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A B S T R A C T

Efficient cooling and lubrication are critical in grinding due to the high specific energy and limited contact area 
involved. Conventional external methods often fail to penetrate the air barrier formed by the rotating wheel, 
leading to excessive heat generation and reduced process stability. To overcome this limitation, this study in
vestigates vitrified alumina grinding wheels with internal cooling channels designed for directed fluid delivery. 
Three structured configurations were developed, all with identical total outlet area (~54 mm²) but different 
channel diameters (0.6, 1.0, and 1.5 mm), to isolate the effect of channel size on fluid flow and grinding 
behavior. Computational fluid dynamics (CFD) simulations were performed to assess outlet velocity and surface 
coverage, while grinding tests quantified tangential and normal forces, temperature variation (ΔT), force ratio 
(Fₜ/Fₙ), and specific grinding energy. Narrow channels provided uniform surface coverage but limited jet velocity 
due to higher hydraulic resistance, whereas wider channels enhanced outlet velocity at the expense of flow 
uniformity. The intermediate configuration (Ø 1.0 mm) yielded the most balanced performance, achieving up to 
38 % lower tangential force and 41 % lower temperature than the Ø 0.6 mm design, while maintaining low 
specific energy across all depths of cut. Correlation between CFD and experimental results confirmed that both 
jet intensity and spatial distribution govern cooling and lubrication efficiency. These insights support the design 
of more efficient and sustainable grinding wheels through tailored channel geometries.

1. Introduction

Grinding is a process widely used in finishing operations due to its 
ability to generate surfaces with high geometric and dimensional quality 
[1]. However, it is an operation characterized by intense heat generation 
[2,3], resulting from the high specific energy of the process and the 
reduced contact area between tool and workpiece [4,5]. The main 
mechanisms responsible for this heat include grain–workpiece friction, 
plastic deformation of the surface layer, and grain fracture. Friction at 
the abrasive–workpiece interface converts most of the mechanical en
ergy directly into heat. Plastic deformation of the workpiece material 
further increases temperature through internal energy dissipation 

within the subsurface layer, while grain fracture and bond fracture 
release additional heat by absorbing part of the mechanical energy 
during chip formation. The combined action of these effects leads to 
thermal accumulation in the grinding zone [6–9]. This accumulated heat 
can compromise surface integrity, induce residual stresses, microcracks, 
and microstructural changes in the workpiece [10–12]. To mitigate such 
effects, large volumes of lubricating–cooling fluid are commonly 
applied, which in turn lead to a series of operational challenges [13,14].

The presence of an air barrier adhered to the surface of the grinding 
wheel at high rotation speeds hinders the effective penetration of the 
fluid into the cutting zone, often requiring even higher flow rates to 
compensate for this effect [15,16]. It is estimated that more than 4 
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million tons of cutting fluids are consumed annually worldwide, most of 
them based on petroleum-derived mineral oils [17]. This massive con
sumption not only generates high costs, accounting for up to 15–17 % of 
total production costs and three to five times the cost of the tools 
themselves, but also poses serious environmental risks. Just one liter of 
mineral oil can contaminate up to one million liters of water, compro
mising aquatic ecosystems and soil fertility [18].

In addition to the environmental impact, cutting fluids poses sig
nificant occupational health risks. Exposure can occur through inhala
tion of mists, dermal contact, or accidental ingestion of contaminated 
particles, and has been associated with chronic respiratory problems, 
dermatological disorders, and even potential carcinogenic effects 
[19–22].

From a broader sustainability perspective, both the life cycle of 
grinding wheels and the excessive use of coolants are increasingly crit
ical. To address these concerns, several alternative strategies have been 
proposed, such as MQL, cryogenic cooling, and textured grinding wheels 
[23,24]. Although these strategies have shown partial improvements, 
they present inherent limitations. Minimum quantity lubrication (MQL) 
provides limited cooling capacity in high-energy grinding, which re
stricts its applicability [25,26]. Cryogenic cooling offers effective heat 
dissipation but lacks adequate lubrication and requires costly infra
structure, reducing its industrial feasibility [27,28].

Among these, surface texturing of grinding wheels has been widely 
investigated as a means to improve coolant accessibility and facilitate 
chip evacuation [29,30]. Recent studies have demonstrated the poten
tial of this approach in reducing grinding temperature, controlling tool 
wear, and improving surface quality [31–34]. However, as the wheel 
wears, all these surface-based solutions gradually lose their 
effectiveness.

A more robust alternative is the integration of internal cooling 
channels, capable of delivering fluid directly from the wheel center to 
the contact zone, thereby overcoming the air barrier generated by 
rotation and maintaining efficiency throughout the entire wheel life 
[35–37]. Among the earliest and most systematic investigations in the 
field of internal cooling channels were those of Sieniawski and 
co-workers. In their study, vitrified alumina wheels with 1, 2 or 3 rows of 
radial channels demonstrated that even with a 90 % reduction in fluid 
flow (0.5 vs. 5.0 L/min), the process remained thermally stable, surface 
quality comparable to flood was preserved [38], and grinding forces 
were 20–25 % lower, with a slower force increase over time suggesting 
longer wheel life [39].

The main limitation, however, lies in the manufacturing method. 
Patent PL203295B1 [40] describes the formation of channels by means 
of tensioned metallic wires inserted through the mold during pressing, 
which are later removed mechanically to leave continuous channels. 
Any geometric modification requires a new mold, making the process 
inflexible. Moreover, the resulting channels are always linear, prevent
ing the creation of curved, interconnected, or non-circular structures.

