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b LABBELS – Associate Laboratory, Braga/Guimarães, Portugal
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A B S T R A C T

Minimizing heat damage and surface integrity loss in grinding depends on effective cooling. Conventional 
techniques, however, suffer with low efficiency because of the fast air barrier restricting fluid access. Grinding 
wheels with internal cooling channels have been suggested to solve this; nonetheless, the impact of channel 
geometry and multi-layer topologies is yet unknown. This work investigates their effects on coolant flow pattern 
and thermal performance by means of computational fluid dynamics (CFD) simulations, experimental validation, 
and statistical optimization combined. The ideal arrangement was found by the Taguchi- Grey study to be 30 
channels, 78◦ inclination, 1.7 mm diameter and 2 mm interlayer distance. ANOVA determined that diameter 
(59.7 %) and number of channels (21.8 %) are the most influential parameters. CFD results showed that 
multilayer structures significantly increase fluid dispersion in the workpiece. The three-layer design stood out for 
providing the most uniform and dynamic fluid distribution, reducing cooling inconsistencies. Grinding tests 
confirmed that this configuration achieved the lowest temperatures for all different depths of cut. These findings 
highlight that increasing the number of flutes alone is insufficient; a three-dimensional flute structure with 
optimized geometry is essential to ensure efficient cooling. By integrating numerical modeling, statistical opti
mization, and experimental validation, this study provides a framework for designing grinding wheels with 
internal cooling channels, improving fluid distribution and thermal control.

1. Introduction

The quality of the surface finish in grinding processes is a major 
concern for manufacturing industries due to the high temperatures 
generated in the grinding zone [1]. The temperature of the workpiece’s 
surface can reach extremely high levels and, under particularly severe 
conditions, may exceed 1000 ◦C [2]. Such extreme temperatures can 
cause adverse structural changes, including phase transformations and 
residual stress generation. Among the most common grinding-induced 
defects in the workpiece surface layer are burning, metallurgical phase 
transformations, softening (tempering) with possible rehardening, ten
sile residual tensile stresses, cracks, and reduced fatigue strength [3,4].

Different cooling and lubrication techniques are used in grinding to 
reduce these problems; the most often used one is flood cooling, in 
which the grinding zone receives significant coolant application [5]. But 
since an air barrier around the high-speed spinning wheel causes over 
60 % of the fluid to not reach the grinding zone [6–8], flood cooling is 
generally ineffective.

To raise lubrication efficiency, substitutes as nano-MQL and mini
mum quantity lubrication (MQL) have been investigated [9]. While 
nano-MQL improves this process by suspending nanoparticles in the 
fluid, hence enhancing thermal conductivity and lubricating efficiency 
[10]. MQL substantially reduces fluid consumption by spraying a tiny 
mist of cooling fluid immediately to the grinding interface. MQL has 
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several limitations, especially in high-speed grinding applications where 
the amount of fluid would not be sufficient to provide appropriate 
cooling, resulting in greater surface temperatures and potentially ther
mal damage to the workpiece. Furthermore, MQL could prove less 
successful when machining materials with poor machinability, such as 
superalloys, since the high-speed air barrier created around the wheel 
may make it difficult to adequately penetrate the grinding zone [11]. 
Moreover, MQL can cause clogging of the grinding wheel pores due to 
lubricant and debris accumulation inside the porous structure, so 
compromising the grinding performance and raising the wheel loading 
risk [12,13].

Furthermore, the use of traditional coolant fluids presents environ
mental and economic concerns. Excessive use of cutting fluids not only 
increases production costs but also raises environmental and health risks 
due to the disposal of used fluids, which often contain harmful chemicals 
[14,15]. Consequently, developing more effective fluid delivery tech
niques that reduce the volume of fluid applied while preserving or 
enhancing cooling performance attracts increasing attention [11,16].

Recent innovations in grinding tools, such as the development of 
textured grinding wheels, have aimed to solve these difficulties by 
optimizing coolant distribution and enhancing energy economy. By up 
to 105 ◦C, textured wheels have been demonstrated to lower grinding 
zone temperatures and reduced cutting fluid usage by 60 % [8]. Using 
wheels with internal cooling channels, which provide direct fluid de
livery to the grinding zone and thereby improve both cooling and 
lubricating performance [17–19], may be particularly beneficial in op
erations with restricted fluid access, such as internal grinding of bearing 
rings or cylinder liners. These internal channels offer a more focused, 
effective, and lasting cooling strategy, overcoming the limitations of 
external fluid application.

Computational Fluid Dynamics (CFD) provides a non-invasive and 
cost-effective approach to study fluid behavior in high-speed grinding 
environments, where direct measurement is challenging due to extreme 
temperatures and fast wheel rotation. Furthermore, CFD simulations 
facilitate the investigation of fluid behavior and heat dissipation 
mechanisms, which would be difficult to replicate in physical experi
ments [18,20].

