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Abstract
In order to improve surface polishing quality and efficiency for hard and brittle components, a novel nozzle with specifically 
designed shroud was proposed for an abrasive jet polishing process. The removal mechanism of the abrasive jet under such 
a nozzle was investigated by simulating the jet flow in the interaction area of the nozzle shroud and workpiece. The simula-
tion results show that the speed of the abrasive jet increases greatly by the shroud and the direction of the jet is aligned near 
parallel to the workpiece surface to minimize impact damage to workpiece surface. The constrained abrasive jet polishing 
(CAJP) experiments were conducted on the quartz glass component, a typical hard and brittle material, showing that the 
material removal mainly relied on the shearing and scratching of the workpiece surface rather than the mechanical shock 
impacts, which is consistent with the simulation findings.

Keywords Abrasive jet machining · Nozzle · K9 optic glass · Removal mechanism

Abbreviations
AM   Total flow cross section area
AOut   Area of the annular section
c  Perimeter of the cross-section of the fluid 

contact to solid region
C  Variant of the blending function defined in 

Eq. (18)
d  Diameter of the channel hole
dH   Hydraulic diameter
D2  Inner diameter of the annular outlet
D3  Outer diameter of the annular outlet
D+   Positive portion of the orthogonal diver-

gence term of Eq. (7)
ffriction   Friction force
F1   Switching function in the near wall region
F2   Blending function for boundary-layer flows 

and zero for free shear layers.

Fmotor   Push force of the motor
G  Gravity of the polish tool
Hf    Hardness of the workpiece
Hp   Hardness of the abrasive
k   Turbulence kinetic energy
k1, k2, k3, kp  Coefficients of the Preston formula
Pfluid   Inlet fluid pressure
Re0   Reynolds number
Sij   Components of the mean strain tensor
t   Time
T   Abrasion process time
ui,uj,uk   Mean velocity components in the x-, y- and 

z-directions
�   Kinematic viscosity of the abrasive flow
�0   Average speed of the jet at the exit slit
�t   Vortex coefficient
x   Orifice gap
xi,xj,  xk Local Cartesian coordinates
y   Shortest distance from the current point to 

the physical plane
�   Inject angle
�1   Constant in the transport equation for the 

turbulent shear stress
�∗, �   Empirical constants of the SST model [28]
�i,1   Constants in the original k − ω model
�i,2   Constants in the transformed k − ε model
�   Intermittent factor
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�1   Constants in the original k − ω model
�2   Constants in the transformed k − ε model
Γk   Effective diffusion term of the k
Γ�   Effective diffusion term of the ω
ε   Dissipation rate of turbulent kinetic energy
�1,�2   Turn angle
�   Dynamic viscosity of the abrasive flow
�t   Turbulent viscosity
�   Density
�k   Turbulent Prandtl numbers for k
��   Turbulent Prandtl numbers for �
�ij   Shear stress
�   Corresponding constant in the SST model
�1   Constants in the original k − ω model
�2   Constants in transformed k − ε model
�   Specific dissipation rate
Ω    Absolute value of the vorticity

1 Introduction

Ever increased challenges in the fields of energy, optics and 
medicine increased the use of hard and brittle materials, such 
as optical glass, optical crystals, and engineering ceramics, 
etc. to meet the requirement for the exaltation of optical res-
olution, the reduction of scattering loss, the enhancement of 
damage-resistance threshold, and the guarantee of a reliable 
performance in a critical precision application with higher 
quality demands in both geometrical accuracy and surface 
integrity [1]. Considering complex geometry surface, it is 
highly desirable to apply a super-precision machining tech-
nique to secure higher accuracy, better integrity quality and 
higher productivity. The employed polishing should be able 
to cope effectively with the elevated sizes of the finished 
products, such as large-calibre space mirrors, laser optical 
components, etc. [2, 3]. However, the complex geometry of 
components may restrict polishing tools to access the work-
piece surface directly. Therefore, some noncontact polish-
ing methods were developed, such as magnetorheological 
finishing (MRF), magnetorheological jet polishing (MJP) 
and abrasive jet polishing (AJP) [4].