More recently, other authors have explored internal cooling channels 
using additive manufacturing, such as Barmouz et al. (2023) [41] who 
produced resin-bonded wheels with cylindrical and venturi-shaped 
channels. The fluid was supplied externally through customized 
holders and guided into the internal channels, with results showing 
substantial reductions in grinding forces, improved tool life, and higher 
G-ratio, especially for venturi configurations. Nevertheless, despite the 
promising results, the Digital Light Processing (DLP) approach remains 
more suited for prototyping and resin-bonded wheels of limited size, 
since the long curing times per layer make the process difficult to apply 
at industrial scale. In addition, because coolant is still supplied exter
nally, a large amount of fluid is wasted and only a small fraction actually 
enters the slots, as evidenced by the high flow rates required in their 
tests (45 L/min).

This transition from surface-based to internally cooled designs rep
resents the logical evolution of fluid delivery systems in grinding, 
combining enhanced lubrication efficiency with longer tool durability. 

The design of internal coolant systems has evolved toward increasingly 
complex geometries. Early approaches were restricted to simple radial 
holes [42], while more recent studies explored multi-layer arrangements 
[38,39,43], additive manufacturing of venturi-shaped channels [41], 
and surface slot textures [44]. Despite these advances, most solutions 
remain limited either by manufacturing constraints or by continued 
reliance on external flooding.

The performance of internal lubrication strongly depends on the 
geometry of the channels, in particular their diameter, quantity and 
distribution along the grinding wheel surface [43]. It is therefore 
essential to investigate how these parameters influence the outlet ve
locity, fluid distribution, and the ability to effectively reach the grinding 
zone. Furthermore, the definition of optimal channel geometry involves 
complex trade-offs: while narrow channels promote wide surface 
coverage, they also increase pressure losses; larger channels offer greater 
jet momentum but reduce coverage, leading to possible zones of insuf
ficient lubrication.

The application of computational simulations, especially computa
tional fluid dynamics (CFD), has proven to be a valuable tool for un
derstanding this surface behavior of flow in structured wheels [45–50]. 
Through this approach, it is possible to visualize the trajectory of the jets 
at the outlets of the channels, estimate the distribution of velocities over 
the surface of the wheel and identify coverage patterns and areas of 
possible inefficiency [51]. Furthermore, simulation allows comparing 
different geometries without the need for multiple experimental steps, 
contributing to a more rational and efficient design of channels [49]. 
However, studies that integrate CFD modeling with experimental vali
dation in real cutting conditions are still limited in the literature for 
structured grinding wheels with radial internal channels applied to 
surface grinding.

In this context, the present work investigates the influence of channel 
diameter in structured vitrified wheels with internal lubrication for 
surface grinding. The study specifically addresses the lack of research 
isolating the diameter effect under a constant outlet area and combining 
CFD and experimental analysis. Three vitrified wheels with internal 
channels of different diameters (0.6, 1.0, and 1.5 mm) were designed 
and manufactured via the sacrificial PLA insert method, all maintaining 
a total outlet area of approximately 54 mm² to ensure fair comparison. 
The analysis integrates CFD simulations to characterize outlet profiles 
and fluid distribution, with experimental tests assessing thermal and 
tribological performance. The results clarify the relationship between 
channel geometry and lubrication effectiveness, supporting the opti
mized design of structured grinding wheels with internal cooling.

2. Materials and methods

2.1. Production of structured wheels

Three structured abrasive grinding wheels with internal channels 
were developed for this study. The manufacturing process followed the 
conventional route for vitrified grinding wheels, with the addition of a 
specific step: the incorporation of polymeric structures made of poly
lactic acid (PLA), responsible for forming the internal channels [52]. 
These structures were previously modeled in CAD software and fabri
cated by additive manufacturing, creating a radial network as illustrated 
in Fig. 1a–c. The PLA structures were positioned inside the mold, 
together with the mixture of abrasive grains (alumina, 220 mesh) and 
vitrified bond, and the assembly was then compacted with a defined 
pressure cycle.

Subsequently, the green bodies were subjected to the standard sin
tering cycle. During this process, the PLA was fully decomposed, 
creating continuous hollow channels, as shown in Fig. 1d–f. This method 
allowed the formation of well-defined channels without compromising 
the structural integrity of the tool. The final bulk density of the vitrified 
wheel was 2.14 g/cm³ . Additional details about the process are avail
able in Costa et al. (2024) [52].
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All grinding wheels were designed with identical external di
mensions (62 mm in diameter, 15 mm in width, and 21 mm in inner 
diameter), differing only in their internal channel configurations. The 
design strategy was based on two main principles. First, the total outlet 
area was fixed at approximately 54 mm² to provide a normalized 
baseline and eliminate bias related to different flow capacities. This 
approach ensures that any observed differences in fluid distribution or 
cooling efficiency arise solely from the channel diameter. Second, the 
selected diameters (0.6, 1.0, and 1.5 mm) were chosen to cover the most 
relevant range for vitrified wheels with internal lubrication, combining 
manufacturing feasibility and distinct hydraulic behaviors. Diameters 
below 0.6 mm approach the lower limit of the sacrificial-insert tech
nique, where channels may deform or close during sintering, while di
ameters above 1.5 mm tend to produce more concentrated outlet jets 
and larger interruptions on the cutting surface, potentially affecting the 
local contact conditions. Thus, this range represents a practical balance 
between fluid coverage, outlet velocity, and structural integrity.

The number of layers and interlayer spacing were derived from the 
wheel geometry and from structural feasibility considerations. Config
urations with 3 or 5 layers were adopted to ensure a sufficiently uniform 
radial distribution of outlets without excessively reducing the abrasive 
volume or compromising wheel strength. The corresponding axial 
spacing (2.1–3.5 mm) results from the geometric arrangement required 
to maintain concentricity between layers and to distribute channels 
homogeneously across the wheel width.

