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Efficient coolant delivery is essential in grinding to control heat generation, minimize tool wear, and preserve
workpiece integrity. However, Computational Fluid Dynamics (CFD) models commonly used for coolant system
design remain rarely validated due to the extreme speeds and complex multiphase flows involved. This work
addresses this gap by combining CFD simulations with targeted experiments to evaluate heat removal effec-
tiveness in internally cooled grinding wheels with three channel inclinations: positive, straight, and negative.
Transparent resin prototypes enabled high-speed imaging and particle tracking for flow field validation, while
grinding tests measured temperature rise and mechanical loads. Results demonstrate that channel inclination
strongly affects fluid acceleration, jet coherence, and penetration into the grinding zone, with the positive
inclination producing the highest outlet velocities and reducing temperature rise by up to 67%. Particle tracking
confirmed CFD predictions within 16% deviation, validating the model’s reliability. By establishing a direct
correlation between coolant jet dynamics, heat dissipation, and process performance, this study demonstrates a
methodology for the thermal optimization of internal cooling systems in rotating tools. The approach provides a
pathway for improving energy efficiency, extending tool life, and reducing coolant consumption in industrial
machining processes.

may also lead to cracks and surface oxidation, compromising part
integrity and limiting productivity. The extent of thermal damage is

1. Introduction

Grinding is the most common method for machining of materials like
ceramics, composites, alloys and super alloys having high strength to
weight ratio [1,2]. Despite its versatility and ability to achieve high
dimensional accuracy in such demanding materials, the process is also
characterized by intense heat generation in the cutting zone, which
makes coolant delivery a critical factor for maintaining performance and
avoiding thermal damage [3-5].

Grinding is intrinsically associated with high thermal loads in the
workpiece, since nearly all the mechanical energy supplied is converted
into heat at the grinding zone. This heat transfer to the surface layer can
cause severe thermal damage, including burn, phase transformations,
hardness reduction, and tensile residual stresses. In extreme cases, it
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closely linked to the heat partition ratio into the workpiece, which de-
pends on grinding parameters and determines whether the generated
energy will be dissipated through the chips, grinding wheel, fluid, or
retained in the material [6,7]. High-performance grinding processes are
especially prone to excessive temperature rise, with surface interface
temperatures exceeding 800 °C under unfavorable conditions, leading to
accelerated wheel wear and deterioration of workpiece quality. Conse-
quently, accurate thermal control of the grinding zone has become a
central focus in research, as optimizing heat transfer is a prerequisite not
only for process reliability but also for sustainable and productive
grinding operations [8].

Efficient coolant delivery plays a decisive role in the performance
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and reliability of grinding processes [9-11]. By controlling the tem-
perature in the contact zone, reducing friction between the abrasive
grains and the workpiece, and flushing away chips, coolant contributes
directly to dimensional accuracy, surface integrity, and tool life
[12-14]. However, in conventional external cooling systems, the
coolant jet must overcome the aerodynamic barrier generated by the
rotating wheel. At elevated peripheral speeds, this air layer can deflect
or fragment the fluid jet, substantially reducing the volume and velocity
of coolant that reaches the grinding interface [15-19]. As a result,
inadequate cooling often leads to excessive heat generation, thermal
damage to the workpiece, accelerated wheel wear, and unstable process
performance [20,21].

To overcome these limitations, internal coolant delivery systems
have been proposed, in which fluid is fed directly into the grinding
wheel and discharged through dedicated channels distributed along its
periphery [22-24]. This configuration allows the coolant to bypass the
air barrier and be delivered directly to the grinding zone, improving
penetration, heat dissipation, and lubrication efficiency [25]. Several
studies have demonstrated that structured grinding wheels with internal
channels can significantly lower grinding temperatures and forces,
thereby enhancing process efficiency and stability [26,27]. Neverthe-
less, the effectiveness of such systems depends strongly on the design of
the internal channels, which not only govern fluid acceleration, jet
orientation, and distribution at the outlet, but also determine how the
coolant interacts with the air barrier and reaches the workpiece surface
[28]. Previous studies have systematically examined parameters such as
channel diameter [29], number of channels [30], inclination angle [31],
and multi-layer arrangements [28], revealing their influence on flow
rate, jet penetration, and overall cooling efficiency.

More broadly, the application method itself has a decisive influence
on the thermal and tribological performance of grinding operations
[32]. Conventional flood cooling, although widely used, often suffers
from low penetration into the contact zone at high wheel speeds,
limiting heat removal and lubrication efficiency [33]. Alternative stra-
tegies such as minimum quantity lubrication (MQL) [34] and cryogenic
cooling [35] have shown potential to significantly reduce grinding
temperature, tangential and normal forces, and surface roughness.
Comparative studies indicate that internal coolant delivery generally
provides superior penetration into the grinding zone and more stable
process behavior than purely external systems, especially under high-
speed conditions [29,36]. Beyond technical performance, coolant
application strategies must also address environmental and economic
considerations, as conventional flood systems consume large volumes of
cutting fluid, generating substantial procurement, maintenance, and
disposal costs, while posing risks to operator health and contributing to
environmental contamination [37-39].