As a non-traditional type of optical parts processing 
method, MRF was investigated by Kordonski and Golini 
[5] in consideration of electromagnetics, fluid dynamics and 
analytical chemistry. Such a method provides a small gap 
between the workpiece surface and the polishing pad. When 
the magnetorheological polishing liquid passes the small 
gap, the gradient magnetic flux makes a rheological liquid 
stiffer or harder, similar to the Bingham medium with high 
viscosity. When a rheological fluid with a high viscosity 
enters a small gap, the area in contact with the surface of the 
workpiece generates a large shear force, so that the material 
on the surface of the workpiece is removed [6]. Kordonski 

and Golini in 2002 [7] further studied the applications of 
magnetorheological effect in high precision finishing and 
designed a special means for fluid removal from the polish-
ing wheel and returning to the delivery system.

Bombard and de Vicente [8] invested the tribological per-
formance of magnetorheological (MR) fluids in pure sliding 
soft-elastohydrodynamic lubrication (EHL) steel/polytetrafluor-
oethylene (PTFE) point contacts. The hardness of the magne-
torheological fluid involved in polishing can be controlled by 
the magnetic field, and the material removal method is changed 
to the shearing effect of the abrasive flow tangential direction, 
with almost no subsurface damage, and the polishing efficiency 
is greatly improved compared with ion beam processing. There-
fore, the removal rate is controllable. However, the friction coef-
ficient of MRF fluid depends strongly on the viscosity of the 
lubricant oil. The research shows the configuration of MRF 
liquids is complex because there are many parameters should be 
considered such as abrasive diameters, the magnetic field inten-
sity, the magnetic flux directions and the magnetic pole shape. 
Ghosh et al. [9] invested the surface roughness and residual 
stress in MRF, the wheel based magnetorheological finishing 
(MRF) process is used to attain nano-level surface roughness 
of oxygen-free high conductivity (OFHC) copper. As polishing 
tools do not contact to the workpiece in MRF, the wear of the 
polishing tools and temperature of the polishing area is stable, 
which improve the polishing accuracy. Nevertheless, the system 
of MRF is complex and the polishing cost is high. It is neces-
sary to configure different magnetorheological fluids according 
to different workpiece materials [10].

Childs et al. [11] researched the material removal mecha-
nism of the magnetic fluid grinding. The high removal rate 
occurs when large sliding velocities occurs between the balls 
(workpiece) and drive shaft. A kinematic theory was devel-
oped to calculate sliding velocities and was applied to derive 
the material wear coefficient. The material removal rates 
were verified by the experiments. It should be noted that 
magnetic fluid grinding (MFG) is not same as MRF, but the 
abrasion interactions identified within a magnetic field may 
have referential significance.

Abrasive jet polishing (AJP) technology, like MRF, does 
not require a polishing nozzle pad direct contacts with the 
workpiece, so no thermal deformation occurs. It also takes the 
advantage of fluid conformability, so the abrasive flow config-
uration is simple, and the processing cost is lower than MRF. 
Similar to other polishing, it can polish almost all materials 
and geometric shapes, especially in the precision polishing of 
hard and brittle materials. These characteristics make AJP one 
of the most ideal precision processing technologies nowadays.

During the studying on the smoothing process of the rough 
surface of diamond thin-films in 1992, Hashish and Bothell 
[12] found that the workpieces were cut or micro-cut more 
effectively by ejecting abrasive particles along the tangential 
direction rather than with a small incidence angle, which is 
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the angle between the injection direction of the jet and the 
normal direction to the surface. However, the applied pressure 
and velocities (over 150 m/s) is comparably high for most 
polishing application. Accordingly, in 1998, Fahnle et al. [13] 
adopted a low-pressure micro-abrasive jet with a nozzle in a 
controllable way to impose the impacts on the workpieces. 
The material removal process of AJP was further analysed 
in 1999 by Fahnle and van Brug [14], resulting significant 
improvement in the surface quality of the complex aspherical 
optical component. It was found that the geometry precision 
of the polishing area depends on the nozzle diameter, but noz-
zles of tiny size are easily clogged or worn out.