Earlier investigations based on Taguchi analysis and CFD revealed a 
general trend that larger channel diameters promoted superior hy
draulic behavior [43]. Since in that case the number of channels and 
outlet area were not constant, the present study was designed with a 
fixed outlet area to isolate the diameter effect and better evaluate its 
practical implications.

The three configurations developed are summarized in Table 1.

2.2. CFD methodology

The behavior of the fluid flow through the structured grinding 
wheels was analyzed using numerical simulations performed in ANSYS 
Fluent 2022. The three-dimensional model consists of an abrasive 
grinding wheel with internal channels, positioned 1 mm from the sur
face of the part, as shown in Fig. 2. The geometry presented in this figure 
corresponds to the GW_69_1.0 configuration, used as a representative 
example. The coolant fluid (water) is injected axially through the shaft, 
distributing itself through the channels until reaching the contact zone. 
To represent the external environment and capture the dispersion of 
fluid after exiting the wheel, the computational domain was enclosed by 

Fig. 1. Internal 3D structures, in PLA (a–c) and corresponding sintered grinding wheels (d–f) with different channel configurations: (a, d) 190 channels of ø 0.6 mm; 
(b, e) 69 channels of ø 1.0 mm; (c, f) 30 channels of ø 1.5 mm.

Table 1 
Geometric specifications of the structured grinding wheels evaluated in this study.

Grinding Wheel Channel Diameter (mm) Total Number of Channels Channels per Layer Number of Layers Interlayer Distance (mm) Total Outlet Area (mm²)

GW_190_0.6 0.6 190 38 5 1.5 53.7
GW_69_1.0 1.0 69 23 3 2.5 54.2
GW_30_1.5 1.5 30 10 3 2 53.0

Fig. 2. 3D model of the computational domain showing the structured grinding 
wheel (GW_69_1.0), the workpiece, the control volume box, and the inlet/outlet 
regions. The rotation direction of the wheel is also indicated.
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a control volume box with dimensions of 66 × 68 × 15 mm³ (X × Y ×
Z). The wheel geometry was modeled based on the actual dimensions of 
the sintered tools described previously.

The mesh was primarily composed of hexahedral elements, with 
local refinement in the internal channels, the central shaft, and the 
outlet region to ensure accurate resolution of the flow gradients. To 
capture near-wall effects, six inflation layers were applied along the 
internal channel walls, with a first-layer thickness of 0.1 mm and a 
growth rate of 1.2. The external control volume (air domain) was pro
gressively coarsened away from the wheel surface to reduce computa
tional cost while maintaining sufficient accuracy in the jet dispersion 
zone. The final grid contained approximately 3.3 million elements, a 
value determined through a mesh independence study, in which varia
tions in the average outlet velocity and jet dispersion pattern were below 
2 % when compared to a finer mesh (≈ 4.2 million cells).

The grinding wheel was modeled as a non-porous solid, and the two- 
phase flow (water–air) was solved under steady-state conditions. The 
rotation of the wheel at 5000 rpm, matching the experimental setup, 
was simulated using the Multiple Reference Frame (MRF) approach 
[53]. The implicit formulation was selected to enhance numerical sta
bility and reduce processing time [54–56], while the dispersed phase 
option was activated to represent water droplets transported within the 
continuous air phase [57]. The surface tension between air and water 
was set to 0.0728 N/m [51,58] and gravity was applied toward the 
workpiece to reproduce the real orientation of the grinding system.

Based on the estimated Reynolds numbers (Re < 2000), the flow 
inside the channels is laminar for all three geometries. However, this 
model was designed to analyze the dispersion of coolant in the external 
environment, including the mixing of water jets with air and their 
impact on the workpiece surface. Once the jets emerge from the chan
nels, they are subjected to strong shear instabilities (e.g., Kel
vin–Helmholtz mechanisms), which can rapidly promote transition and 
turbulence [50,59,60]. Widely employed in industrial applications 
involving turbulent flows, such as flow around solid surfaces and fluid 
jets, the k − ε (2 eqn) realizable model was the turbulence model chosen 
[47,61]. The realizable version was chosen for its robustness in 
improving the accuracy of highly distorted flows, such as those occur
ring in the interaction between the coolant and the workpiece [16,57].

Boundary conditions were defined as follows: a uniform mass-flow 
inlet of 0.0067 kg/s (400 mL/min) at the shaft entrance, correspond
ing to the experimental flow rate; an ambient-pressure outlet applied to 
all external faces of the control volume; and smooth, no-slip wall con
ditions on all solid surfaces (wheel, shaft, and workpiece). These con
ditions ensured consistency between the numerical and experimental 
configurations. The main outputs were the velocity fields (contours and 
vectors) near the wheel surface, used to evaluate the coolant distribution 
and its intensity toward the contact zone.

A separate set of simplified simulations was carried out to evaluate 
the outlet velocity profiles at the channel exits. In this case, only water 
was considered (single–phase flow), and the external control volume 
was removed, restricting the domain to the wheel and its internal 
channels. This modification avoided the numerical limitation of the full 
model, where the outlet coincides with a rotating wall. In the simplified 
configuration, the velocity field was computed in the relative reference 
frame, so that the no-slip condition at the channel walls was correctly 
imposed and the jet profiles could be extracted without the artificial 
offset introduced by the absolute formulation. The resulting outlet dis
tributions reflected the effective jet momentum generated by the inter
nal flow, enabling quantitative comparison among the different 
geometries. The mesh contained approximately 1.2 million elements, 
generated with the same refinement strategy and quality criteria adop
ted in the full simulations. All other boundary conditions and conver
gence parameters were also kept consistent.