Within this consolidated technological framework, recent advances
in computational fluid dynamics (CFD) have expanded the possibilities
for analyzing and optimizing coolant delivery in grinding operations
[40,41]. Numerical simulations allow detailed visualization of flow
fields inside complex geometries, quantifying parameters such as ve-
locity distribution, pressure gradients, and turbulence intensity that are
difficult to measure experimentally. Yu et al. [42] used this approach to
analyze the hydrodynamics of the fluid in the grinding zone and explain
how the bionic structures of the grinding wheel help to break the air
barrier created by rotation, increasing the efficiency of lubrication and
cooling. Thekkoot Surendran and Sooraj [43] applied similar simula-
tions to study airflow around both conventional and segmented wheels,
correlating segmentation patterns with boundary layer characteristics,
coolant penetration, and thermal performance, and identifying an
optimal number of segments for improved cooling in wet grinding
conditions.

In the context of internally cooled grinding wheels, CFD has been
applied to study the influence of channel geometry, inclination, and
outlet configuration on fluid acceleration and jet coherence. For
example, Peng et al. [25] conducted simulations to optimize the outlets
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in a directional internal-cooling grooved grinding wheel, aiming to in-
crease outlet flow rate, improve distribution uniformity, and enhance
coolant delivery efficiency under different supply pressures before
manufacturing the tool. Zhao et al. [44] modeled multiphase flow in a
porous self-lubricating internal-cooling grinding wheel, aiming to
evaluate how porosity and different concentrations of nanofluids influ-
ence velocity distribution, jet trajectories, and cooling performance
prior to manufacturing and experimental testing. Wang et al. [45]
analyzed the internal flow behavior, enabling the prediction of velocity
distribution and coolant coverage to guide design adjustments prior to
fabrication and performance testing.

Although CFD is widely used to analyze coolant flow in both con-
ventional and internally cooled grinding wheels, its experimental vali-
dation remains rare due to the harsh and dynamic nature of the grinding
environment. High rotational speeds generate strong air barriers and
complex multiphase interactions between coolant, air, and debris,
making direct measurement inside the wheel or at the contact zone
extremely difficult. Optical methods, such as high-speed imaging, are
limited by restricted access, small field of view, and distortions caused
by spray and reflections. Reproducing the exact conditions in simula-
tions also demands precise geometry, material properties, and boundary
conditions, including turbulence levels and internal flow distribution.
These challenges, combined with the small size of internal channels and
transient flow behavior, make quantitative validation of CFD predictions
particularly challenging.

High-speed imaging and particle tracking are well-established tech-
niques in fields such as biomedical engineering, where they are exten-
sively used to analyze blood flow, cell transport, and microfluidic
behavior with high spatial and temporal resolution [46-48]. These
methods allow precise quantification of flow velocity, trajectory, and
interaction with complex geometries, providing valuable insights for
both research and clinical applications [49]. However, despite their
proven capability in capturing transient and small-scale fluid phenom-
ena, their application in grinding processes remains virtually unex-
plored. The high rotation speeds, limited optical access, and multiphase
nature of coolant flow in grinding present unique challenges that have so
far hindered the use of such techniques for experimental validation of
numerical models in this field.

To overcome these limitations, this study employs an integrated
experimental-numerical approach for the quantitative validation of
coolant flow simulations in grinding wheels. High-fidelity CFD models
were developed for three internal channel inclination configurations:
positive (aligned with the wheel rotation), straight (radial), and nega-
tive (against the wheel rotation), with operating parameters matched to
the experimental setup. Transparent resin prototypes of the same de-
signs were used to perform high-speed flow visualization and particle
tracking, enabling direct validation of simulated velocities within the
channels and qualitative assessment of jet formation at the outlets. By
combining the spatial and temporal resolution of optical techniques with
the predictive capacity of CFD, this approach bridges the gap between
numerical modeling and real flow conditions inside rotating tools.
Finally, grinding experiments under controlled conditions provided
complementary thermal and mechanical performance data, allowing
direct correlation between predicted flow behavior, observed coolant
delivery patterns, and their actual impact on process efficiency.

2. Materials and methods

The main objective of this work was to experimentally validate CFD
simulations of coolant flow in internally cooled grinding wheels and to
correlate flow behavior with grinding performance. The study was
designed under several constraints. First, the geometry of the channels
had to match the nominal design used in the simulations, ensuring
dimensional accuracy for direct comparison. Second, the prototypes had
to be transparent to allow optical access for high-speed imaging and
particle tracking. Third, the experimental setup needed to operate at
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controlled flow rates and wheel speeds to replicate the simulation con-
ditions, while ensuring stable illumination, minimal optical distortion,
and repeatable acquisition conditions. Finally, the manufacturing and
testing procedures had to be reproducible and cost-effective, enabling
multiple tests with consistent results.