An abrasive jet begins to diverge and lose coherence 
momentum when it exits from the nozzle. This is caused by 
a combination of the sudden drop of pressure and surface 
tension in both tangential and normal directions with aero-
dynamic interference [15]. Since the workpiece surface has a 
certain distance from the nozzle, the divergence of jet beam 
may diminish the stability of the flow and consequently, the 
polishing spot reduces the accuracy of the workpiece shape. 
Furthermore, the large impact angles of the jet may cause the 
normal impact on the surface of the workpiece, which could 
have negative effects on the surface quality, such as poor sur-
face roughness and subsurface fracture. Similar experiments 
were conducted by Booij et al. in 2002 [16], who depicted 
the theoretical dependence of the material removal rate on 
various key parameters of AJP processes. In 2004, they [17] 
concluded that improved surface shapes could be achieved 
by adjusting the movement of the nozzle trails. In Messelink 
et al.'s research [18], a micro-abrasive jet with a sub-aperture 
shape correction was used to perform polishing machining 
on aspherical surface. By mixing a well-controlled amount of 
gas into the abrasive flow, a large processing depth removal 
from nanometres to micrometres was acquired. Of these inves-
tigations, the negative effect of the divergence of jet beam 
and the normal impact were not mentioned. Matsumura et al. 
[19] studied the stagnation effect of abrasive water jet during 
polishing glass microgroove surface, where the vertical flow 
from the jet nozzle was changed to horizontal flow around the 
stagnation area. When the abrasive jet flow impact to a flat 
surface, brittle fracture could occur. Because the stagnation 
area is very small, the horizontal flow helps to remove the 
material without brittle fracture, crack-free surfaces of glass 
workpiece were generated.

Kalirasu [20] proposed a hybrid objective function to opti-
mize the control parameters of abrasive water jet machining 
(AWJM) of jute/polyester composite using a cost-effective 
Multi Objective Optimization by Ratio Analysis named as 
MOORA model. The feed rate is the most obvious factor, 
at the same time, the standoff distance has some influence 
to machining results. Wang et al. [21] proposed a predictive 
model of the machined surface topography in the AAJP pro-
cess research, where the standoff distance and jet impact angle 

were set as the key input machining parameters, and the diver-
gence of jets and the impact damages of the abrasive jet were 
considered as outputs of the model.

Magnetorheological jet polishing (MJP) is a combination of 
AJP and MRP [22]. It uses low-viscosity magnetorheological 
fluid to generate magnetorheological effects under the action 
of an external magnetic field to form a collimated hardened jet 
beam to impact the surface of the workpiece [23]. MJP corrects 
the problem of jet beam divergence during processing. Material 
is removed by the high-speed impact and shear action of abra-
sive particles, but mid-spatial frequency (MSF) errors should 
be considered in MJP with a simple vertical jetting model. 
Wang et al. [24] proposed a weighted iterative algorithm to 
restrain the MSF errors.Yang et al. [25] built a more compre-
hensive model for MJP removal mechanisms and applied it in 
reducing edge effects in surface polishing of thin rolled edges 
with a reduction of profile RMS from 10.5 nm to 1.4 nm. How-
ever, like traditional AJP, the MJP jet beam is not parallel to the 
workpiece surface, which causes large normal impact, inducing 
impact damage on the surface or subsurface of the workpiece. 
Furthermore, the preparation of the magnetic abrasive particle 
flow is complicated and expensive, similar to MRF.

Polishing complex surface of hard and brittle materials parts 
by abrasive jet is feasible as mentioned above; however, some 
problems remain to be overcome, such as the nozzle wear, the 
divergent of jets, and the jet impact damages. In this paper, a 
constrained abrasive jet polishing (CAJP) with a novel nozzle 
was developed, where a powerful constrained abrasive jet was 
formed and directed by a head shroud around polishing tool. 
In this way, the abrasive jet flows in parallel to the workpiece 
surface. Shifting along the workpiece surface, the abrasive jet 
was constrained and exiting the slit gap, making almost all 
abrasives acting force along the workpiece surface transformed 
into tangential shearing stress. As a result, such a polishing 
process mainly depends on the shearing and scratching on the 
surface rather than normal mechanical impact, which not only 
decreases of impact damages, but also enhances polishing pre-
cision and efficiency. Moreover, a slender nozzle is no longer 
a necessity to form the jet, and the cost could be great reduced 
by the recycling of the abrasive fluid, which is also beneficial 
by reducing environmental pollution. Compared to AJP and 
MJP, CAJP gives minimum normal jet impact.