Velocity profiles were extracted through cross-sectional planes 
orthogonal to the channel exit. To provide a comparative indicator of 
hydraulic utilization, the fraction of the channel area with very low 

velocities was quantified. A threshold of 0.1 m/s was adopted, corre
sponding to the lower end of the velocity scale observed in the simula
tions (0–1 m/s). In the velocity contour maps, this range appears as the 
blue regions, which were segmented using ImageJ software. These re
gions were considered hydraulically inefficient, as their contribution to 
jet momentum and coolant transport toward the contact zone is ex
pected to be negligible. The fraction of this low-velocity area relative to 
the total channel cross-section was then used as a comparative metric 
among the different geometries.

The simulated outlet velocity were experimentally validated by 
tracking individual coolant particles using the TrackMate plugin in Fiji, 
following the methodology described in Costa et al. (2025) [62].

2.3. Experimental setup

The grinding tests were performed in up-grinding mode, using a 
surface grinding machine. The grinding wheel was operated at 
5000 rpm, which corresponds to a peripheral speed of 16.23 m/s, while 
the feed table was maintained at 100 mm/min. Six cutting depths were 
evaluated: 10, 20, 50, 80, 100 and 120 µm, applied to each of the three 
structured grinding wheels. Before each test, the grinding wheel was 
dressed using a multi-point diamond dresser under identical conditions 
(vs = 1000 rpm, vw = 100 mm/min, ap = 30 µm), in order to restore the 
cutting surface and minimize the influence of wheel topography on the 
measured forces and temperatures.

Lubrication was applied internally, with distilled water injected 
directly into the machine spindle and flowing through the radial chan
nels toward the contact zone. Distilled water was selected as the cutting 
fluid due to its well-known thermal properties, stability, and reproduc
ibility in controlled experiments. While this does not replicate industrial 
practice, the purpose of this study was to isolate the effect of channel 
geometry on cooling and lubrication. Using water avoids the influence of 
additives and contaminants present in industrial coolants, ensuring that 
performance differences could be attributed solely to the internal fluid 
delivery configuration.

The inflow rate was fixed at 400 mL/min, controlled by a peristaltic 
pump connected to the spindle inlet, ensuring a constant volumetric 
supply independent of wheel rotation. This value was selected based on 
preliminary experiments and CFD analyses [43,62,63]. Although cen
trifugal effects redistribute the fluid inside the wheel, the total mass flow 
delivered to the outlet channels remains fixed by the pump.

The workpieces were made of AISI 1045 steel, with dimensions of 
80 × 15 × 10 mm. All samples were previously ground to ensure 
parallelism and uniform surface finish. Fig. 3 presents an overview of the 
experimental system, highlighting the structured grinding wheel, the 
part, the temperature sensor and the positioning of the load cell. Inside 
the grinding wheel, the cutting fluid is injected through an axial system, 
ensuring a controlled pressurization of the central chamber. This inter
nal pressure is sufficient to force the fluid to flow through the radial 
channels of the grinding wheel, promoting its efficient expulsion to the 
contact zone during the grinding process. The internal structure of the 
wheel and channel layout were previously described in Fig. 1.

The instrumentation included a TAS3F load cell, installed under the 
grinding machine table, for continuous measurement of normal (Fn) and 
tangential (Ft) forces. The force ratio was adopted as an indicator of the 
tribological behavior of the system and calculated as shown in Eq. (1): 

Force ratio =
Ft

Fn
(1) 

The specific grinding energy (Ec) was determined to evaluate the 
energy efficiency of the material removal process for each wheel 
configuration, according to Eq. (2) [64]: 

Ec =
Ft .vs

Qw
(2) 
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where Ft is the tangential grinding force (N), vs is the cutting speed (m/ 
s), and Qw is the material removal rate (mm³/s).

Temperature was recorded at 5 Hz using a K-type thermocouple 
positioned 1 mm from the surface and analyzed based on the thermal 
variation (ΔT), defined as the difference between the initial temperature 
(before the grinding wheel contacted the workpiece) and the maximum 
value recorded during the test.

To ensure reproducibility, three repetitions were performed for each 
experimental condition, and the results presented in the figures corre
spond to the mean values ± standard deviation. All tests were conducted 
under controlled room

temperature, with consistent dressing parameters and data- 
acquisition settings to minimize random variability. The main opera
tional and instrumentation parameters are organized in Table 2. The 
operating parameters adopted in this study were established based on 
preliminary grinding trials and previous investigations using the same 
test rig and workpiece material [43,62,63]. These conditions ensured 
process stability and measurable thermal and mechanical responses, 
while remaining within the typical industrial range for surface grinding 
with vitrified alumina wheels.

3. Results and analysis

The performance of the structured grinding wheels was analyzed 
through CFD simulations and experimental tests, focusing on how var
iations in channels geometry, specifically channel diameter, affect the 
system’s behavior. Although all configurations were designed with 
similar outlet areas, the internal fluid dynamics and grinding responses 
differed significantly. The following sections present and discuss the 

numerical and experimental results, highlighting the influence of 
channel arrangement on fluid distribution, grinding forces, temperature, 
and derived parameters such as force ratio and specific grinding energy.

3.1. Numerical analysis

The numerical results were divided into two complementary ana
lyses: first, the flow distribution and velocity vectors on the wheel sur
face were examined using the full CFD model; then, simplified 
simulations were performed to extract the outlet velocity profiles and 
identify regions of low hydraulic utilization.