To meet these requirements, transparent resin grinding wheel rep-
licas were produced by additive manufacturing for flow visualization,
while vitrified alumina wheels were manufactured for grinding tests.
The internal coolant delivery was evaluated using high-speed imaging
and particle tracking on the transparent prototypes, and performance
was assessed through grinding tests measuring forces and temperature.
CFD simulations replicated the exact geometries and operating condi-
tions of the experiments, enabling direct quantitative and qualitative
validation.

2.1. Grinding wheel configurations

Three internal channel configurations were designed for the grinding
wheels (Fig. 1): (a) positive inclination, channels inclined at 6 = 12° in
the wheel rotation direction; (b) straight, radially aligned channels (6 =
0°); and (c) negative inclination, channels inclined at 6 = 12° opposite to
the rotation direction. All geometries consisted of 30 channels with a
nominal diameter of 1.7 mm, an external diameter of 62 mm, and an
internal diameter of 21 mm. When assembling the grinding wheel, the
passage is sealed on the side faces, ensuring that the fluid only exits
through the channels.

Transparent resin prototypes (Fig. 1) were produced by additive
manufacturing for flow visualization. The prototypes were fabricated
using a 3D printer (Anycubic Photon D2, Anycubic, Shenzhen, China)
employing Digital Light Processing (DLP) technology and Anycubic
Clean translucent photopolymer resin. Printing parameters were set to a
layer height of 50 um, an exposure time of 2.4 s per layer, and 30 s for
the base layers. After printing, the wheels were washed in isopropyl
alcohol (> 95 % purity) for 5 min in an Anycubic Wash & Cure Plus unit,
under continuous agitation, followed by internal channel cleaning with
compressed air and complete drying. Post-curing was performed in the
same unit under ultraviolet light (A = 405 nm) for 6 min to ensure
complete polymerization, improved mechanical strength and dimen-
sional stability.

Surface finishing was obtained by mechanical polishing in a bench-
top metallographic polisher, starting with manual sanding using 2000-
grit silicon carbide paper, followed by a two-stage polishing sequence
on cloth-covered rotating discs with abrasive suspensions. A lubricant
fluid was also applied during polishing. This procedure yielded a
translucent surface, enabling clear visualization of the particle-laden
coolant flow inside the wheel during high-speed imaging experiments.

Alumina based wheels with vitrified bonds were manufactured in the
same three inclinations for grinding tests. The abrasive mixture,

Positive Inclination

Straight
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composed of white alumina grains and a vitrified bond, was packed into
steel molds together with a polymer structure (PLA) that defined the
internal channel geometry. This polymer insert was produced by 3D
printing and positioned in the mold prior to filling. The green bodies
were pressed, dried, and subjected to the vitrification cycle, during
which the polymer structure was burned out, leaving the open channels.
After firing, the wheels were balanced and dressed before the grinding
tests. Detailed information on the manufacturing process can be found in
Costa et al. (2024) [50].

2.2. High-speed imaging and flow visualization

Flow visualization was performed using a CMOS Photron FASTCAM
SAS5 high-speed camera, recording 512 x 512 pixel sequences at 6000
fps with an exposure time of 1/100 000 s. The camera was positioned
orthogonally to the wheel periphery, with the lens aligned to the central
plane of the channels to minimize perspective distortion. Illumination
was provided by a continuous halogen light source positioned in front of
the wheel. To improve light uniformity and enhance particle visibility, a
mirrored surface was fixed behind the resin wheel to reflect the light
back through the channels.

A transparent resin replica of the grinding wheel was used to allow
optical access to the internal channels. Plastic glitter particles (diameter
= 0.4 mm) were dispersed in water and injected axially through the
wheel spindle at a constant flow rate of 800 mL/min. This flow rate,
higher than that used in the grinding tests (400 mL/min), was selected to
improve visualization during high-speed recording. The wheel was
driven at rotational speeds of 250, 2000, 3000, and 5000 rpm, and re-
cordings were performed for each of the three grinding wheel configu-
rations. The coolant reservoir containing the tracer particles was placed
on a magnetic stirrer to promote uniform dispersion and prevent
agglomeration. The experimental setup used for these measurements is
shown in Fig. 2.

2.3. Particle tracking and velocity estimation

The displacement of particles inside the cooling channels was eval-
uated using two complementary approaches: manual and automatic
tracking. The analysis was performed for the positive inclination chan-
nel geometry, as it exhibited the most uniform flow among the three
configurations, and at a wheel speed of 250 rpm to facilitate controlled
particle tracking.

