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A B S T R A C T

The applications and the functionalities required for polished glass are countless. Therefore, the polishing process 
must be designed with extreme care to eliminate surface defects. In this work, the variables affecting the pol
ishing processes for glass are analysed using computational fluid dynamics (CFD) to understand the detailed 
mechanics of the material removal rate process. The flow field induced by the rotation of the polishing tool, 
typically used in the annular polishing process, is simulated over a range of tool speeds at various offset (gap 
between the surface and bonnet) values. Furthermore, to elucidate the additional impact of the particles on the 
flow field, simulations are performed for both water and abrasive slurry flows. Findings show that reducing the 
offset distance between the tool and the glass surface significantly increased the shear stress, with the peak value 
obtained in the region that is in the closest proximity to the rotating tool. The shear stress profile from CFD 
simulations is compared against experimental profile data for material loss, which displayed good qualitative 
agreement, especially in the near bonnet region. From the analysis, a power law expression is developed for the 
estimation of the local shear stress on the workpiece for a given set of process parameters. An R2 value of 0.9385 
was obtained, showing good correlation between the developed model and CFD results. As such, this equation 
can be used to estimate shear stress caused by the flowing slurry at various points on the glass surface with 
confidence during the polishing process.

1. Introduction

Advances in optical technology have heightened the demand for 
ultraprecision components, where polished glass with exceptionally 
high surface quality is critical across various optical and industrial ap
plications [1]. There are a host of available processes available for the 
transformation from a ‘raw’ blank glass into a finished optical surface, 
and these can be classified generally into energy-based (ion, laser, or 
plasma ablation) and abrasive-based processes. Nevertheless, typical 
processes in optical workshops include:

i) Grinding basic form, using a CNC machine with a diamond- 
impregnated hard wheel.

ii) Smoothing to remove surface and sub-surface damage, using a 
soft tool.

iii) Polishing to deliver a specular surface meeting the texture 

specification.
iv) Corrective polishing using metrology feedback to achieve the 

form specification.
Steps ii) to iv) typically use a water suspension of abrasive particles 

(‘slurry’), which may comprise diamond or aluminium oxide for coarser 
steps, and almost universally, cerium oxide for polishing glass. In the 
slurry-based polishing process for glass, the slurry flow characteristics 
influence the behaviour of the abrasive particles as they traverse the 
tool/glass interface.

There are a wide variety of available polishing processes, as reviewed 
recently by Yadav and Das [2]. However, in the context of this paper, 
there is consideration of the proprietary Precessions™ technique [3], 
where the tool comprises an inflated spherical membrane (the ‘bonnet’), 
covered with a polishing cloth, and placed at proximity to the workpiece 
creating a circular ‘spot of action’, illustrated in Fig. 1. The bonnet is 
rotated about its axis and precessed about the local normal to the 
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workpiece surface, delivering a near-Gaussian influence function 
(removal profile). The bonnet is traversed over the workpiece surface 
along a pre-programmed toolpath, varying the traverse-speed to 
modulate the removal-rate (slower traverse removes more material). 
The key process parameters include the concentration of solid particles 
in slurry, flow velocity, mechanical and chemical structure of abrasive 
particles, the bonnet tool diameter, internal pressure, surface charac
teristics, the compression of the bonnet (‘offset’), the tool's motions as it 
traverses the workpiece, the bonnets rotational speed and the detailed 
nature of the resulting influence function.

Modelling of material removal mechanisms has found prevalence for 
the chemical-mechanical polishing process [4,5]. The chemical tooth 
mechanism presented by Cook [4] highlights the importance of chemi
cal reactions at a surface for material removal. However, investigation 

into this process [6], identified that rather than a chemical interaction 
contributing primarily to the material removal process, it was the 
presence of physiochemical or surface-chemical interactions. Through a 
scanning electron microscope, it was determined that the material 
removal process in chemical-mechanical polishing was mainly me
chanical in nature. Alternatively, a chemistry-aided removal mechanism 
has been proposed by Kaufman et al. [5]. Presented as a sequential 
process of formation and removal, resulting in reduced hardness of the 
surface layer with the removal process occurring via ploughing of the 
surface. This model was developed in the context of polishing ductile 
materials such as tungsten (W), where plastic deformation mechanisms 
are plausible. While not directly applicable to brittle materials like glass, 
this work introduced foundational ideas about the interplay between 
surface chemistry and mechanical effects. These mechanisms further 
analysed by Zhao et al. [7] highlighted the limitations of the study 
published by Kaufman [5]. The integration of contact mechanics, 
chemical kinetics, and molecular binding energy was conducted to 
investigate the material removal process. These computations deter
mined that the ploughing of the surface would not be possible due to the 
inability for this to occur in dimensions of a molecule. Combining ele

ments from work published by Cook et al. [4] and Kaufman et al. [5], Xin 
et al. [8] postulated that chemical reactions first affect the structure of 
the work surface, which in-turn is followed by mechanical abrasion. 
Consequently, the molecules in the modified layer on the work surface 
are removed by the effect of the strong shear stresses generated by the 
non-Newtonian slurry flow between the surface and the tool pad.