2  The design of the novel CAJP nozzle

In order to assure the jet abrasives flow along the workpiece 
surface, a CAJP nozzle head is designed with a structure that 
contains a core and a shroud as sketched in Fig. 1, where 
α is the inject angle and  Fmotor is the nozzle driving motor 
holding force for balancing the hydraulic pressure reaction, 
which depends on nozzle orifice setting. Before polishing, 
the polishing tool head was pressed on the workpiece surface 
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with a pre-set force for a selected nozzle slit gap. When the 
abrasive flow is push out from nozzle, the pressure under the 
nozzle tool will overcome the preload force and lift the tool 
head to allow abrasive jets formed along the nozzle slit gap. 
Through the polishing tool head, the abrasive flow changes its 
direction to form a tangential jet under the restraint shroud. 
Precision polishing could be controlled by adjusting the pol-
ishing dwelling time and the volume of the abrasive flow.

The nozzle head shroud is designed as a replaceable module 
and is capable to match up with different workpiece shapes. In 
order to achieve a long-lasting equable “contact” between the 
CAJP tool head and workpiece surface, wear-resistant elastic 
materials, such as nylon and polyurethane, were chosen for the 
tool head shroud. Figure 1 shows the dimensions of polishing 
nozzle head design, which was also used as a model for the 
simulation analysis of nozzle performance. The outer diameter 
of the tool head is 36 mm, the inner diameter of the inlet section 
is 28 mm, the inner diameter of the annular outlet  D2 = 28 mm 
and the outer diameter of the annular outlet  D3 = 32 mm. A fun-
nel length  L1 = 16 mm is designed at the exit section, so that an 
abrasive flow can be fully developed when the jet flowing from 
the shunt section  (L2 = 12 mm) to the exit section. The polish-
ing tool has 8 separated channel holes in the middle part. The 
diameters of these channel holes are d = 6 mm. Therefore, the 
total flow cross section area is present in Eq. (1).

To ensure the continuity for a stable flow in the tool head, 
the area of the annular section AOut should be less than the 
sum of the base area of eight cylinders AM. According to the 
dimension in the design,

(1)AM = 8�(
d

2
)
2

= 72� (mm2)

So, the inlet cross section is larger than the outlet one 
comfortably.

The gap between the nozzle shroud and the surface of the 
workpiece is one of the key parameters of CAJP. In order to con-
trol the polishing gap during the process, it is necessary to know 
the relationship between the push force of the motor ( Fmotor ) and 
the gap x between nozzle and workpiece as presented in Eq. (3), 
which could be determined through experiments.

As the friction coefficient of linear bearings used in the 
polishing tool is small, the friction force ( ffriction ) can be 
ignored. The gravity of the polish tool (G) measured by the 
experiment, which is 6.6 N. As shown in Table 1, the inlet 
fluid pressure ( Pfluid ) associated with different gaps were 
measured through experiments.

Considering the limited power of the abrasive flow pump, 
an exponential function was chosen for modelling the rela-
tion between fluid pressure Pfluid and orifice gap x.

The determination coefficient R2 is 0.86, which means 
the variation could be high between the fluid pressure and 
orifice gap. Therefore, the equation could only serve as an 
initial setting reference to avoid significant deflection error. 
The motor driving force is therefore presented as Eq. (5). 
The actual pressure and force should be measured in situ.