In the manual method, a reference particle (p;) was identified in the
first frame (time t;) and tracked until it approached the channel exit,
reaching position p;’ at time ty (Figs. 3a and b). The corresponding
images were corrected for wheel rotation, allowing the positions to be
overlaid and aligned (Fig. 3c). The linear distance between p; and p;’
was measured with ImageJ software [51], and the particle velocity was

Negative Inclination

Fig. 1. Transparent resin prototypes of structured grinding wheels used for high-speed imaging and particle tracking: (a) positive inclination (6 = 12° in the rotation
direction); (b) straight (6 = 0°); and (c) negative inclination (6 = 12° opposite to the rotation direction).
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Fig. 2. Experimental setup for high-speed imaging: (a) coolant reservoir, (b) magnetic stirrer, (c) coolant pump, (d) supply pipe, (e) surface grinding machine, (f)
resin grinding wheel, (g) reservoir for water collection, (h) optical lenses, (i) high-speed camera, (j) triaxial translation stage, (k) illumination system, and (1)

computer for image acquisition and processing.

c)

Rotation Correction

Sy

Fig. 3. Manual particle tracking method: (a) initial position of the reference particle (p;) at time t;; (b) final position (p;’) at time tp; () rotation-corrected overlay of
the two frames showing the measured displacement (Ap) used for velocity calculation.

calculated as:
AP

(2 —t1) W

Vp1 =

This procedure was repeated for 6 particles located in different channels
of the grinding wheel, ensuring that the validation reflected the general
flow behavior rather than a single-channel condition.

In the automatic method, raw images (923 frames; 512 x 512 px; At
= 0.167 ms) were imported into Fiji/ImageJ 2 (ver. 1.54p) and rigidly
aligned three times using Linear Stack Alignment with SIFT to eliminate
rotation and micro-vibrations of the wheel. The contrast of each frame

was normalized (Enhance Contrast, saturation = 0.4 %), and a static
background was obtained by Median Z-projection and subtracted from
the original stack (Image Calculator » Difference), followed by Gaussian
blur (6 = 1 px) to reduce noise. The analysis was restricted to the outer
ring, isolated by combining two circular selections (ROI Manager » XOR)
and clearing the outside region (Clear Outside).

Tracking was performed in TrackMate v7.14 [52] using the LoG de-
tector (estimated diameter = 0.4 mm; threshold = 2; sub-pixel on) and
the Simple LAP tracker (linking = 0.5 mm; gap-closing = 0.5 mm; frame-
gap = 2). Tracks with a duration < 10 frames or displacement < 3.11
mm were discarded, resulting in 32 valid particles. Instantaneous ve-
locities (2D distance/At) were exported in XML format, converted to
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Excel, and summarized as mean + standard error for statistical analysis.
The resulting trajectories were exported from TrackMate as an overlay
image and imported into ImageJ. Each track was plotted as a line cor-
responding to the particle path, with the color scale representing the
instantaneous velocity magnitude (blue = lowest, red = highest). This
visualization allowed a qualitative assessment of the flow field and
facilitated the identification of preferential flow regions within the
wheel channels.

2.4. CFD simulation setup

The commercial software Ansys Fluent® was employed to solve the
fluid flow problem. The computational domain was discretized using a
hybrid strategy, combining tetrahedral elements in the shaft (0.4 mm)
with structured hexahedral elements in the wheel center (0.28 mm, face
sizing 0.18 mm) and in the cooling channels (0.18 mm). Inflation layers
were applied to the channel walls, with a first layer thickness of 0.1 mm,
six layers, and a growth rate of 1.2, to capture near-wall velocity gra-
dients. A mesh-independence study was performed for the positive
wheel configuration. The maximum outlet velocity at the channel
aligned with gravity was monitored as the convergence criterion. As
shown in Fig. 4b, coarse meshes produced overestimated velocities,
while results stabilized when the mesh exceeded ~1.2 million elements.
Beyond this threshold, variations were below 3 %, confirming grid in-
dependence. The final mesh of ~1.2 million elements (Fig. 4a) was
adopted for all simulations, ensuring reliable accuracy while keeping
computational requirements reasonable.

The velocity formulation was set to Relative, allowing the velocity
field to be evaluated in the stationary reference frame while the wheel
rotation was imposed via a Moving Reference Frame (MRF) [53-55].
Gravity was enabled (y = —9.81 m/sz). Water was used as the working
fluid, and several wheel rotation speeds were tested: 250 rpm for ve-
locity validation via particle tracking, and 2000-5000 rpm for outlet
velocity assessment. Due to resin shrinkage during the additive
manufacturing process, the channel diameter of the resin prototypes
decreased from the nominal 1.7 mm to 1.6 mm, therefore, the CFD
model geometry was adjusted accordingly to allow direct comparison
with the experimental particle-tracking results.

Outlet

Inlet

/

Maximum velocity at channel (m/s)

ap A0

10 00

Fig. 4. Computational mesh and grid-independence study: (a) Final mesh adopted for the simulations, and (b) convergence of the maximum outlet velocity at the

channel aligned with gravity for the positive wheel configuration.