Although several simulation studies have investigated the geometric 
parameters of surface-textured grinding wheels [21], the use of grinding 
wheels with an internal network of cooling channels remains a relatively 
new approach [22–24]. However, the influence of internal geometry, 
such as the number, arrangement, and diameter of channels, on fluid 
flow and thermal performance has not been systematically evaluated. 
This study addresses this gap by combining Computational Fluid Dy
namics simulations, experimental validation and statistical optimiza
tion, using the Taguchi method to improve coolant distribution in 
grinding processes.

This integrated approach provides a comprehensive evaluation of 
how internal cooling channel geometries influence fluid flow, cooling 
efficiency, and thermal performance. CFD simulations allow for a 
detailed analysis of fluid behavior, while the Taguchi method system
atically identifies the most influential geometric parameters affecting 
cooling efficiency. Additionally, experimental validation was conducted 
using customized grinding wheels with optimized internal channels, 
assessing their real-world thermal performance under different oper
ating conditions. By bridging the gap between numerical modeling and 
practical application, this study establishes a systematic framework for 
optimizing grinding wheel design, ultimately enhancing cooling effi
ciency, reducing thermal damage and improving surface quality in 
grinding operations.

2. Materials and methods

2.1. Experimental design and factor selection using the Taguchi method

To optimize the factors influencing fluid distribution in the grinding 

system and minimize the number of simulations, the Taguchi method 
was employed. This method is widely applied in experimental and nu
merical studies involving multiple control variables. Its main benefit 
comes from its efficiency in lowering the combinations of levels and 
factors of interest using an orthogonal array [25,26]. In this study, the 
L18 array was used because it is suitable for five factors, each with three 
levels, allowing for the evaluation of interactions with a minimal 
number of simulations. The selected variables and their levels are pre
sented in Table 1.

These factors were selected due to their potential influence on the 
transport and distribution of coolant fluid during the grinding process, 
considering the geometric dimensions of the abrasive grinding wheels. 
Fig. 1 illustrates some examples of the geometries used in the simula
tions, which aid in understanding the geometric parameters studied: 

• Number of Channel Layers: The abrasive wheel can be configured 
with one (Fig. 1a), two (Fig. 1b-c), or three layers of channels. For 
configurations with two layers, the channels are positioned alter
nately (Fig. 1b). In the case of three layers, the two outer layers are 
aligned, while the middle layer is staggered (Fig. 1d). This configu
ration results in a dynamic cooling process with two possible situa
tions during operation: one, where only one channel comes into 
contact with the workpiece (Fig. 1d), and another, where the two 
outer channels make simultaneous contact (Fig. 1e). For the exper
iments with three layers, simulations were conducted for both sce
narios, and the average of the results was used to assess geometry 
cooling efficiency.

• Number of Channels: This is the total of channels in the tridimen
sional grinding wheel. Since additional departure points increase 
coverage, the inclusion of more channels aims to enhance the ho
mogeneity of cooling fluid allocation over the workpiece. But as the 
number of channels rises, the fluid volume per channel drops, which 
might cause the flow rate inside every channel to drop as well. Three 
levels of study were 18, 24, and 30 channels. Fig. 1a provides a 24- 
channel design example.

• Channel Inclination (θ): The channel inclination refers to the angle 
between the channels and the workpiece, as shown in Fig. 1a; when 
the angle is 90◦, the channels are perpendicular to the workpiece 
surface. Smaller angles (83◦ and 78◦) slant the channels towards the 
workpiece, therefore guiding the fluid in a more tangential direc
tion—expected to increase fluid penetration at the workpiece 
contact.

• Channel Diameter: The channel diameter directly influences fluid 
flow through the system. Larger diameters offer less resistance to 
flow, allowing the fluid to move more easily through the system, 
while smaller diameters (1 mm) increase fluid velocity, which may 
enhance penetration at the contact interfaces. The analysis was 
conducted for three diameter levels: 1 mm, 1.5 mm, and 1.7 mm.

• Interlayer Distance (ID): Denoted as “ID” in Fig. 1c, the interlayer 
distance controls the distance between channel layers within the 
abrasive wheel. Three levels of this variable were chosen for this 
study: 1 mm, 1.5 mm, and 2 mm. While bigger gaps allow for a more 
uniform flow of the fluid, lower interlayer distances result in closer 
proximity of the channels, therefore perhaps concentrating the fluid 
in particular places. There are no extra layers to be spaced, hence in 

Table 1 
Factors and their levels, used in the Taguchi experimental design.

Factors Levels

1 Number of Channel Layers 1 2 3 −

2 Number of Channels 18 24 30 −

3 Inclination − θ (deg) 90 83 78 −

4 Channel diameter (mm) 1 1.5 1.7 −

5 Interlayer Distance − ID (mm) 0 1 1.5 2
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cases with a single layer the interlayer distance is regarded as 0 in the 
orthogonal matrix.

The geometries assessed in this work were chosen depending on the 
Taguchi L18 orthogonal array to guarantee an effective investigation of 
important design criteria and reduce computational effort. Table 2 lists 

the factor levels together with their matching simulations.