Multiple process parameters have been highlighted in literature [9] 
as highly influential to material loss, including lapping pressure, plate 
rotation speed, plate material, abrasive material grain size, slurry con
centration, and slurry flow rate. Marinescu et al. [10], Li et al. [11], and 
Othman et al. [12] studied the effects of the lapping pressure and plate 
rotation speed on the MRR. Optimisation of the lapping process deter
mined lapping time and weight provided a greater influence on material 
loss over lapping speed [12]. The lapping process has also been 

Nomenclature

VFCeO2 volume fraction of cerium oxide particles [–]
Reω rotational Reynolds number [–]
τw wall shear stress [Pa]
μ dynamic viscosity [Pa⋅s]
Ob bonnet offset distance [mm]
ρmix mixture density [kg⋅m− 3]
Q quadrant number (1–4) [–]
θ normalised angular position (θ = Q/4) [–] [rad]
A Constant from power-law model [–]
a–d Constant from power-law model [–]
ri radial coordinate on the workpiece surface [mm]
N number of data points [–]
R2 coefficient of determination [–]
RMSE Root Mean Square Error (dimensionless) [–]
MAE Mean Absolute Error (dimensionless [–]

Fig. 1. Physical polishing tool and simplified CAD model of the flow domain.
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optimised to mitigate sub-surface damage [13]. Here it was found that 
the MRR increases proportionately to abrasive particle size, slurry flow 
rate, and lapping pressure.

Quantifying the relationship between process parameters and the 
material removal rate is of vital importance in achieving the required 
surface finish and minimising error in manufacture. The development of 
a mathematical model reliant on the Preston equation has aimed to 
correlate input and outputs in this polishing process [14]. The quanti
fication of process parameters and MRR has also been investigated by 
Forsberg et al. [15], where the removal rate was examined against plate 
speed, pressure on the atomically smooth Si (100) surface, comprising 
mono-, di-, and trihydrides. The study illustrated how varying condi
tions influence the uniformity and efficiency of the polishing process. 
Guo et al. [16] investigated the effects of various process parameters on 
MRR. Abrasive particles' size distribution and polishing pressure were 
analysed under various vibrating motions. A non-monotonic trend was 
found between the MRR and applied pressure.

Particle size is a key factor in slurry polishing, with many studies 
[14,17–23] showing that MRR increases with particle size up to a critical 
threshold, beyond which further increases have little to no effect or may 
even reduce effectiveness. Both theoretical and experimental work 
[19,24] link particle size to wear mechanisms, showing a shift from 
cutting to sliding actions, and highlighting the need for a wear coeffi
cient that accounts for this change. In addition to particle size, slurry 
rheology, particularly the volume fraction of abrasive particles, also 
influences flow behaviour and MRR. Studies [25,26] have shown that 
viscosity increases with volume fraction and decreases with tempera
ture, although findings vary depending on particle type and shape. 
These effects are especially significant when considering the combined 
impact of volume fraction and temperature on slurry performance.

Despite the abundance of research focusing on optimisation, 
parameter correlation, and polishing process prediction, a universally 
accepted understanding of the fundamental mechanisms of material 
removal is still lacking. This gap stems from the complexity of the slurry- 
based polishing environment, where variables such as abrasive particle 
interactions, non-uniform distributions, and flow-induced forces signif
icantly influence outcomes but are often oversimplified or overlooked. 
Prior models tend to assume idealised conditions that do not fully reflect 
the dynamic, real-world behaviours observed in mechanical annular 
polishing. These simplifications limit the predictive capability and 
generalisability of existing approaches. Building on our previous works 
in modelling solid-liquid flows [27–31], this study addresses these 
shortcomings by developing a novel model that captures the role of local 
wall shear stress as a governing parameter in the polishing mechanism. 
Specifically, the effects of particulate concentration, rotational tool 
speed, and tool–workpiece offset distance are systematically investi
gated to quantify their influence on the resulting shear stress distribu
tion at the surface. By coupling multiphase flow modelling with a 
detailed characterisation of near-wall interactions, this work offers a 
robust, generalisable framework for predicting polishing performance. 
This not only advances the fundamental understanding of material 
removal in complex polishing systems but also supports the develop
ment of energy-efficient, high-precision, and cost-effective polishing 
strategies, addressing key challenges in sustainable manufacturing.