The governing equations solved were the continuity and momentum
conservation equations for an incompressible Newtonian fluid [56-58].
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The general form of the continuity equation is:

0
£+Vo

ot

For the present case, water at 20 °C was modeled as an incompressible

(pv)=0

fluid with constant density, so Eq. (1) reduces to:

Ve(v)=0

The conservation of momentum is expressed as:

p(%Jr (ve V)v)

where v is the velocity vector, p is the static pressure p is the fluid
density, p is the dynamic viscosity, and g is the gravitational
acceleration.

Boundary conditions included a mass flow inlet of 800 mL/min
(0.01328 kg/s) at the wheel center, a pressure outlet with the prevent
reverse flow option enabled [59], and stationary, no-slip walls. The so-
lution method employed a coupled pressure-velocity scheme with least
squares cell-based gradient evaluation and second-order discretization
for pressure, momentum, and turbulence equations. A global time step
was used for steady-state convergence. Based on the calculated Reynolds
numbers (maximum ~ 1980) [60], all simulated cases remained within
the laminar flow regime; therefore, the laminar viscous model was
employed throughout the simulations. When the external air domain is
included, turbulence models such as k-¢ (two-equation) are typically
employed to capture the coolant-air interaction [28]. In the present
case, since only the internal flow inside the channels was analyzed, the
laminar model was deemed sufficient and physically consistent. The
main physical and numerical parameters adopted in the CFD setup are

Vp+upViv+pg

summarized in Table 1.

From the simulation results, different velocity metrics were extracted
depending on the intended comparison. For the simulations corre-
sponding to the particle-tracking experiments, lines were created along
the flow direction inside the channel domain, and the average velocity
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Table 1
Summary of simulation parameters.
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Parameter Configuration

Fluid Properties
Velocity formulation
Flow Regime
Rotation Method
Boundary Conditions

Relative
Laminar

Water — Density: 998.2 kg/m?; Viscosity: 1.00 x 1072 kg/(m-s)

Multiple Reference Frame (MRF); wheel center defined as rotating region; shaft and channels rotating consistently with this frame
Inlet: Mass flow inlet at the shaft (800 mL/min)

Outlet: Pressure outlet boundaries at all channel exits, with prevention of reverse flow enabled

Wall Treatment
Numerical Scheme
Gravity

Convergence Criteria

No-slip

Enabled

Coupled pressure-velocity; least-squares cell-based gradient evaluation; second-order discretization for pressure and momentum

Residuals < 10~ and stable mass-flow balance

along these lines was calculated. This approach was adopted to
approximate real flow conditions and to avoid the influence of near-wall
zero-velocity regions. Additionally, velocity profiles were extracted on a
cross-sectional plane within the channels, corresponding to the particle-
tracking section, enabling direct comparison between simulated and
experimental particle speeds. In the subsequent analyses, velocity con-
tour plots were extracted at the channel outlets and a plane centered to
the channels, and the average outlet velocity was computed for each
configuration.

2.5. Grinding tests

The grinding tests were carried out in up-grinding mode on a surface
grinding machine with a customized internal lubrication system. Three
structured grinding wheels were tested, each operated at 5000 rpm (V=
16.23 m/s) with a table feed rate of 100 mm/min (Vy,), at depths of cut
of 10, 20, 50, 80 and 100 um for three structured wheel geometries.
Distilled water was fed axially through the spindle at 400 mL/min and
delivered to the contact zone via internal cooling channels. This flow
rate was selected based on previous work [28], where 400 mL/min
proved sufficient to ensure effective temperature and force control
under comparable grinding conditions, while higher values mainly
resulted in unnecessary fluid consumption.

The workpieces were AISI 1045 steel (80 x 15 x 10 mm, 198 HV),
pre-ground to ensure geometric and surface uniformity. The grinding
wheels were dressed before each test using a multi-point diamond tool to

restore the active cutting surface. All dressing operations were per-
formed under identical conditions, and the grinding tests were repeated
three times to ensure repeatability and, in particular, to minimize the
influence of wheel surface topography on the measured forces and
temperatures. Tangential and normal grinding forces were measured
with a TAS3F load cell beneath the worktable (Fig. 5b), with a specified
accuracy of +0.3 %. Temperature was monitored using a K-type ther-
mocouple embedded 1 mm below the workpiece surface and positioned
at the mid-point of the track width, corresponding to 7.5 mm from both
the track’s start/end (Fig. 5d) at 5 Hz, with a measurement accuracy of
+1.5 °C. The temperature variation (AT) was calculated as the differ-
ence between the initial temperature at the start of the test and the
maximum temperature recorded during grinding.