2.2. Geometric model and setup

The geometric model consists of a structured abrasive wheel with 
internal cooling channels, positioned above the workpiece. The coolant 
is supplied through the central axis of the wheel, distributing itself 
through the internal channels until it reaches the contact surface with 
the workpiece. To analyze how the fluid mixes with the air and spreads 
across the workpiece, a control volume box was created around the 
wheel. This box represents the environment around the wheel, allowing 
for the analysis of fluid dispersion. Its open walls maintain atmospheric 
pressure, serving as outlets for the fluid, as shown in Fig. 2. Additionally, 
Fig. 2 highlights the wheel’s rotation direction, which plays a key role in 
fluid dispersion and distribution in the contact zone.

The grinding wheel has a diameter of 62 mm, with a center bore of 
21 mm in diameter and a width of 15 mm, as shown in Fig. 3. The wheel 
is attached to a 12 mm diameter shaft, through which the coolant is 
introduced. Before the fluid is directed into the channels, the wheel’s 
central bore serves as a temporary reservoir. The center of the wheel 
aligns with the Z-axis, which is defined as the axis of rotation. The 
geometric model was created and imported into ANSYS for CFD simu
lations, allowing the analysis of coolant flow pattern across different 
channel configurations and operating conditions.

A minimum distance of 1  mm was defined between the wheel and 
the workpiece to facilitate mesh generation and ensure numerical sta
bility, especially due to the complexity of the rotating multi-channel 
geometry. This modeling approach has also been adopted in previous 
studies on grinding wheel flow simulations [27]. It is worth noting that 

Fig. 1. Front view of a single-layer grinding wheel with channels inclined at an angle θ relative to the workpiece surface (a), structured grinding wheels with two 
layers of channels (b), side view showing the interlayer distance (ID) (c), and three-layer configurations in two scenarios: one channel in contact with the workpiece 
(d) and two channels in contact with the workpiece (e).

Table 2 
Geometry factor combinations used in the simulations according to the Taguchi 
experimental design (L18 array).

Geometry Number 
of Layers

Number 
of 
Channels

Inclination 
(deg)

Channel 
Diameter 
(mm)

Interlayer 
Distance 
(mm)

1 1 18 90 1 0
2 1 24 83 1.5 0
3 1 30 78 1.7 0
4 2 18 90 1.5 2
5 2 24 83 1.7 1
6 2 30 78 1 1.5
7 3 18 83 1.7 1.5
8 3 24 78 1 2
9 3 30 90 1.5 1
10 1 18 83 1 0
11 1 24 78 1.5 0
12 1 30 90 1.7 0
13 2 18 78 1.7 1
14 2 24 90 1 1.5
15 2 30 83 1.5 2
16 3 18 78 1.5 1.5
17 3 24 90 1.7 2
18 3 30 83 1 1
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the purpose of the simulation is to evaluate coolant distribution in the 
vicinity of the contact zone, not the mechanical interaction between the 
tool and the workpiece.

The quality of the mesh for CFD simulations was evaluated through a 
convergence test, where the number of elements was varied to ensure 
the accuracy of the results. The convergence criterion used was the mass 
flow rate of water in the contact region between the grinding wheel and 
the workpiece. The mesh independence study was performed for ge
ometry 1, corresponding to the first experiment in the Taguchi array 
(Table 2).

Polyhedral elements discretized the computational domain; 
following the convergence study, a mesh with about 3 million elements 
was chosen as the best configuration. From this number of elements 
forward, the mass flow rate stabilizes according to the graph in Fig. 4, 
therefore verifying the sufficient refinement of the mesh for correct 
findings. This configuration contained around 3.3 million nodes, with an 
element size of 0.1 mm in the internal cooling channels and grinding 
zone, 0.4 mm in the control volume surrounding the wheel, and 0.5 mm 
in the center of the grinding wheel and the fluid inlet region. Choosing 
this mesh allowed one to strike a compromise between computational 

efficiency and solution correctness, thereby assuring that the simulation 
faithfully records the main fluid-dynamic interactions in the cooling 
system within realistic computational expenses.

The abrasive wheel was handled as a solid without porosity, and the 
water was employed as the cooling fluid instead of a more complicated, 
multi-component coolant, so simplifying certain computing resources 
without affecting the accuracy of the results. These simplifications free 
the model from the additional complexity of material features like 
porosity or chemical composition of the fluid enabling focus on the 
interaction between the coolant and the workpiece.

ANSYS was used in multiphase modeling to investigate fluid distri
bution on the workpiece. Since simulations include two immiscible 
phases—air and water—the Volume of Fluid (VOF) model was chosen 
since it is appropriate. VOF was used because it could precisely depict 
the interface between both phases, therefore allowing a correct evalu
ation of the fluid reaching the workpiece surface [28]. The aim is to 
assess the fluid flow through the internal channels of the wheel, reach 
the work surface, and distribute, therefore offering information on the 
effectiveness of the cooling system.

In the VOF model, the Implicit configuration was chosen to enhance 
numerical stability and reduce processing time, as this method solves the 

Fig. 2. Grinding wheel and fluid domain model.

Fig. 3. Dimensional drawing of the structured grinding wheel used in simulations.