2. Numerical modelling

Using commercially available computational fluid dynamics soft
ware, ANSYS Fluent 2024 R2, numerical investigations of the polishing 
process have been performed. The following sections describe the pro
cess of domain creation, numerical configurations, and mesh indepen
dence analysis.

2.1. Geometry

For the preliminary numerical investigations, a simplified geometry 

was created consisting of a thin cylindrical flow domain in which the 
recessed area represents the rotating bonnet. An illustration of the 
physical polishing tool and simplified flow domain is shown in Fig. 1. To 
allow a slurry flow of specified volume fraction to enter the domain, an 
inlet jet area of 0.016 m2 is placed on the top surface. Here an inlet 
velocity is specified to be 0.0125 m/s to match volumetric flow rate of 
the physical case of 12 lpm. The remainder of the top surface is defined 
with specified zero shear (free-slip). The thin outer wall is defined as a 
pressure outlet and finally, the bottom surface is treated as a no-slip 
stationary wall.

To model the precess angle (the angle at which the bonnet is tilted 
before contacting the workpiece), a moving (rotating) wall boundary 
condition is applied to the recessed area representing the bonnet. This, 
therefore, requires the specification of the rotation origin and vector. 
The origin is placed in the centre of the computational domain, with a 
height (along the y-axis) equal to the bonnet radius plus the mechanical 
offset. Finally, the rotational speed is specified in terms of revolutions 
per minute.

2.2. Computational settings and boundary conditions

A steady state solution is obtained with the Reynolds Averaged 
Navier Stokes (RANS) equations. Here, an additional Reynolds stress 
term is added to the momentum equations, which requires additional 
modelling consideration. This is referred to as the closure problem and is 
the subject of turbulence modelling. There are numerous 1- and 2-equa
tion models, each with respective strengths and weaknesses for different 
modelling applications. For the following simulations, the 2-equation k- 
epsilon shear stress transport method was utilised, as this has been 
shown to be well suited for modelling adverse pressure gradients and is 
efficient in terms of computational requirements [32].

For single-phase simulations of liquid water, the fluid properties of 
density and dynamic viscosity was defined as 998.2 kg/m3 and 
0.001003 kg/m•s respectively. For modelling slurry flow, the selection 
of an appropriate multiphase model is paramount. From preliminary 
investigations, the Eulerian-Eulerian approach was chosen, with gran
ular properties assigned for one of the phases, as this was found to match 
closely with experimental measurements [33]. The model was config
ured with water as the primary phase, and cerium oxide (CeO2) as the 
secondary, granular phase, with a density of 7220 kg/m3. For simulation 
purposes, a monodisperse particle size of 5 × 10− 7 was assumed, rep
resenting the mean diameter of commercially available cerium oxide 
polishing particles. This simplification is commonly used in multiphase 
modelling to isolate key interaction mechanisms while avoiding the 
added complexity of particle size distribution. For modelling the solid 
viscosity and granular bulk viscosity, the models of Lun et al. [34] and 
Gidaspow [35] were used respectively. The packing limit of the CeO2 
was calculated experimentally and was found to be 80.2 % by weight. 
This experimentally determined packing limit was used to define the 
maximum solid volume fraction in the Eulerian granular model. This 
value is essential for accurately capturing particle crowding effects, 
granular pressure buildup, and interphase momentum exchange in 
dense slurry regions, particularly near the wall where shear interactions 
dominate. An overview of the simulation parameters is given in Table 1. 
The two different offset values of 0.5 and 1.0 mm, in addition to the two 
rotational speeds of 1000 and 2000 rpm have been used to establish 
these effects on the flow field, that may be later used for establishing 
MRR behaviour.

Table 1 
Overview of the simulation parameters.

Parameter Value

Tool rotational speed 1000, 2000 [RPM]
Offset 0.5, 1.0 [mm]
Mixture type Single-phase, multi-phase (CeO2 = 0.5 %)
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2.3. Mesh generation

Polyhedral elements were applied globally due to the high non- 
uniformity expected of the flow field. In regions in which the smallest 
length scales were present, such as the 0.5 mm spacing (offset) between 
the working surface and bonnet, proximity-based sizing control was 
applied. Inflation layers were added on each of the faces on the top and 
bottom of the flow domain with a standard growth rate of 1.2, an 

illustration of which is shown in Fig. 2.