Fig. 4 shows the velocity vectors on the external surface of the 
grinding wheel for the three geometries evaluated, covering both the 
outlet of the channels and the contact zone with the workpiece. 
GW_190_0.6 promotes a high density of vectors distributed over the 
surface, favoring broad coverage, but with low flow intensity, a behavior 
that reflects the limited capacity of narrow channels to sustain strong jet 
momentum. The GW_30_1.5 wheel concentrates more intense jets in 
specific regions, with large spacing between them, which can lead to the 
formation of zones with insufficient fluid supply. The GW_69_1.0 
configuration exhibits an intermediate pattern, combining reasonably 
strong jets with more uniform coverage across the tool surface.

To further investigate the local fluid performance at each channel 
outlet, velocity profiles were extracted from a simplified CFD setup. 
Table 3 presents the average outlet velocities and the corresponding area 
and percentage of regions with velocities below 0.1 m/s, indicative of 
regions with low hydraulic utilization. Fig. 5 shows the velocity profiles 
on the outlet surface, highlighting areas of low (blue) and high (red) 
flow.

The GW_190_0.6 setup had the lowest average speed (0.45 m/s) and 
the biggest percentage of region with slow flow (19 %). This behavior 
results from the high number of narrow channels, which increase pres
sure losses due to internal wall friction. As the channel diameter in
creases, these losses are reduced. This is shown by the higher speeds 
shown in GW_69_1.0 (0.75 m/s) and GW_30_1.5 (0.80 m/s), which are 
also shown by the lower area fractions with V < 0.1 m/s (14 % and 7 %, 
respectively). However, the additional gain between the Ø 1.0 mm and 
Ø 1.5 mm configurations is modest, which suggests that the hydraulic 
performance is reaching a limit.

To provide a geometric interpretation of these hydraulic differences, 
a Geometric Flow Index (GFI) was defined as the ratio between the total 
channel volume and the corresponding internal wall area. This index 

Fig. 3. Experimental setup showing the structured grinding wheel, workpiece, feed and rotation directions, and sensor locations.

Table 2 
Operational parameters and instrumentation used in the grinding tests.

Parameter Value

Wheels tested GW_190_0.6; GW_69_1.0; GW_30_1.5
Wheel dimensions 62 × 15 mm
Workpiece AISI 1045 (80 ×15 ×10 mm); 198 HV
Depths of cut (ap) 10, 20, 50, 80, 100, 120 µm
Wheel peripheral speed (vs) 16.23 m/s (5000 rpm)
Table feed rate (vw) 100 mm/min
Coolant Distilled water
Flow rate 400 mL/min
Lubrication System Internal (via radial channels)
Dressing conditions vs = 1000rpm; vw = 100mm/min; ap = 30µm
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reflects the relative balance between flow capacity and internal resis
tance imposed by channel walls. As shown in Fig. 6, the percentage of 
low-velocity regions (<0.1 m/s) decreases linearly with increasing GFI, 
indicating a direct relationship between wall friction and energy losses. 
In contrast, the average outlet velocity increases up to a GFI of 
approximately 0.25, beyond which it stabilizes. This suggests that while 
increased GFI reduces frictional losses and improves flow efficiency, its 

effect on outlet speed becomes marginal beyond this threshold.
The distribution observed in GW_69_1.0 appears to balance surface 

coverage and velocity magnitude, with moderately strong jets more 
evenly distributed across the wheel surface. This configuration suggests 
a compromise between the broad, low-momentum flow of GW_190_0.6 
and the concentrated high-velocity jets of GW_30_1.5. Further analysis 
in the following sections explores how this intermediate behavior affects 
fluid effectiveness in the cutting zone.

3.2. Grinding tests

Experimental tests were conducted on the structured wheels to 
validate numerical predictions and assess the effects of channel geom
etry on grinding forces, friction coefficient, specific grinding energy, and 
thermal behavior.

Figs. 7a and 7b, together with Table 4, show the average values of the 
tangential (Ft) and normal (Fn) forces as a function of the depth of cut. 
The GW_190_0.6 and GW_30_1.5 configurations showed similar forces 

Fig. 4. Velocity vectors obtained from CFD simulations on the external surface of the grinding wheels and in the contact zone with the workpiece: (a) GW_190_0.6, 
(b) GW_69_1.0, and (c) GW_30_1.5.

Table 3 
Average outlet velocity and fraction of low-velocity regions (V < 0.1 m/s) for the 
three structured wheel configurations.

Grinding 
Wheel

Average 
velocity (m/ 
s)

Total outlet 
area (mm2)

Area with V 
< 0.1 m/s 
(mm2)

Area with V 
< 0.1 m/s (%)

GW_190_0.6 0.45 53.7 10.2 19
GW_69_1.0 0.75 54.2 7.5 14
GW_30_1.5 0.80 53.0 3.8 7

Fig. 5. Velocity contour maps obtained from CFD simulations at the outlet surface of the structured grinding wheels: (a) GW_190_0.6, (b) GW_69_1.0, and (c) 
GW_30_1.5. The color scale represents local fluid velocity, highlighting low-velocity regions (blue) and high-velocity jets (red). The horizontal scale below each map 
indicates the physical size of the corresponding channel outlet (mm).
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throughout the tested range. The grinding wheel with Ø 1.0 mm 1.0 mm 
channels (GW_69_1.0) presented the lowest values in all conditions, with 
emphasis on the reductions of 38 % in Ft (at 10 µm) and 26 % (at 
50 µm), compared to the Ø 1.5 mm configuration, evidencing its greater 
efficiency in reducing the cutting effort. These trends were consistently 
observed across the three repetitions, with a maximum standard devi
ation of 0.42 N in the force measurements.

