Coverage 

Area (%) 

Turbulence 

Kinetic 

Energy 

(m²/s²) 

146.447 25 4.220 0.170 89.01 0.213 

250 20 3.495 0.144 76.16 0.138 

250 30 5.030 0.171 86.18 0.302 

500 17.9289 3.430 0.111 51.39 0.127 

500 25 4.566 0.128 68.02 0.231 

500 32.0711 5.721 0.137 71.46 0.366 

750 20 4.194 0.089 32.85 0.189 

750 30 5.589 0.120 59.27 0.344 

853.553 25 4.988 0.100 37.08 0.271 

Table A.1 : CFD outcomes for flat workpiece under DOE operating conditions. 

 

 

 



60 

 

RPM 
Flow Rate 

(l/min) 

Average 

Coolant 

Velocity 

(m/s) 

Average 

Coolant 

Volume 

Fraction 

Coolant 

Coverage 

Area (%) 

Turbulence 

Kinetic 

Energy 

(m²/s²) 

146.447 25 4.448 0.225 88.71 0.264 

250 20 3.735 0.215 86.21 0.179 

250 30 5.468 0.214 89.86 0.381 

500 17.9289 3.357 0.220 90.18 0.132 

500 25 4.767 0.221 83.54 0.280 

500 32.0711 6.194 0.204 84.57 0.465 

750 20 3.987 0.195 88.89 0.181 

750 30 5.649 0.213 90.16 0.368 

853.553 25 4.752 0.213 91.38 0.263 

Table A.2 : CFD outcomes for curved workpiece under DOE operating conditions. 
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Appendix B 

Regression Equations for Output 

Responses 

From the DOE analysis, following regression equations were obtained for the four output 

responses, average coolant velocity (m/s), average coolant volume fraction, coolant 

coverage area (%), and turbulence kinetic energy (m²/s²). The equations are expressed 

in actual operating units (RPM and l/min). 

 

1. Average Coolant Velocity (m/s)  

• Flat workpiece: 

𝑉 = −0.092 +  0.002195 × 𝑅𝑃𝑀 +  0.1531 × 𝑄 + 0.000234 × 𝑄2  

−  0.000021 × (𝑅𝑃𝑀 × 𝑄) 
(B.1)  

 

• Curved workpiece: 

𝑉 = −0.348 +  0.001456 × 𝑅𝑃𝑀 +  0.1841 × 𝑄 +  0.000234 × 𝑄2  

− 0.000021 × (𝑅𝑃𝑀 × 𝑄) 
(B.2)  

  

 

2. Average Coolant Volume Fraction 

• Flat workpiece: 

ϕ = 0.0499 − 0.000165× RPM + 0.00958 × Q − 0.000167×  𝑄2 + 0.000002 

× (RPM × Q) 
(B.3)  

  

 

• Curved workpiece: 

ϕ = 0.1568 − 0.000081× RPM + 0.00707 × Q − 0.000167 ×  𝑄2 + 0.000002 

× (RPM × Q) 
(B.4)  
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3. Coolant Coverage Area (%) 

• Flat workpiece: 

A = 67.3 − 0.1159 × RPM + 1.94 × Q − 0.000009 × RPM2 - 0.0204 × 𝑄2 + 

0.00140 ×(RPM × Q) 
(B.5)  

  

• Curved workpiece: 

A = 93.9 − 0.0407 × RPM + 0.25 × Q − 0.000009 × RPM2 - 0.0204 × 𝑄2  + 

0.00140 × (RPM × Q) 
(B.6)  

  

 

4. Turbulence Kinetic Energy (m²/s²) 

• Flat workpiece: 

TKE = −0.0611 + 0.000180× RPM + 0.00196 × Q + 0.000314 × 

𝑄2 −0.000002 × (RPM × Q) 
(B.7)  

  

 

• Curved workpiece: 

TKE = −0.0999 + 0.000087 × RPM + 0.00700 × Q + 0.000314× 𝑄2 − 

0.000002 × (RPM × Q) 
(B.8)  
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