2.4. Mesh independence

To ensure simulation accuracy and balance computational resources, 
a mesh independence study was performed. The mesh independence 
study was performed for the case where the bonnet is rotating at 2000 
rpm with an offset of 0.5 mm from the surface, as this is assumed to be 
the most challenging configuration, with the largest velocity gradients 
and smallest spatial resolution. In addition to monitoring the standard 
residuals, the simulation convergence was determined through a report 
of the area-averaged wall shear stress acting on the working surface. 
Once this value achieved little variation with successive iterations, the 
simulations were deemed to be suitably converged. A coarse mesh was 
refined in successive steps with a refinement ratio of two, recording the 
area-weighted average shear stress at each stage and comparing it to the 
previous mesh, as illustrated in Fig. 3. The Grid Convergence Index 
(GCI) was calculated to be 0.9843, which is close to one, indicating 
satisfactory grid independent results.

A total of four simulations were performed in the mesh study. The 
wall-averaged shear stress for simulations of different mesh density is 
recorded and displayed in Table 2. For the subsequent analysis, the 
chosen mesh comprised of 668,309 elements, as further refinement 
displayed <5 % difference in the recorded shear stress.

Fig. 2. Generation of mesh in flow domain with local element sizing applied.

Fig. 3. Illustration of the solver convergence of the face-averaged wall shear stress on the working surface.

Table 2 
Results of the wall shear stress for the mesh independence study.

Number of elements Averaged wall stress [Pa] Difference [%]

32,408 6.32 –
117,546 6.35 9.87
668,309 6.01 3.79
4,134,788 5.92 1.89
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3. Results and discussion

3.1. Single-phase flow

To extract quantitative information on the behaviour of the fluid 
underneath the bonnet, flow variables were observed at numerous lo
cations along the x- and z-axis extending to the full length of the bonnet 
section as illustrated in Fig. 4. Here, the marked values are specifying the 
distance from the origin in either the x- and z-axis and have values of 
x0,1,…,5 = (0 m,0.005 m,…,0.025 m) and x6 = 0.033 m. At these loca
tions, important information such as the variation in velocity magni
tudes is obtained, as explained in the next section.

3.1.1. Velocity magnitude profiles
An illustration of the velocity field caused by the bonnet is shown in 

Fig. 5(a), (as viewed from the top), here the influence of the precess 
angle on the applied bonnet rotation is clearly visible. It can be seen that 
the velocity field is highly non-uniform, and there is significant variation 
in velocity magnitudes, from the centre of rotation to the bonnet ex
tremity. It can be expected that the effect of this non-uniform velocity 
field will have considerable impact on wall shear stress on the plate. 
Keeping in view significant non-uniformity in the velocity field, the flow 
area has been divided into four quadrants, as shown in Fig. 5(b). 
Highlighted within is the “Dead zone”, where the velocity magnitudes 
are considerably small, as this is where rotation vector passes through 
the bonnet.

Figs. 6 and 7 present the normalised velocity magnitude profiles at 
selected locations shown in Fig. 4. The velocity magnitude is normalised 
by the angular velocity of the bonnet, ωR, where ω is the rotational speed 

and R is the radius of the modelled bonnet patch. To eliminate scale 
effects, the height is also normalised by the total height of the compu
tational domain. Simulations were conducted for two rotational speeds: 
1000 rpm (solid green lines) and 2000 rpm (dashed black lines). Fig. 6a 
and b shows the velocity profiles for a 0.5 mm offset case, spanning the 
x- and z-axes, respectively. It should be noted that locations on the 
negative side of the x- and z-axes are plotted using a reversed axis for 
better visual representation.

Due to the precessed motion of the bonnet, the velocity distribution 
along the x-axis in Fig. 6a exhibits significant asymmetry. Three distinct 
flow regions can be identified: the outer, middle, and central zones. In 
the outer zone (e.g., locations − x6, − x5, − x4), velocity magnitudes are 
relatively lower, and the gradients are more diffuse. These characteris
tics indicate weaker shear forces near the surface, implying a diminished 
contribution to material removal in these regions. The reduced inter
action between the slurry and workpiece surface in the outer zone 
suggests limited polishing efficiency. In the middle zone (locations − x3, 
− x2, − x1), the profiles show a clear inflection point, reflecting the 
transitional flow between the moving bonnet and the stationary sub
strate. This region is associated with moderate shear development, 
which likely contributes to consistent but lower-intensity material 
removal. The central zone, closest to the bonnet's rotational axis, shows 
the highest velocity magnitudes and steepest gradients. These are most 
prominent at higher rotational speed (2000 rpm), where the elevated 
shear stresses at the interface promote aggressive slurry dynamics and 
abrasive interaction with the workpiece. As the x-axis progresses to the 
positive direction, similar three-zone behaviour is observed, though the 
overall velocity magnitudes increase. This is attributed to the asymme
try induced by precession, which biases the flow field and intensifies the 

Fig. 4. Illustration of vertical lines between bonnet and surface along x-axis.