Fig. 8 shows the force ratio (Ft/Fn) as a function of the cutting depth 
for the three configurations evaluated. This parameter expresses the 
relationship between tangential and normal grinding forces and is 
commonly used to assess the efficiency and nature of the grain–work
piece interaction. It can be observed that all geometries exhibit lower 
force ratio values at the initial depths (10–20 µm), followed by a pro
gressive increase with increasing penetration. This trend suggests a 
transition in the tribomechanical regime: at shallow depths, the lower 
load per grain and limited material removal promote conditions closer 
to sliding contact. As the depth increases, grain engagement becomes 
more significant, abrasive interactions intensify, and the process evolves 
toward a more stable cutting regime. The GW_69_1.0 grinding wheel 
exhibited the lowest force ratio values across the entire range, indicating 
a more consistent interaction with the workpiece and improved overall 
performance. In contrast, the GW_190_0.6 and GW_30_1.5 configura
tions showed a more pronounced increase in force ratio, suggesting less 
stability in grain–workpiece interactions and a possible deficit in fluid 
delivery under intermediate cutting conditions.

Fig. 9 shows the variation of specific cutting energy as a function of 

cutting depth. The GW_190_0.6 and GW_30_1.5 geometries presented 
the highest specific energy values at the shallowest depths (10–20 µm), 
with a tendency to progressively reduce from 50 µm onwards. This 
behavior indicates low energy efficiency in the initial passes, possibly 
due to the predominance of surface plastic deformation mechanisms and 
friction without effective cutting. As the depth increases, grain pene
tration improves and the shear removal regime stabilizes, reducing en
ergy consumption per volume removed. In contrast, the GW_69_1.0 
grinding wheel maintained low and more constant specific energy 
values throughout the analyzed range, suggesting a more favorable 
energetic response at the tested range of cutting. This difference high
lights the influence of the channel’s configuration on the lubrication 
dynamics and the cutting regime established in each case.

The combined analysis of Figs. 8 and 9 reveals that a low force ratio 
value does not necessarily imply an energy-efficient process. Configu
rations GW_190_0.6 and GW_30_1.5 presented low Ft/Fn values at 
shallower depths (10–20 µm), but associated with high specific energy 
values, which indicates low material removal efficiency under these 
conditions. This behavior can be explained by the predominance of 
surface plastic deformation, associated with low grain penetration and 
friction without effective cutting, a phenomenon described as plowing 
[5,65–67]. In these cases, although the tangential force is not significant, 
the normal force is relatively high due to the surface stiffness and the 
contact distributed by many grains that only slide over the part. As a 
result, the force ratio is numerically low, but the energy consumed per 
removed volume is high, reflecting an inefficient tribological regime.

On the other hand, the GW_69_1.0 configuration demonstrated a 
different behavior: it maintained a low and stable force ratio even at 
shallow depths, with equally low and constant specific energy values. 
This indicates that, in this case, there is in fact an effective shear removal 
of material, with a lower contribution of plastic deformation. This per
formance suggests that the Ø 1.0 mm channels provided more effective 
lubrication, allowing adequate penetration of the grains from the first 
passes, without depending on the stabilization of the cutting regime at 
greater depths.

Therefore, the comparison between the three geometries reinforces 
that a low force ratio can only be interpreted as an indicator of efficiency 
when correlated with other parameters, such as specific energy, cutting 
forces, and temperature. In the case of the GW_190_0.6 and GW_30_1.5 
grinding wheels, the low force ratio values at shallow depths do not 
reflect a favorable cutting condition, as they coincide with high energy 
consumption and suggest the presence of friction-dominated contact and 
surface plastic deformation, intensified by ineffective lubrication, either 
due to low flow velocity (Ø 0.6 mm) or limited fluid coverage (Ø 
1.5 mm). Only the Ø 1.0 mm grinding wheel configuration exhibited a 
coherent and efficient interaction between frictional behavior, energy 
consumption, and grain penetration.

Fig. 10, together with Table 5, presents the maximum temperature 

Fig. 6. Relationship between the Geometric Flow Index (GFI), average outlet 
velocity, and low-velocity area (V < 0.1 m/s) obtained from CFD simulations 
for the three grinding wheel configurations. The GFI represents the ratio be
tween total channel volume and internal wall area, indicating the balance be
tween flow capacity and hydraulic resistance.

Fig. 7. Tangential (a) and normal (b) grinding forces as a function of cutting depth for the structured vitrified wheels with internal channels (GW_190_0.6, 
GW_69_1.0, and GW_30_1.5). Each point represents the average of three repetitions, with error bars indicating standard deviation.
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variation (ΔT) in the workpiece as a function of cutting depth. The 
GW_190_0.6 configuration recorded the highest ΔT values under all 
conditions, while the GW_69_1.0 wheel showed the lowest average 
temperatures, with reductions of 40.9 % and 30.1 % at 50 µm and 
100 µm, respectively, when compared to GW_190_0.6. This behavior 
reinforces the importance of fluid distribution and surface coverage in 
thermal dissipation during grinding. As demonstrated by Liu et al. [2], 
increasing the normal grinding force intensifies the elastic deformation 
of the grinding wheel, which enlarges the contact arc and increases the 
number of active cutting grains. Consequently, the heat-affected zone 
expands, and surface temperature rises progressively. Therefore, the 
lower ΔT observed in GW_69_1.0 may be attributed not only to 
improved fluid penetration but also to a more favorable balance 

between jet velocity and surface coverage, which helps limit thermal 
accumulation even as the contact area increases with cutting depth. 
These trends were consistently reproduced across the repetitions, with 
maximum standard deviations of 0.69 ◦C for low and moderate depths 
(≤80 µm), and values ranging between 0.15 and 1.27 ◦C at the higher 
depths of cut (100–120 µm).