3. Results and Discussion

The results are organized to establish a direct connection between
coolant flow behavior, as predicted by CFD, and its experimental veri-
fication through high-speed imaging and particle tracking, followed by
the assessment of grinding performance. First, particle tracking data
from transparent wheel prototypes are quantitatively compared with
CFD predictions to validate simulated velocity fields inside the channels.
Next, CFD results are extended to higher wheel speeds, examining the
influence of channel inclination on outlet velocity magnitude and dis-
tribution. Flow visualization images complement this analysis by
providing qualitative confirmation of jet coherence, direction, and

Fig. 5. Grinding experimental setup showing: (a) structured grinding wheel, (b) load cell positioned beneath the worktable, (c) workpiece, and (d) thermocouple
position for temperature acquisition. Arrows indicate the grinding wheel peripheral speed (V) and table feed direction (V).
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stability. Finally, grinding tests with vitrified alumina grinding wheels
assess how these flow characteristics translate into temperature control
and mechanical load variation reduction, enabling a direct correlation
between internal channel design, coolant delivery efficiency, and overall
process performance.

3.1. Experimental validation of CFD via particle velocity

Manual measurements were first performed on six individual particle
trajectories to establish a baseline and serve as a reference for subse-
quent comparisons. Displacement was determined from the distance
travelled between frames and the corresponding time interval. The
resulting speeds ranged from 0.29 m/s to 0.56 m/s, with an average of
0.41 m/s and a standard deviation of 0.10 m/s (Table 2).

Fig. 6 compares the velocity field obtained by CFD simulation (a)
with the particle trajectories extracted from high-speed videos using
automatic tracking (b). Both approaches show a similar velocity range
(0-0.6 m/s), reinforcing the agreement between the numerical pre-
dictions and the observed flow. While the overall structure is consistent
in both cases, experimental trajectories occasionally display localized
higher speeds, likely related to transient accelerations or particle
movement through regions where the jet is redirected and accelerated.
Optical distortions and overlapping trajectories may also lead to
momentary overestimation of measured speeds. Nevertheless, the color
distribution and trajectory alignment in both images indicate that the
numerical model captures the main flow features inside the grinding
wheel.

To complement this qualitative agreement, the mean velocities ob-
tained from each method were compared quantitatively. For TrackMate,
the value corresponds to the average speed of the 32 tracked particles,
while in the CFD case it represents the average velocity along reference
lines placed in the channel cross-section matching the particle-tracking
location, ensuring direct comparability with the experimental results.
Fig. 7 consolidates the results from the three evaluation methods:
automatic tracking, manual measurements, and CFD simulation. The
mean particle velocities from the experimental approaches were very
close (0.40 m/s and 0.41 m/s), while the simulation yielded a slightly
lower value (0.34 m/s). Despite the ~ 16 % difference, the three
methods showed good agreement, validating the numerical model and
demonstrating that the experimental particle-tracking method is effec-
tive for local flow characterization.

3.2. CFD analysis

Fig. 8 shows the evolution of the mean outlet fluid velocity as a
function of the grinding wheel speed (V;) for the three internal channel
inclination configurations: negative, straight, and positive inclination. A
monotonic increase in velocity is observed with increasing wheel rota-
tion, although with different gradients. At 5000 rpm, for instance, the
mean velocity in the positive inclination channels (1.05 m/s) is
approximately twice that of the negative inclination channels (0.51 m/
s), highlighting the strong influence of the channel geometry on the
hydraulic performance.

The spatial distribution of velocity at the channel outlets further

Table 2
Manual measurements of particle displacement and speed from video frames.

Particle Time (ms) Displacement (mm) Particle Speed (m/s)
P1 13.8 6.1 0.44

P2 13.8 7.7 0.56

P3 23.2 6.7 0.29

P4 25.3 8.0 0.32

P5 22.3 7.3 0.33

P6 13.8 7.1 0.51

Average (m/s) 0.41 +£0.11

Std. Dev. 0.10
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reinforces this effect. As shown in Fig. 9, increasing the wheel speed
benefits all geometries, but both the magnitude and uniformity of ve-
locity distribution vary significantly. Some configurations concentrate
higher velocities in small portions of the outlet cross-section, while
others display a more uniform pattern. In the negative-inclination case,
even at high rotational speeds, the fluid exits remain confined to isolated
and irregular regions within the outlet section, suggesting a fragmented
and inefficient flow. The straight configuration exhibits a more coherent
pattern: as the speed increases, the high-velocity band widens and be-
comes more evenly distributed across the outlet area, indicating better
utilization of centrifugal energy. The positive inclination case shows the
most pronounced effect: at 2000 rpm, well-defined high-velocity zones
are already visible, and, at 5000 rpm the outlet cross-section is fully
occupied by a continuous, uniform high-velocity region.

These results demonstrate not only the absolute increase in velocity
with rotation, but also that the differences between geometries become
more pronounced at higher speeds. At low speeds, certain sectors of
comparable performance can still be observed among the three config-
urations; however, as Vg increases, the positive inclination channels
stand out in both average velocity and, in the extent and uniformity of
the high-velocity region, underlining the growing role of inclination in
the hydraulic efficiency of the wheel.