Fig. 4. Mesh convergence test results — Relationship between the number of 
elements and the mass flow rate of water at the contact surface between the 
grinding wheel and the workpiece.
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fluid equations simultaneously at each time step [29,30]. To control the 
phase mixture, the dispersed option was turned on whereby the coolant 
(water) is distributed inside the continuous phase (air) [31]. The surface 
tension between air and water correlates with the phase interaction 
value, 0.0728 N/m [32]. Essential for the proper interaction between 
the phases, this value is derived from the physical characteristics of the 
simulated system. Considered as acting toward the workpiece, gravity 
affected the fluid’s behavior.

Widely employed for turbulent flows in industrial applications 
including flow around solid surfaces and fluid jets, the k-ε (2 eqn) 
realizable model was the turbulence model chosen [24,27]. The realiz
able version was chosen for its robustness in improving the accuracy of 
highly distorted flows, such as those occurring in the interaction be
tween the coolant and the workpiece [33,34].

To simulate the rotation of the abrasive wheel, the Multiple Refer
ence Frame (MRF) method was used, as appropriate for steady-state 
simulations, thus avoiding the need for transient simulation [35,36]. 
The griding wheel was set to rotate at 2000 rpm, with the center defined 
as the rotating zone. The rotating internal surfaces (channels and shaft) 
were treated as rotating zones relative to the wheel’s center.

The boundary conditions included specifying the fluid inflow as a 
mass flow inlet with a flow rate of 0.0499 kg/s of water, therefore 
matching 3 L/min. This is the coolant arriving via the wheel’s center 
shaft. Setting the outlet as a pressure outlet, free flow from the control 
zone under atmospheric pressure could be allowed. To guarantee that 
the shaft, center, and abrasive wheel areas were completely filled with 
water from the beginning of the simulation, the volume fraction in these 
areas was set to 1 during initialization, therefore helping to attain 
simulation convergence.

Appropriate for simultaneous solution of pressure and velocity fields, 
the numerical scheme used was Coupled with the Volume Fractions 
option active [37]. The stability of the model was guaranteed over the 
simulation by a set global time step [29].

The main setup configurations are summarized in Table 3.
In the post-processing conducted with ANSYS, data on mass flow rate 

and water volume fraction were collected. To measure the mass flow 
rate, a plane perpendicular to the grinding wheel at the contact line, 
referred to as the “contact plane,” was created with dimensions of 1 mm 
in height (representing the distance between the grinding wheel and the 
workpiece) by 15 mm in width (wheel width). This plane allowed the 
determination of the mass flow rate of water passing through it.

To understand the water volume fraction curves, a line, referred as 
the “contact line”, was drawn along the surface of the workpiece, 
centered relative to the wheel, as illustrated in Fig. 5a. This line’s water 
volume fraction captures the water distribution profile in the contact 
zone. Calculating the area under the volume fraction curve allowed one 
to estimate the water content along this line. Together with the mass 
flow rate at the contact plane, this value was applied in the Grey 

correlation coefficient study. Fig. 5a illustrates this analysis for geom
etry 3, which corresponds to the one-layer configuration with 30 
channels, a 78◦ inclination, and a 1.7 mm diameter. The corresponding 
water volume fraction curve along this line is presented in Fig. 5b.

To compute the Grey relational coefficients and Grey grades, the 
experimental responses were first normalized using the larger-is-better 
criterion, according to the equation [39]: 

xʹ
i =

xi − min(xi)

max(xi) − min (xi)
(1) 

After normalization, the Grey relational coefficient ξi(k) was calculated 
for each response using: 

ξi(k) =
Δmin + ζ.Δmax

Δi(k) + ζ.Δmax
(2) 

where Δi(k) represents the absolute difference between the ideal 
normalized value (equal to 1) and the value of the i-th experiment for the 
k-th response. The distinguishing coefficient ζ was set to 0.5. Finally, the 
Grey relational grade γi was obtained by averaging the coefficients 
across the two considered responses (mass flow rate and water volume 
fraction), as shown below: 

γi =
1
n
∑n

k=1

ξi(k) (3) 

All calculations were implemented using Microsoft Excel based on 
the normalized output data obtained from CFD simulations.

2.3. Grinding tests

Under usual grinding settings, experimental validation was carried 
out to guarantee that the findings reflect actual industrial uses. Although 
the values might not be exactly like those used in the numerical simu
lations, the chosen conditions offer a consistent foundation for com
parison, therefore enabling a good evaluation of the effect of cooling 
channel topologies on cooling efficiency. Moreover, the experimental 
tests evaluated the thermal performance of the wheels, as a comple
mentary aspect.

The experimental validation was carried out using three “best” 
grinding wheels with optimized geometries to assess the impact of fluid 
channel arrangement on cooling efficiency during grinding. The wheels 
were manufactured through a pressing and sintering process, where a 
3D organic structure was embedded in the green body to create internal 
fluid channels. During sintering, this structure was eliminated, leaving 
precisely formed channels inside of the final product [40].

The grinding parameters used in the experiments are presented in 
Table 4. For every experimental condition, the tests consisted of three 
repetitions. Prior to the grinding tests, the wheel was dressed using a 
multi-point diamond dresser at a rotation speed of 1000 rpm, a feed rate 
of 100  mm/min, and a dressing depth of 30  µm.