Overall, the experimental results demonstrated distinct performance 
patterns among the tested grinding wheel configurations. While each 
design presented advantages under specific conditions, the GW_69_1.0 
configuration consistently delivered lower forces, friction, and temper
ature variation across all cutting depths. These findings suggest that 
geometric parameters, particularly channel diameter and distribution, 
play a critical role in defining the efficiency of internal lubrication.

An additional aspect to be considered is the potential effect of in
ternal channels on wheel wear. On the one hand, the enhanced coolant 
transport and improved removal of grinding debris would be expected to 
reduce wheel loading and thermal damage, thereby mitigating wear 
progression, as already demonstrated in the literature [41,68]. On the 
other hand, the presence of channels decreases the effective cutting area 
and introduces edges that may act as local stress concentrators, which 
could accelerate wear at specific regions. Nevertheless, it should be 

Table 4 
Average tangential and normal forces and their respective standard deviations, obtained from three repeated grinding tests for each wheel geometry and depth of cut.

Depht of cut (µm) Tangential Force NormalForce

GW_190_0.6 (N) GW_69_1.0 (N) GW_30_1.5 (N) GW_190_0.6 (N) GW_69_1.0 (N) GW_30_1.5 (N)

10 0.82 ± 0.12 0.63 ± 0.04 1.02 ± 0.17 1.32 ± 0.14 1.11 ± 0.09 1.62 ± 0.20
20 1.91 ± 0.03 1.32 ± 0.21 1.67 ± 0.15 2.57 ± 0.03 1.91 ± 0.36 2.36 ± 0.18
50 3.99 ± 0.16 3.15 ± 0.06 4.26 ± 0.06 5.24 ± 0.20 4.32 ± 0.05 5.74 ± 0.10
80 5.51 ± 0.08 4.81 ± 0.09 6.14 ± 0.17 6.98 ± 0.05 6.52 ± 0.01 8.03 ± 0.24
100 6.66 ± 0.30 6.08 ± 0.06 7.11 ± 0.27 8.43 ± 0.42 7.94 ± 0.03 9.00 ± 0.23
120 8.12 ± 0.05 6.97 ± 0.06 8.00 ± 0.14 10.06 ± 0.00 9.13 ± 0.01 10.09 ± 0.16

Fig. 8. Variation of the force ratio (Ft/Fn) with cutting depth for the structured 
vitrified grinding wheels (GW_190_0.6, GW_69_1.0, and GW_30_1.5). The 
plotted values represent the mean of three repetitions for each condition.

Fig. 9. Specific grinding energy as a function of cutting depth for the structured 
vitrified wheels with different internal channel diameters. The specific energy 
was calculated from the measured tangential force and the material 
removal rate.

Fig. 10. Temperature variation (ΔT) in the workpiece as a function of cutting 
depth for the structured vitrified wheels with internal channels. The tempera
ture was measured using a K-type thermocouple embedded 1.0 mm below the 
workpiece surface. Reported values correspond to the average of three repeti
tions, with error bars indicating standard deviation.

Table 5 
Temperature variation (ΔT) and standard deviation for the three grinding wheel 
geometries at each depth of cut.

Depht of cut (µm) GW_190_0.6 (ºC) GW_69_1.0 (ºC) GW_30_1.5 (ºC)

10 2.75 ± 0.50 2.58 ± 0.46 2.24 ± 0.59
20 4.12 ± 0.54 3.19 ± 0.06 2.98 ± 0.06
50 8.46 ± 0.48 5.00 ± 0.13 6.47 ± 0.07
80 10.80 ± 0.30 7.83 ± 0.68 9.20 ± 0.05
100 13.75 ± 0.40 9.61 ± 0.15 11.00 ± 0.76
120 15.90 ± 0.15 11.70 ± 1.27 12.38 ± 0.13
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noted that the total active surface of the wheel (~2922 mm²) is only 
slightly reduced by the channel outlets (~54 mm²), corresponding to 
less than 2 % of the total.

A complementary indication of this trend can be drawn from a pre
vious study in which vitrified alumina wheels incorporating superficial 
spiral and hexagonal channels were evaluated under pin-on-disk con
ditions [69]. In that work, the presence of channels led to a reduction in 
wheel wear of approximately 35 % (hexagonal) and 42 % (spiral), 
together with an increase in grinding ratio of up to 153 % when 
compared with a conventional wheel. Although obtained with 
surface-textured rather than internally channel-integrated wheels, these 
results reinforce the expectation that improved coolant access and 
debris evacuation tend to mitigate wear progression.

3.3. Correlation between CFD and experimental results

This section establishes the correlation between the CFD predictions 
and the experimental results, linking the simulated outlet flow charac
teristics to the measured mechanical and thermal responses during 
grinding. The comparative analysis revealed clear correspondences be
tween the fluid behavior at the channel outlets and the overall grinding 
performance.

The GW_190_0.6 configuration exhibited lower tangential and 
normal forces than GW_30_1.5, despite its poorer performance in tem
perature control and force ratio. This behavior may be related to the 
more homogeneous surface coverage provided by the higher number of 
channels, even with lower outlet velocity. Such distribution tends to 
reduce the local heat produced by mechanical interaction peaks and 
micro-impacts between the tool and the workpiece. In contrast, the 
concentrated and high-velocity jets in the GW_30_1.5 configuration 
favor localized heat removal but result in less uniform lubrication, 
which can generate localized mechanical stresses at the abrasive 
grain–workpiece interface.