A detailed view of the transition between the wheel hub and the
internal channels reveals the mechanisms behind the superior perfor-
mance of the positive inclination geometry (Fig. 10); the more favorable
alignment between the channel axis and the direction of the centrifugal
force promotes a smoother and more direct entry of the coolant into the
channels. In contrast, in the straight and negative configurations the
fluid trajectory appears less aligned with the channel axis, suggesting a
less efficient transition. This qualitative difference explains why the
positive inclination geometry achieves superior outlet velocities, as the
optimized vector orientation and smoother hydrodynamic transition act
synergistically to enhance fluid transport efficiency.

Additionally, to verify the effect of the dimensional deviation (0,1
mm change between simulation and experimental channel diameter), an
extra simulation was performed for the positive-inclination wheel with
the nominal 1.7 mm diameter channels, corresponding to the ceramic
wheels used in the grinding tests. The outlet velocity differed by only
—4% compared with the 1.6 mm case at 5000 rpm, confirming that the
strong action of centrifugal force dominates the flow behavior, mini-
mizing the influence of such a minor diameter variation.

3.3. Flow visualization using high-speed camera

High-speed imaging was used to capture the flow patterns for the
three internal channel geometries tested at rotational speeds of 2000,
3000, and 5000 rpm (Fig. 11). The captured images reveal critical in-
formation about the coherence and orientation of the fluid jets and how
these characteristics evolve with increasing rotational speed. Notably,
more coherent jets (i.e., without breakage or significant deviation) occur
predominantly in the positive and straight geometries at higher speeds, a
behavior consistent with the higher outlet velocities observed in CFD
simulations. This is essential for efficient fluid application, as high-ve-
locity coolant jets are required to overcome the air barrier generated by
wheel rotation, increase local hydrodynamic pressure, and promote
effective penetration of the fluid into the contact zone [61].

In the negative inclination configuration, even at 5000 rpm, the jets
remain thin, fragmented, and prone to lateral dispersion. Several
channels exhibit reduced flow, indicating both lower ejection velocity
and greater tangential deviation. This pattern suggests that the unfa-
vorable channel orientation, opposite to the centrifugal force vector,
limits fluid acceleration along the channel and hinders efficient
projection.

For the straight configuration, jets become more continuous from
3000 rpm onwards, with well-defined streams over much of the outlet
area at 5000 rpm. While performance is superior to the negative
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Fig. 6. (a) Fluid velocity field obtained by CFD simulation (positive inclination geometry, 250 rpm, 800 mL/min), and (b) particle trajectories tracked from high-

speed videos using TrackMate. Colors represent local particle speed.
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Fig. 7. Average particle speed obtained through automatic tracking (Track-
Mate), manual measurement, and CFD simulation. Error bars represent the
standard deviation.

inclination, occasional flow interruptions persist, which may compro-
mise the uniformity of the fluid film on the workpiece and increase
friction and tangential forces in zones without active lubricant coverage
[62].

The positive inclination configuration demonstrates the most cohe-
sive and stable pattern among the three geometries. At 3000 rpm, thick,
continuous, and well-oriented jets are already visible; by 5000 rpm, the
flow appears visually homogeneous in almost all channels, as high-
lighted by the magnified insets. The alignment of the channel axis with
the centrifugal force vector enhances fluid acceleration and promotes a
more radial, uniform ejection.

To quantify jet orientation, Fig. 12 presents the average inclination
angles measured for the jet emerging from the channel most aligned

1.20
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g 0.80 T
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©
2060 +
© 040 T A
>
5 3 .
5 020 +
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1000 2000 3000 4000 5000 6000
Wheel speed, Vs (rpm)

Fig. 8. Average outlet velocity as a function of wheel speed for three internal
channel inclination geometries: negative, straight and positive.

with gravity (i.e., the one directly facing the workpiece under actual
grinding conditions) at 5000 rpm. Values were obtained from 25
distinct, non-consecutive frames and represent the mean inclination of
the coolant jet relative to the perpendicular to the workpiece surface.
The positive inclination geometry produced the lowest average angle
(=~ 6.7°), indicating an almost perpendicular ejection toward the
workpiece surface. This condition is advantageous for grinding, as it
directs the jet with greater intensity into the contact zone, facilitating
deeper and more effective penetration. The straight geometry showed an
intermediate jet angle (= 30.0°), reflecting functional but less efficient
hydraulic performance, while the negative inclination produced signif-
icantly larger deviations (=~ 41.2°), resulting in more tangential jets,
reduced coolant delivery to the active zone, and increased lateral
dispersion. Moreover, the standard deviation was higher in the negative
inclination case (+5°), suggesting greater instability in jet behavior
across the analyzed frames, consistent with the fragmentation and poor
coherence observed in the high-speed images. In contrast, the straight
and positive geometries showed lower deviations, indicating more
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Fig. 9. Velocity contour maps at the channel outlets for grinding wheels with internal channels of negative inclination (left), straight (center) and positive inclination

(right), with Vj at (a) 2000 rpm, (b) 3000 rpm and (c) 5000 rpm.