The temperature acquisition was carried out using a 1.5 mm diam
eter thermocouple, inserted into the workpiece 1 mm below the grinding 
wheel–workpiece contact surface, at a depth of 7.5 mm. By recording 
temperature readings at 0.2 s intervals, the data collecting device 
allowed constant observation of thermal fluctuations all through the 
operation. For each test, the maximum temperature recorded during the 
grinding cycle was considered for analysis.

Fig. 6 provides a detailed view of the grinding process, displaying the 
grinding wheel, worktable, and workpiece, along with the thermocouple 
position inside the workpiece. The directions of worktable feed (VW) and 
grinding wheel rotation (VS) are also indicated. The grinding machine 
was specifically designed with an internal cooling system [41], where 
the cutting fluid is injected through the central hole of the grinding 
wheel, ensuring its distribution through internal channels for local 
cooling and heat dissipation. The homogeneous distribution of the fluid 

Table 3 
Key simulation setup configurations, including the VOF multiphase model, 
grinding wheel rotation settings, and boundary conditions for the cooling fluid.

Parameter Configuration

Multiphase Model Volume Of Fluid (VOF): Implicit, Dispersed.
Phase Interaction: 0.0728 N/m

Fluid Properties [38] Air Water
Density: 1.225 kg/m3 Density: 998.2 kg/m3

Viscosity: 1.79 × 10− 5 kg/ 
(m.s)

Viscosity: 1.00 × 10− 3 kg/ 
(m.s)

Turbulence Model k-epsilon (2 eqn); Realizable
Rotation Method Multiple Reference Frame (MRF); 2000 rpm
Boundary Conditions Inlet: Mass flow inlet (0,0499 kg/s of water)

Outlet: Pressure outlet, free flow to the environment
Numerical Scheme Coupled with Volume Fractions activated
Time Step 

Advancement
Fixed global time step; steady-state

Gravity Acting toward the workpiece
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through the channels is ensured by maintaining a continuous positive 
pressure in the internal chamber of the abrasive wheel.

3. Results and discussion

This section presents the results of the study in three stages: (i) 
optimization of cooling channel geometry using the Taguchi-Grey 
relational analysis, (ii) statistical evaluation of factor significance 
through ANOVA, and (iii) numerical and experimental validation of the 
optimized designs. The first section of the study determines the most 
important factors influencing cooling efficiency and cutting cooling 
fluid allocation; the second section calculates their statistical relevance. 
Comparing single-, two-, and three-layer arrangements using CFD 
models and experimental temperature data, the last section centers on 
fluid behavior dynamics.

3.1. Grey relational analysis

Grey Relational Analysis (GRA) was applied to evaluate system 
performance in terms of Mass Flow Rate and Volume Fraction (VF), 
considering five geometric parameters: Number of Layers, Number of 
Channels, Inclination, Diameter, and Interlayer distance. Table 5 pre
sents the Grey relational coefficients and γ values (Grey relational grade) 
for each experiment. Higher γ values indicate better overall 
performance.

Experiment 3 achieved the highest γ value (0.889), indicating that 
this configuration had the best performance among all tested parameter 
combinations. The geometry for this experiment consisted of 1 layer, 30 
channels, a 78◦ inclination, a 1.7 mm diameter, and an interlayer dis
tance of 0 mm. This result suggests that this combination of parameters 
yields performance closest to the normalized ideal values for Mass Flow 
Rate and VF. However, other combinations, such as Experiments 15, 12, 
and 17, also demonstrated significant performance, with γ values of 
0.753, 0.754, and 0.737, respectively.

While Experiment 3 showed the best individual performance, the 
Taguchi method was applied to determine the optimal levels for each 
geometric factor, optimizing the system in a more generalized manner, 
as shown in Table 6. Additionally, the effects of geometric parameters on 
Grey relational grades are presented in Fig. 7.

In Table 6, we observe that channel diameter and the number of 
channels have the greatest effect on the results, as indicated by the high 
delta values. The number of layers, however, appears inconsistent, 

Fig. 5. Water Volume Fraction (a) on the surface of the workpiece and (b) along the contact line.

Table 4 
Grinding parameters used in the experimental validation.

Grinding process parameters Values

Grinding wheel rotation speed VS (rpm) 5000
Workpiece feed rate VW (mm/min) 100
Depth of cut (µm) 10, 20, 50, 80, 100, 120
Fluid flow rate 400 mL/min – distilled water
Grinding mode Up Grinding
Grinding wheel abrasive Alumina (Ø 62 × 16 × 21 mm)
Workpiece AISI 1045 (80 × 15 × 10 mm)

Fig. 6. Experimental grinding setup: (a) side view highlighting the grinding wheel, worktable, workpiece, and thermocouple position. Arrows indicate the directions 
of the grinding wheel rotation (Vs) and table feed (Vw); (b) frontal view detailing the fluid supply configuration for wheels with internal channels.
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showing the least effect among the factors analyzed. This could be 
attributed to the fact that the number of layers influences performance 
in a more indirect manner, primarily by affecting fluid distribution, 
which in turn impacts thermal control and chip removal capacity, fac
tors that may not have been fully captured by the variables evaluated in 
the Grey Analysis.