Fig. 5. Illustration of a) the velocity vectors on the bonnet, and b) along the x- and z-axis planes of the domain.
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contact pressure and shear stress in certain regions. Such variations can 
explain the non-uniform polishing footprint often observed in experi
ments and reinforce the importance of controlling offset and rotational 
speed for uniform surface finish.

Fig. 6b illustrates velocity profiles along the z-axis, where symmetry 
is more evident due to the axial geometry. In the central z-region (− x3 to 
x3), dual inflection points are observed, suggesting complex interaction 
between upward bonnet motion and downward resistance from the 
workpiece. At the bonnet extremities, higher angular velocity results in 
sharper velocity gradients near the surface, signifying elevated local 
shear rates, which are conducive to edge-zone polishing — a critical area 
in achieving uniform removal profiles. Together, the velocity distribu
tions shown in Figs. 6 and 7 provide insight into the mechanical 
component of the material removal process. Regions with steeper ve
locity gradients are associated with higher shear stresses at the slur
ry–surface interface, which directly correlates with polishing intensity.

To understand the impact of offset on the velocity field, the velocity 
profiles corresponding to the increased bonnet offset of 1.0 mm are 
shown in Fig. 7. Similar to Fig. 6a), Fig. 7a) also shows three distinct 
flow zones. A closer observation reveals that the non-dimensional 

heights have almost doubled without significant change in the velocity 
values. Similar effects are seen in the middle and outer zones. Similar to 
Fig. 6b), Fig. 7b) displays similar levels of symmetry along the positive 
and negative z-axis. The speed effects are also found to be similar. From 
the above we can conclude that there is no significant effect of speed and 
offset on the flow regime and the nature of parametric dependence re
mains the same.

3.1.2. Velocity contour plots
To further elucidate the fluid velocity distribution near the work

piece, Fig. 8 presents velocity magnitude contours on a plane 0.1 mm 
above the bottom surface. The projected axis of rotation is marked with 
black dots. For a bonnet offset of 0.5 mm at 1000 rpm (Fig. 8a), the 
velocity field near the model origin is relatively low and widely 
distributed, with magnitudes peaking at approximately 0.45 m/s. This 
indicates a more uniform but less intense shearing action across the 
contact area, suggesting steadier and more consistent polishing. In 
contrast, at 2000 rpm (Fig. 8b), the velocity near the centre increases 
sharply to about 0.9 m/s. However, the velocity distribution becomes 
distinctly asymmetric and highly localised, with sharp gradients forming 

Fig. 6. Non-dimensional velocity profiles for bonnet offset of 0.5 mm. a) Plots spanning the x-axis, and b) plots spanning the z-axis. Solid green lines for 1000 rpm 
and black dashed lines for 2000 rpm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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around the rotational axis. This non-uniform distribution is indicative of 
concentrated shear zones, which can cause uneven material removal, 
particularly in high-velocity pockets. While this may enhance localised 
polishing efficiency, it compromises the overall uniformity of the pro
cess, increasing the risk of surface over-polishing or irregularities.

Fig. 8c and d shows the velocity contours for a larger offset of 1.0 mm 
at 1000 rpm and 2000 rpm, respectively. At 1000 rpm (Fig. 8c), the field 
remains moderately uniform with broad velocity gradients and 
smoother transitions, indicating balanced polishing action. However, at 
2000 rpm (Fig. 8d), the asymmetry and concentration of velocity mag
nitudes intensify, mirroring the trend observed in the lower offset case. 
This clearly demonstrates that increasing rotational speed disrupts flow 
uniformity across the work surface, regardless of offset distance, and 
introduces significant spatial variability into the polishing mechanism.

For the bonnet offset of 1.0 mm, it is clearly observed that the nature 
of non-uniformity in the velocity field has changed although the velocity 
magnitudes are in the same range as observed in Fig. 8(c–d). It can be 
concluded the effect of the bonnet offset at a lower rotational speed on 
the velocity field is limited. Whereas at a higher velocity, this effect 
seems significant. It is clear that in each of the four-quadrant identified 
earlier, the average velocity values vary significantly. A summary indi
cating the maximum velocity magnitude for each configuration is dis
played below in Table 3.