Regarding thermal behavior, the GW_30_1.5 configuration per
formed better at lower cutting depths (10–20 µm), likely due to the 
focused action of the more intense jets, promoting effective localized 
cooling. However, above 50 µm, its performance became inferior to that 
of GW_69_1.0. This change can be explained by the more limited surface 
coverage of the widely spaced channels, whose effectiveness decreases 
as the contact area increases, making it difficult to maintain adequate 
cooling under more demanding conditions.

Fig. 11 shows the relationship between the outlet area fraction with 
velocity below 0.1 m/s and the experimental results for tangential force 
(a) and maximum temperature variation (b). As only three wheel ge
ometries were evaluated, this comparison is intended as a qualitative 
assessment of the tendencies between the CFD parameter and the 
experimental behavior. Tangential force remains nearly unchanged as 
this variable increases, indicating that mechanical behavior is not 
strongly influenced by the low-velocity outlet area. In contrast, 

temperature exhibits an upward tendency, suggesting that thermal 
performance is more sensitive to the coolant velocity distribution at the 
outlet. This distinction supports the interpretation that fluid delivery 
with sufficient velocity is essential for effective heat removal at the 
contact zone, whereas force levels depend more closely on jet orienta
tion, coverage and the resulting lubrication conditions.

At higher cutting depths, however, the behavior does not follow the 
same clear tendency observed at 10 µm. Grinding is a thermally complex 
process, and several mechanisms contribute simultaneously to heat 
generation and removal. At low depths, such as 10 µm, the measured 
temperature in the workpiece follows closely the fraction of low-velocity 
outlet area, with smaller low-velocity regions resulting in lower ΔT. At 
50 and 120 µm, the tendency becomes less clear, indicating that coolant 
velocity alone is not sufficient to ensure effective heat dissipation under 
more demanding conditions. Increased heat generation, a larger contact 
area and a higher chip volume all begin to play a more significant role, 
making the thermal response more complex as cutting depth increases. 
To better understand these interactions, a dedicated experimental pro
gram will be required, including temperature-profile measurements at 
multiple locations rather than relying solely on the maximum temper
ature value, as performed in the present study.

Fig. 12 illustrates the correspondence between the simulated velocity 
distribution at the channel outlets and the flow patterns observed on the 
grinding wheels experimentally. To enhance visual identification of 
fluid dispersion, a coulorant was added to the distilled water used in the 
experimental setup. It should be noted that, due to the use of the 
colorant, the outlet regions of the jets, corresponding to the more 
covered areas, appear highlighted in blue on the wheel surface. The 
channel geometry influences not only the jet intensity but also the 
uniformity and extent of fluid distribution over the wheel surface. The 
GW_190_0.6 configuration shows multiple visible outlet points, with 
weaker but well-distributed jets, matching the continuous and homo
geneous pattern predicted in the simulation. The GW_69_1.0 configu
ration combines moderate jet intensity with a relatively uniform 
distribution, which aligns with its balanced performance observed in the 
experiments. In contrast, the GW_30_1.5 configuration concentrates the 
fluid output in fewer points, with intense jets that are less visible on the 
wheel surface, reflecting the lower surface coverage predicted in the 
simulation, especially in the regions between channels.

This direct comparison between simulation and experimental 
observation reinforces the reliability of the CFD modeling approach and 
highlights its potential as a design support tool for structured grinding 
wheels with improved hydraulic and thermal performance.

The results obtained with optimized internal channels geometries 
have potential direct application in industrial systems seeking greater 
sustainability and efficiency in the grinding process. The possibility of 
reducing cutting efforts and temperature without changes on the fluid 
consumption allows for greater tool durability and lower environmental 
impact. In addition, the adopted methodology, which combines CFD 

Fig. 11. Correlation between the outlet area fraction with velocity below 0.1 m/s (from CFD simulations) and experimental results: (a) tangential grinding force and 
(b) maximum temperature variation for three cutting depths (10, 50, and 120 µm).
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simulations with tests on real vitrified grinding wheels, can be extended 
to the analysis of other metal alloys (such as stainless steel or superal
loys) or to different channel configurations (e.g., inclined, helical, 
combined).

4. Conclusion

This study investigated the influence of channel diameter on the 
hydraulic and tribological performance of internally cooled vitrified 
grinding wheels, maintaining a constant total outlet area. The main 
conclusions can be summarized as follows: 

1. CFD simulations demonstrated that channel geometry governs the 
trade-off between outlet velocity and surface coverage. Narrow 
channels (Ø 0.6 mm) produced homogeneous but low-intensity flow 
due to higher hydraulic resistance, while wide channels (Ø 1.5 mm) 
generated stronger jets but less uniform fluid distribution.

2. Experimental results confirmed these tendencies quantitatively: the 
intermediate design (Ø 1.0 mm) achieved up to 38 % lower 
tangential force and 41 % lower temperature rise compared with the 
narrow-channel wheel, while maintaining low specific grinding en
ergy across all cutting depths.

3. Quantitative correlation between CFD and experiments showed that 
the fraction of low-velocity regions (V < 0.1 m/s) at the channel 
outlets is directly linked to the measured thermal response: higher 
low-velocity fractions corresponded to greater temperature rise, 

confirming the sensitivity of cooling performance to outlet flow 
uniformity.

Overall, these findings show that channel diameter and quantity 
must be jointly optimized to ensure efficient internal cooling. Tailoring 
channel geometry can significantly reduce mechanical loads, stabilize 
grinding performance, and lower coolant consumption, contributing to 
more sustainable grinding processes.
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