As observed in Table 6 and Fig. 7, the optimal levels of geometric 
parameters for a three-dimensional channel structure, which maximize 
the Grey relational grade, are: Number of Layers = 1, Number of 
Channels = 3, Inclination = 3, Channel Diameter = 3, and Interlayer 
Distance = 4. This corresponds to a geometry with 1 layer, 30 channels, 
a 78◦ inclination, a 1.7 mm diameter, and 2 mm spacing between 
channels. However, when considering a single layer (Number of Layers 
= 1), the interlayer distance is no longer applicable. Thus, the optimized 
geometry corresponds to Experiment 3 in the Taguchi Orthogonal Table, 
which has already been tested, as it combines these factors without the 
need to assess interlayer distance, which does not apply to a single layer.

3.2. ANOVA analysis

The ANOVA table, presented in Table 7, was established to deter
mine the contribution of each geometric parameter to the Grey rela
tional grade. The degrees of freedom (df) represent the number of 
independent values that can vary for each factor, while the sum of 
squares (sum_sq) quantifies the total variation associated with each 
parameter. The mean square (mean_sq) is derived by dividing the sum of 
squares by the degrees of freedom, representing the average variability 
explained by each factor. The F-value compares the variability of each 
factor to the residual variability, where higher values indicate a stronger 
influence. Finally, the P-value assesses statistical significance, with 

values below 0.05 indicating that the factor has a real impact on the 
response rather than being a result of random variation.

The ANOVA results confirm the Grey Relational Analysis findings, 
which identified channel diameter (59.7 %, P = 0.0006) and number of 
channels (21.8 %, P = 0.0110) as the most influential parameters for 
optimizing coolant flow pattern. Their statistical significance validates 
the observation that configurations with a larger channel diameter and 
more channels achieve superior mass flow rates and volume fraction 
distribution.

On the other hand, interlayer distance (5.5 %), inclination (2.7 %), 
and number of layers (2.1 %) had much lower contributions and were 
not statistically significant. This suggests a limited impact on cooling 
efficiency compared to channel diameter and number of channels. 
However, in a real grinding process, the contact between channels and 
the workpiece is dynamic, meaning that multi-layer configurations 
could still enhance fluid distribution over the complete grinding cycle. 
The staggered arrangement of multiple layers can promote a wider and 
equal distribution of the fluid, ensuring more uniform cooling under 
intermittent contact conditions.

To further investigate this effect, the next stage of the study evaluates 
the optimized parameters—30 channels, 78◦ inclination, 1.7 mm 
diameter, and 2 mm spacing—in one-, two- and three-layer configura
tions. This can provide a deeper understanding of the role of multiple 
layers in dynamic cooling fluid allocation and grinding efficiency.

3.3. Dynamic analysis of cutting fluid distribution

This section evaluates the fluid distribution across the workpiece for 
one-, two- and three-layer grinding wheel configurations. The analysis is 
performed dynamically over multiple time steps to assess how the fluid 
spreads across the contact surface, influencing cooling efficiency, chip 
removal and workpiece cooling. The objective is to understand how 
channel arrangement and motion impact the coverage and overall 
effectiveness of the cooling system.

For the single-layer configuration, the fluid distribution exhibits a 
well-defined central peak in water volume fraction along the contact 
line, as shown in Fig. 8(a). This indicates that most of the fluid is 
concentrated in the central region (i.e. near the outlet flow channel), 
while the peripheral areas receive significantly less cooling fluid. Since 
only one channel is active per cycle, there is minimal variation between 
time steps, meaning the fluid distribution remains relatively static over 
time (Fig. 8(c)).

As shown in Fig. 8(b), excess fluid accumulates in the central plane 
and is diverted to the environment, leading to substantial fluid waste. 
While this configuration ensures effective fluid distribution in the cen
ter, it provides limited coverage across the width of the contact line. This 
may reduce chip removal efficiency and increase the risk of thermal 
damage at the edges due to insufficient cooling.

In the two-layer configuration, the alternating arrangement of 
channels results in a more dispersed coolant flow pattern across the 
contact line, as seen in Fig. 9(a). The fluid is applied from different 
positions in successive time steps, leading to a cyclic pattern where the 
fluid peaks shift across the surface. Nonetheless, fluid concentration at 
the center of the contact line remains lower, even with the improvement 
over the single-layer configuration.

At time-step 1, channel C2 is positioned at the contact line (Fig. 9
(b)), located in the second layer (Z = 1.85 mm). However, the peak 
water concentration occurs at Z ≈ − 2.5 mm, indicating that the fluid 
reaching the workpiece originates from channel C1 in the first layer, 
which has already passed the contact point; this occurs due to the 
rotation of the grinding wheel and the fluid pressure. As a result, the 
fluid released by earlier channels continues to cool the contact area, 
extending its coverage and reducing the heat accumulation in the re
gions near wheel-workpiece contact.

At time-step 2, C2 becomes the primary source of fluid in the contact 
zone, as shown by the peak at Z ≈ 2.0 mm in Fig. 9(a). This alternating 

Table 5 
Grey relational coefficient and Grey grade values.