3.1.3. Pressure contour plots
Fig. 9 shows the variation of the pressure field acting on the bottom 

surface. The “O” symbol is used to illustrate the rotational axis vector 
intersecting the surface and the “+” symbol shows the model's origin 
location. It can be clearly seen that the pressure field is highly non- 
uniform, with low pressure values at the model's origin location, and 
high-pressure values at outer zones. One noticeable aspect is the crea
tion of zones with low pressures caused by the tool speed and offset 
distance. Thus, it can be concluded that the desired non-uniformity in 
the flow field can be managed through a suitable speed and offset 
distance.

In subfigures Fig. 9c) and d), the pressure contours are displayed for 
the increased bonnet offset on 1.0 mm for rotational speeds of 1000 and 
2000 rpm respectively. The static pressure distribution on the working 
surface does not show notable change from the one seen at 0.5 mm offset 
however the magnitude of the static pressure of 1.0 mm offset smaller 
than that for the 0.5 mm offset case. The above discussion has clearly 
indicated that both the pressure and velocity fields are affected 
considerably by the offset and rotational speed. A summary indicating 
the minimum surface static pressure for each configuration is displayed 
below in Table 4.

3.2. Multiphase flow

The suspended particles in the mixture are the primary cause of the 

Fig. 7. Non-dimensional velocity profiles for bonnet offset of 1.0 mm. a) Plots spanning the x-axis, and b) plots spanning the z-axis. Solid green lines for 1000 rpm 
and black dashed lines for 2000 rpm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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wear on the surface. These particles have a higher density than water, 
and the particle sizes are very small (specified as 0.5 μm). Because of the 
complex three-dimensional flow field generated by the bonnet, these 
particles are also expected to have complex motion.

At 2000 rpm, the maximum velocity reaches 1.01 m/s for the 0.5 mm 
offset (Fig. 10b) and 0.48 m/s for the 1.0 mm offset (Fig. 10d), as 
opposed to 0.42 m/s and 0.2 m/s at 1000 rpm for the same respective 
offsets (Fig. 10a and c). Notably, as rotational speed increases, velocity 
peaks become more sharply confined near the model origin. This 
increased localisation of high velocities implies that the fluid-induced 
shear is no longer uniformly distributed across the surface but rather 
concentrated in narrow regions. Such flow behaviour can exacerbate 
non-uniform polishing, making it challenging to achieve consistent 
surface quality.

This effect is quantitatively assessed in Fig. 11, where the normalised 
maximum velocity and minimum static pressure for each quadrant are 
compared between single and multiphase cases. The results highlight 
that the most significant flow non-uniformity arises from high rotational 
speeds combined with large offsets. Quadrant three shows the largest 
variation in velocity magnitude under 2000 rpm conditions. Although 

static pressure trends appear relatively balanced across quadrants, the 
velocity data unequivocally demonstrate that higher rotational speeds 
increase not only the magnitude but also the spatial inconsistency of 
flow—both of which directly undermine polishing uniformity.

In conclusion, while elevated rotational speeds significantly enhance 
peak velocities and thus the potential rate of material removal, they 
introduce strong velocity gradients and pronounced asymmetry in the 
flow field. This compromises the homogeneity of shear distribution, 
ultimately reducing polishing uniformity. For applications where sur
face quality and consistency are critical, optimizing rotational speed is 
therefore essential to balancing efficiency with control over polishing 
uniformity. A summary indicating the maximum velocity magnitude for 
each configuration is displayed below in Table 5.

3.3. Radial wall shear stress profiles underneath bonnet

The wall shear profile was compared against experimental work 
conducted in the same manner as the investigation conducted by Walker 
et al. [3]. Fig. 12 presents an overlay of the normalised shear stress 
profile from the CFD model and the normalised experimental material 
removal profile. A qualitative agreement is observed within approxi
mately ±3 mm from the model centre, where both profiles exhibit 
similar trends in shape and peak location. Beyond this region, deviations 
occur due to additional flow effects influenced by the bonnet geometry. 
As both profiles are normalised to their respective peak values, this 
comparison is intended to highlight general trends rather than exact 
quantitative agreement.

The shear stress generated on the surface is assumed to be a strong 
predictor of the material removal on the workpiece. This is predomi

Fig. 8. Velocity magnitude contour plots on a plane 0.1 mm offset from the bottom surface. For a) 0.5 mm offset and 1000 rpm, b) 0.5 mm offset and 2000 rpm, c) 
1.0 mm offset 1000 rpm, and d) 1.0 mm offset and 2000 rpm.

Table 3 
Summary of maximum velocities (m/s) for each configuration.