Fig. 10. Zoomed view of the streamline distribution at the transition between the wheel center and the channels, for the three internal cooling channel geometries:

(a) negative inclination, (b) straight, and (c) positive inclination (5000 rpm).

repeatable and stable flow behavior at high speeds.

Overall, the high-speed camera recordings qualitatively confirm the
CFD predictions presented in Section 3.2, particularly regarding jet
outlet velocity. While the simulations provided average values and ve-
locity vector fields for different geometries and speeds, the images
reveal the practical manifestations of these velocities: thicker, contin-
uous, and coherent jets appear only under the conditions where the
simulations predict higher flow intensity. This direct correlation be-
tween numerically predicted velocity and the observed visual behavior
reinforces the model’s validity as a predictive tool for internal channel

design. Minor discrepancies, such as the intermittent jet fragmentation
seen in less favorable geometries, reflect transient free-surface phe-
nomena not captured in the steady-state model but do not compromise
the robustness of the overall trend. The good agreement between
simulation and experiment in key parameters, jet intensity, orientation,
and coverage, supports the practical use of CFD in developing more
efficient internal lubrication solutions for grinding processes.
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Positive Inclination

Fig. 11. High-speed images of fluid jets emerging from GW with three internal-channel geometries: negative (left column), straight (center) and positive inclination
(right), at (a) 2000 rpm, (b) 3000 rpm and (c) 5000 rpm. Insets in (c) magnify the contact zone to highlight jet continuity at high rotation.

3.4. Grinding performance comparison

The experimental results allowed the evaluation of the impact of
internal channel geometry on the thermal and mechanical performance
of the grinding process. Three inclination configurations (positive,
straight, and negative) were analyzed in terms of temperature variation
in the contact zone, tangential forces, and normal ones.

The results show that the geometry of the internal channels plays a
decisive role in process performance. The positive inclination configu-
ration presented the most efficient and stable thermal behavior,
recording a maximum temperature variation of only 9 °C at a depth of
cut of 100 pm (Fig. 13a). This performance is associated with the
favorable alignment of the channels with the centrifugal force vector, as
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discussed in previous sections, which promotes more effective fluid
transport and delivery to the contact zone. In comparative terms, the
positive inclination led to a 67 % reduction in temperature variation at
10 um depth of cut, while for the other depths of cut the average
reduction was 46 % compared to the negative inclination configuration.

For tangential forces (Fig. 13b), the positive inclination configura-
tion achieved significant reductions at low and medium depths of cut.
Up to 50 pm, tangential force was on average 50 % lower than in the
negative inclination configuration, indicating more efficient material
removal with less resistance to feed. Even at higher depths of cut, the
positive configuration maintained the lowest tangential force levels,
with an approximately linear trend across the entire range tested. The
normal force results (Fig. 13c) show a similar pattern to the tangential
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Fig. 13. Effect of channel inclination on grinding performance: (a) temperature, (b) tangential force, and (c) normal force as a function of depth of cut.

forces, with the positive inclination geometry presenting the lowest
values across all tested depths of cut, achieving up to a 44 % reduction at
50 pm.

These experimental findings are consistent with the trends observed
in the CFD simulation and flow visualization tests, strengthening the
correlation between coolant delivery patterns and the thermal and
mechanical behavior of the grinding process. The temperature and
forces values obtained are consistent with those reported in the litera-
ture for comparable grinding conditions [63-66].

4. Conclusions

This work experimentally validated CFD predictions of coolant de-
livery in internally cooled grinding wheels with three channel in-
clinations (positive, straight, and negative) using high-speed imaging
and particle tracking. The main conclusions are:

1. CFD-experiment agreement: Particle tracking results matched CFD
predictions within a maximum deviation of 16 %, confirming the
reliability of the numerical model for predicting coolant velocity in
rotating channels.

. Influence of channel inclination: Positive inclination channels pro-
duced the highest and most uniform outlet velocities, with jets nearly

11

aligned to the centrifugal force, while negative inclination generated
fragmented, tangential flows.

. Flow visualization: High-speed imaging qualitatively confirmed the
jet coherence and direction predicted by CFD, demonstrating the
effectiveness of transparent resin prototypes for controlled flow
visualization studies.

. Grinding performance: Positive inclination channels reduced tem-
perature rise by up to 67 %, normal forces by 44 %, and tangential
forces by 50 %, consistently outperforming straight and negative
inclinations across all tested depths of cut.

. Practical implications: The methodology of combining CFD with
targeted experiments is applicable to other rotating tools requiring
efficient coolant delivery (e.g., milling cutters, drilling tools, cutting
discs) and can be extended to different coolant types and viscosities,
including oils, water—glycerin mixtures, MQL, and cryogenic fluids.
It is also relevant for a wide range of material removal processes,
from high-speed machining to micro-scale operations. This approach
enables design optimization prior to manufacturing, reduces fluid
consumption and environmental impact, and contributes to extend-
ing tool life in continuous industrial applications.
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