No. Grey relational coefficient γ Order

Mass Flow Rate VF

1 0.345 0.333 0.339 18
2 0.558 0.658 0.608 8
3 0.777 1.000 0.889 1
4 0.548 0.411 0.479 13
5 0.744 0.548 0.646 6
6 0.459 0.404 0.432 15
7 0.738 0.356 0.547 10
8 0.590 0.458 0.524 12
9 0.817 0.386 0.602 9
10 0.333 0.351 0.342 17
11 0.548 0.677 0.612 7
12 0.678 0.829 0.754 2
13 0.626 0.451 0.538 11
14 0.452 0.381 0.417 16
15 0.899 0.608 0.753 3
16 0.922 0.381 0.652 5
17 1.000 0.473 0.737 4
18 0.552 0.364 0.458 14

Table 6 
Main effects on Grey relation grades.

Level Geometry Parameters

Number of 
Layers

Number of 
Channels

Inclination Channel 
Diameter

Interlayer 
Distance

1 0.591 0.483 0.555 0.419 0.591
2 0.544 0.591 0.559 0.618 0.561
3 0.586 0.648 0.608 0.685 0.512
4 − − − − 0.623
Delta 0.046 0.165 0.053 0.266 0.112
Order 

of 
effect

5 2 4 1 3
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behavior repeats in time-step 3 and 4, mirroring previous time steps as 
the wheel rotates. The central region of the contact line retains a rela
tively stable fluid presence—never dropping below 20 %—but still ex
hibits lower overall intensity compared to surrounding areas (Fig. 9(c)).

Compared to the two-layer setup, the three-layer configuration 
(Fig. 10) introduces greater dynamism, with fluid application alter
nating effectively between time steps. A key observation is the cyclic 
flow movement along the contact line: 

• At time step 1, the fluid concentration is higher at the sides, while the 
center is less cooled.

• At time step 2, the distribution shifts toward the center, reducing 
cooling at the sides.

• Time-step 3 redistributes the fluid again toward the sides, though 
with a different peak profile compared to step 1.

• Time-step 4 shows an asymmetric pattern, distinct from step 2, 
suggesting non-uniform yet continuous fluid movement.

This alternating pattern helps sustain cooling over time, avoiding dry 
spots and improving chip removal.

As in the previous configurations, a significant portion of the fluid 

Fig. 7. Main effects plot for Mean Grey Relation Grade.

Table 7 
Results of ANOVA on Grey relational grade.

df sum_sq mean_sq F-value P- 
value

Influence

Number of Layers 2 0.0079 0.0040 0.8659 0.4613 2.1 %
Number of 

Channels
2 0.0841 0.0421 9.2069 0.0110 21.8 %

Inclination 2 0.0105 0.0052 1.1460 0.3711 2.7 %
Channel Diameter 2 0.2302 0.1151 25.1928 0.0006 59.7 %
Interlayer 

Distance
3 0.0212 0.0071 1.5464 0.2852 5.5 %

Residual 7 0.0320 0.0046 ​ ​ 8.3 %

Fig. 8. Water volume fraction for the single-layer configuration over time: (a) along the contact line, (b) in each layer, and (c) on the workpiece surface.
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reaching the contact line originates from channels that have already 
passed the contact point, due to the rotation of the grinding wheel. This 
effect is evident in Fig. 10(a) and Fig. 10(b), where the peaks in fluid 
concentration correspond to channels positioned ahead of the contact 
zone.

Furthermore, Fig. 10(b) shows that the central layer releases the 
most water, while the aligned lateral layers increase fluid replenish
ment, improving the overall efficiency of the cooling system. This more 
uniform fluid distribution minimizes waste and improves system 
performance.

A comparative analysis of the three configurations confirms that the 
three-layer setup provides the most effective and dynamic coolant flow 
pattern along the contact line. The alternating channels create a 
continuous cyclic flow, promoting more efficient debris removal and 
improved workpiece cooling. The two-layer configuration enhances 
fluid dispersion compared to the single-layer configuration, as the 
alternating channels distribute the fluid more evenly over a broader 
area; However, as discussed previously, this configuration still exhibits 
cooling gaps in the central zone where the contact line does not receive 
sufficient fluid potentially affecting the cooling performance in this 
region.

3.4. Experimental validation

In the experimental tests, the maximum temperature on the abrasive 

wheel/workpiece contact surface was recorded as a way of evaluating 
the cooling mechanism of the channel system introduced on the contact 
surface. These results were compared with the coolant distribution ob
tained in the numerical simulation. Fig. 11(a) presents the experimental 
results, showing the temperature variations for each configuration at 
different depths of cut. Additionally, Fig. 11(b, c, d) illustrate the 
grinding wheels used in the tests, highlighting the different channel 
arrangements for fluid distribution. The temperature values obtained 
are consistent with those reported in the literature for comparable 
grinding conditions [42].