Offset (mm) Speed (RPM)

1000 2000

0.5 0.42 1.01
1.0 0.2 0.48
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nantly influenced by the rotational speed of the bonnet and the offset 
distance to the glass. For the offset of 0.5 mm, the maximum shear stress 
acting on the glass was found to be 5.2, and 14.5 Pa for rotational speeds 
of 1000 and 2000 rpm, respectively. For the offset of 1.0 mm, the 
maximum shear stress reduced to 2.4 and 6.4 for the 1000 and 2000 rpm 
respectively. To characterise the distribution of stresses, values were 
extracted on the surface along the lines shown in Fig. 13. The lines were 
drawn at 6 radial locations ri progressively increased until ri equals the 
radius of the bonnet. This was done in each of the four quarters that the 
area under the bonnet was partitioned namely Q1, Q2, Q3, and Q4. The 
wall shear stress on each line was then averaged to obtain an average or 
mean wall shear stress value (τwavg) for that quadrant. For the sections 
that follow, τwavg will be used to refer to τw for brevity.

Fig. 14 shows the profiles of the dimensionless wall shear stress on 
the working surface under the bonnet for the single-phase water case. 
The shear stress was non-dimensionalised by dividing it with ρmixv2, 
where v = ωr, and ρmix is the mixture density calculated as ρw(1 −

VFCeO2 )+ ρCeO2
VFCeO2 . For the single-phase conditions, VFCeO2 = 0, and 

ρmix = ρw. For all the conditions, the wall shear stress is highest directly 

underneath the lowest point of the bonnet at r/R = 0. It is seen in Fig. 14
(a) at 1000 rpm and 0.5 bonnet offset that τw/ρmixv2 is highest in quarter 
1 and it progressively decreases away from the bonnet centre. This is 
expected as the bonnet circumference is farthest from the surface and 
exerts much less force per unit area on the surface. Fig. 14(b) shows the 
normalised shear stress values at a bonnet rotational speed of 2000 rpm. 
Here, the same trend is observed, although the normalised values are 
smaller, which shows doubling the speed does not result in double the 
shear stress. For the 1 mm bonnet offset, the effect of rotational speed is 
less pronounced and the normalised values are approximately two times 
smaller than the comparable 0.5 mm cases of 1000 and 2000 rpm, in 
Fig. 14(c) and (d) respectively. The multiphase cases exhibit similar 
trends as the single-phase conditions in terms of bonnet offset and 
bonnet rotational speed (Fig. 15).

3.4. Correlation of wall shear stress and process parameters on work 
surface

It is important to mathematically establish the effect of bonnet offset, 
rotational speed, and volume fraction of cerium oxide particles at 
different locations on the surface under the bonnet. To do this, a power 
law relationship is assumed between the dimensionless wall shear stress 
as a function of the rotational Reynolds number and other parameters as 
follows: 

τw

ρmixv2 = A Rea
ω

(
Ob

Obmax

)b

(1 + VFCeO2 )
c θd (1) 

Fig. 9. Pressure contour plots on the working surface. For a) 0.5 mm offset and 1000 rpm, b) 0.5 mm offset and 2000 rpm, c) 1.0 mm offset 1000 rpm, and d) 1.0 mm 
offset and 2000 rpm.

Table 4 
Summary of minimum pressures (Pa) for each configuration.

Offset (mm) Speed (RPM)

1000 2000

0.5 − 193.8 − 687.4
1.0 − 71.4 − 258.2
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where Ob is the bonnet offset distance, and θ = Q/4, where Q is the 
quadrant, ranging from 1 to 4. The rotational Reynolds number is 
defined as Reω = 2ρωr2/μw. The constant A and indices a–d are deter
mined by non-linear regression analysis using the database of 192 data 
points. The method of least squares was used, and it was implemented in 
Microsoft Excel®. For the least squares implementation, Eq. (1) was 
rewritten by subtracting the LHS from the RHS. As there is never a 
perfect fit between all pairs of CFD and correlation data points, the result 
is a remainder or residual for each data point given as: 

ri =

[
τw

ρmixv2

]

CFD,i
−

[

A Rea
ω

(
Ob

Obmax

)b

(1 + VFCeO2 )
c θd

]

pred,i

(2) 

There is no closed-form solution for Eq. (2) and there is existence of 
an infinite number of solutions. As a result, the best values for coefficient 
A and indices a–d are those that give the minimum value of the sum of 
squares of the residuals, S, across the entire CFD database. This mini
mum that ensures best fit between data and power law model is found by 
solving the nonlinear least squares minimisation problem: 

min S =
∑N

i=1
ri

2

=
∑N

i=1

⎧
⎨

⎩

[
τw

ρmixv2

]