The experimental results indicate that the three-layer configuration 
exhibited the lowest temperatures across all depths of cut. This behavior 
is attributed to enhanced fluid distribution, ensuring more efficient 
cooling and effective heat removal. The alternation of channels between 
layers promotes a continuous fluid flow, reducing the formation of dry 
regions at the grinding wheel–workpiece interface and improving 
thermal control, as shown in Fig. 10(a). This trend was also observed by 
Sieniawski et al, [19], who reported that the three-layer configuration 
enhances coolant delivery, reduces fluid waste and optimizes cooling 
efficiency in grinding operations.

The one- and two-layer configurations displayed very similar tem
peratures, both being significantly higher than the three-layer configu
ration. In the single-layer configuration, the fluid is more concentrated 
along the contact line, potentially improving cooling in the central re
gion, although distribution in the lateral areas remains limited. The 

Fig. 9. Water volume fraction for the two-layer configuration over time: (a) along the contact line, (b) in each layer, and (c) on the workpiece surface.
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Fig. 10. Water volume fraction for the three-layer configuration over time: (a) along the contact line. (b) in each layer, and (c) on the workpiece surface.

Fig. 11. (a) Maximum temperature as a function of depth of cut; (b–d) Grinding wheels with one, two, and three layers of channels, respectively.
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simulations (Fig. 8(a)) confirm this behavior, showing that the single- 
layer configuration creates a well-defined fluid peak in the center, 
ensuring direct cooling at that location.

Meanwhile, the two-layer configuration showed a slightly higher 
temperature than the one-layer setup, which can be explained by less 
consistent coolant delivery at the interface due to channel alternation. 
As demonstrated in Fig. 9(a), the cooling pattern in the two-layer 
configuration is more dispersed, but gaps in central line are evident. 
These gaps may have resulted in localized deficient cooling, explaining 
the higher experimental temperatures. Additionally, the thermocouple 
position, located between the channels, may have contributed to this 
result, as the measurement was taken in a region with potentially 
reduced cooling, further reinforcing the findings from the simulations.

Another important aspect is the influence of cutting depth on the 
differences between configurations. As discussed in [2], in grinding 
processes, an increase in depth of cut results in higher thermal energy 
generation, intensifying the need for efficient heat dissipation to prevent 
thermal damage to the workpiece. This explains why, at low depths, 
temperature differences between configurations were minimal, whereas 
at higher depths, the three-layer configuration demonstrated signifi
cantly better performance. These results underscore the importance of 
an optimized cooling strategy under severe conditions to minimize 
thermal damage and preserve workpiece integrity.

While structural integrity was not the primary focus of this study, it is 
important to note that the highest channel density configuration tested 
(30 channels of 1.7  mm diameter) corresponds to only 2.3 % of the 
effective wheel surface. No signs of cracks or mechanical failure were 
observed during the grinding tests, indicating that the proposed design 
remained mechanically stable under the experimental conditions.

4. Conclusions

This study investigated the effect of internal cooling channels in 
grinding wheels, integrating Computational Fluid Dynamics (CFD), 
statistical optimization (Taguchi-Grey analysis) and experimental vali
dation to evaluate fluid distribution and thermal performance. The 
following key conclusions were drawn: 

• The Taguchi-Grey relational analysis identified the optimal channel 
configuration as 30 channels, a 78◦ inclination, a 1.7 mm diameter, 
and a 2 mm interlayer distance. Additionally, ANOVA determined 
that channel diameter (59.7 %) and number of channels (21.8 %) 
were the most influential parameters, confirming their critical role in 
optimizing fluid flow.

• The Grey Relational Analysis revealed that increasing the number of 
channels and their inclination angle positively influenced cooling 
performance. A higher number of channels improved fluid delivery, 
while greater inclination angles enhanced fluid penetration into the 
grinding zone, collectively optimizing the cooling efficiency.

• CFD simulations demonstrated that fluid dispersion improved with 
multi-layer configurations, but the two-layer setup exhibited gaps in 
central zone, leading to localized areas with lower fluid supply. The 
three-layer configuration, however, provided the most uniform and 
dynamic coolant flow pattern, ensuring cyclical replenishment of 
cooling fluid in the contact zone and mitigating cooling 
irregularities.

• The experimental results confirmed the superiority of the three-layer 
configuration, which consistently exhibited the lowest temperatures 
across all cutting conditions. The optimized multi-layer design 
enhanced cooling efficiency and reducing thermal accumulation, 
reinforcing the findings from CFD simulations.

• While a single-layer configuration concentrates cooling fluid at the 
center of the contact line, ensuring consistent cooling in that region, 
the two-layer setup disperses fluid more widely but creates gaps in 
the central zone. CFD simulations revealed that the staggered 
channels in the two-layer configuration caused alternating peaks in 

fluid distribution, leading to reduced concentration in some areas. 
Consequently, experimental validation showed that this setup 
resulted in higher temperatures than the single-layer configuration, 
highlighting the importance of ensuring continuous cooling in crit
ical regions.

• The findings indicate that simply increasing the number of cooling 
channels is not sufficient; instead, a multi-layer design with an 
optimized geometry is essential to maximize cooling efficiency and 
minimize the fluid utilization. The three-layer configuration 
demonstrated superior thermal control, positioning it as a promising 
solution for enhancing grinding efficiency, extending tool lifespan, 
and ensuring superior workpiece quality.
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