CFD,i
−

[

ARea
ω

(
Ob

Obmax

)b

(1 + VFCeO2 )
cθd

]

pred,i

⎫
⎬

⎭

2

(3) 

where N is the number of data points in the databank. Eq. (3) is solved 

iteratively using the evolutionary algorithm in Microsoft Excel's Solver® 
add-in. Initial values for a–d were given, and these were carefully chosen 
to help the algorithm converge easily and to a solution with realistic 
regression coefficients. The following relationship was hence obtained: 

τw

ρmixv2 =
57353

θ0.53Re1.04
ω

(
Ob

Obmax

)1.34

(1 + VFCeO2 )
0.47

(4) 

Fig. 16 shows that this equation gives a good agreement with the CFD 
data and can be used to predict the shear stress on the working surface 
for a given rotational speed, the volume fraction of CeO2, and bonnet 
offset an any location (r,θ) underneath the bonnet.

More than 99 % of the new correlation's values were within ±1 
standard deviation error bands. Statistical error metrics were calculated 
by comparing the model's predictions with CFD results, yielding a Root 
Mean Square Error (RMSE) of 0.001, a Mean Absolute Error (MAE) of 
0.002 and a correlation coefficient (R2 value) of 0.9385. These results 
indicate that the correlation has good predictive capability within the 
process conditions studied.

4. Conclusions

In this work, a detailed computational investigation of the mechan
ical annular polishing process was conducted to explore the influence of 
key process parameters—namely, tool rotational speed, offset distance, 
and abrasive particle concentration—on the resulting flow behaviour 
and wall shear stress distribution. Employing a multiphase Eulerian CFD 
framework, the study assumes and verifies that wall shear stress is a 

Fig. 10. Velocity contour plots on planes located 0.1 mm away from the working surface. Related cases (a) 0.5 mm offset, 1000 rpm, (b) 0.5 mm offset, 2000 rpm, (c) 
1.0 mm offset, 1000 rpm, (d) 1.0 mm offset, 2000 rpm.

Y. Akar et al.                                                                                                                                                                                                                                    Journal of Manufacturing Processes 151 (2025) 812–825 

821 



robust indicator of MRR, both in terms of magnitude and spatial dis
tribution. Comparisons with experimental profiles show strong agree
ment, reinforcing the validity of this assumption and confirming the 
relevance of shear stress as a predictor of polishing effectiveness.

Through systematic variation of input parameters and analysis of the 
resulting flow fields, the study reveals that increased rotational speed 
significantly elevates the velocity field and amplifies shear stress mag
nitudes on the workpiece surface. Likewise, reducing the offset between 
tool and workpiece enhances local shear intensities, especially in regions 
directly under the bonnet where contact is closest. These findings 
highlight the critical role of geometric and kinematic configurations in 
controlling polishing uniformity and efficiency.

Crucially, this work presents a novel predictive model in the form of 
a power-law expression that quantifies wall shear stress as a function of 
flow dynamics, slurry composition, and geometric arrangement. The 
power law model was found to have an R2 value of 0.9385 when 

Fig. 11. Normalised values of a) velocity and b) pressure in each quadrant.

Table 5 
Summary of maximum velocities (m/s) for each configuration — multiphase.

Offset (mm) Speed (RPM)

1000 2000

0.5 0.43 1.0
1.0 0.19 0.48

Fig. 12. An overlay of the shear stress contour and the positive offset profile 
data acquired through experimentation.
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compared to the CFD results, demonstrating a good agreement between 

predicted and modelled shear stress values. This model offers a gen
eralisable and physics-based framework for predicting local MRR across 
varying conditions, with direct applicability to process optimisation in 
industrial contexts. By capturing the complex fluid–solid interactions in 
a multiphase slurry environment, this study not only contributes to the 
mechanistic understanding of the polishing process but also advances 
the development of data-driven, energy-efficient, and high-precision 
surface finishing strategies.

A key avenue for future research is the integration of machine 
learning (ML) with physics-based models to enable real-time, intelligent 
process optimisation. ML models could be trained on CFD-generated 
data to predict shear stress distributions and material removal rates 
across a broader range of process conditions, significantly reducing 
computational costs and improving decision-making in real-time. 
Additionally, the range of input parameters should be expanded. Fac
tors like slurry viscosity, particle size distribution, temperature effects, 
tool geometry, and material properties should be considered in future 
studies. By incorporating these, a more comprehensive optimisation 
framework could be developed, enhancing the predictive power of ML 
models, and enabling a hybrid digital twin approach for continuous 
process improvement in polishing applications.
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