3  Simulation of abrasive flow in the nozzle 
and surround polishing area

3.1  Abrasive flow modelling

In order to gain an insight of the CAJP process, the inves-
tigation focuses on the abrasive jet flow dynamic perfor-
mance. During CAJP process, the abrasive flow passes 
through the shrouded nozzle forming a plane jet, which is an 

(2)AOut=�(
D3

2
)

2

− �(
D2

2
)

2

= 60 � (mm2)

(3)Fmotor + ffriction + G = AOutPfluid

(4)Pfluid = 0.4915 e−0.679x

(5)F
motor

= 60�
(

0.3235e
−0.204x

)

− 6.6

1 Nozzle, 2 shroud, 3 jet, 4 workpiece

Fig. 1  Polishing schematic of the abrasive jet with specified nozzle

Table 1  The relationship 
between gap and fluid pressure

Gap x(mm) Pfluid(MPa)

1.0
1.25
1.5
1.75
2.0
2.5

0.2756
0.2391
0.1506
0.1337
0.1119
0.1069
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incompressible low viscosity two-phase flow with 15% scat-
tered floating abrasive particles. The relevant physical param-
eters were determined by experiments. The flow liquid density 
of the abrasive flow ρl is 1134.8 kg/m3 and the density of the 
abrasive ρs is 3170 kg/m3, so the density ρ of the two-phase 
abrasive flow is 1440 kg/m3. The viscosity μ of the abrasive 
flow is 2.355 mPa.s. To consider the flow status in the CAJP 
system, the Reynolds number calculation is shown in Table 2.

In Table 2, Re0 is the Reynolds number, v0 is the aver-
age speed of the jet at the exit slit. The dH is the hydraulic 
diameter. c is the perimeter of the cross-section of the fluid 
contact to solid region. The internal flow of the abrasive jet 
usually is a turbulent jet according to the engineer experi-
ence, when Re0 > 3500 [26].

In order to make the Reynolds equations solvable, the 
unknown correlation elements in the Reynolds equations or 
in the transport equations of the turbulent characteristics were 
expressed in term of the low order correlation or the time aver-
age. In fact, the jet flow in the near wall region is a kind of low 
Reynolds number turbulence as the effects of the wall and the 
viscous of the flow, the various scales of turbulence and the 
characteristics of transport and dissipation are different from 
the fully developed turbulence, that shows a fairly inhomoge-
neous and anisotropic. So the calculation accuracy of the stand-
ard k − ε model is not good enough in the near wall region. The 
SST (Menter's Shear Stress Transport) turbulence model [27] 
which use a low Reynolds number k − ω mode in near wall 
region was reasonably adopted. The standard k-ε model only 
applied at the end of the external flow zone and the free shear 
layers. A smooth transformation of the mixed function between 
these two models was established [28, 29].

The mathematical expressions for SST turbulence models 
are as follows.

The expression of the shear stress �ij is as follows.

(6)
D(�k)

Dt
= �ij

�ui

�xj
− �∗ �k� +

�

�xj

(

Γk

�k

�xj

)

(7)

D(��)

Dt
=

�

�t
�ij
�ui

�xj
− ���2 +

�

�xj

(

Γ�

��

�xj

)

+ 2�(1 − F1)��,2
1

�

�k

�xj

��

�xj

In formula (8), �ij is the Kronecker function [30].

In formulas (6) and (7), �ij
ui

xj
 can be expressed as,

In formula (10),

In formulas (6) and (7), Γk and Γ� represent the effective 
diffusion term of the k and � respectively, 𝛽⋆𝜌k𝜔 and ���2 
represents the divergence term respectively. The last item 
of formula (7) represents an orthogonal divergence term.

The equations of the effective diffusion term,

The switching function F1 is expressed as follows,

In formulas (17) and (18), y is the shortest distance from 
the current point to the physical plane, D+ is the positive 
portion of the orthogonal divergence term in Eq. (7).

The function expression of the SST turbulence model, 
k − ω turbulence model and standard k − ε turbulence model 
are � , �1 and �2 , respectively, the function relation between 
the three is as follow,

(8)�ij = �t

(

�ui

�xj
+

�uj

�xi
−

2

3

�uk

�xk
�ij

)

−
2

3
�k�ij.

(9)�ij =

{

1 i = j

0 i ≠ j,

(10)�ij
�ui

�xj
= �t

[

s2
ij
−

2

3

(

�uk

�xk

)2
]

−
2

3
�k

�uk

�xk

(11)sij =
�ui

�xj
+

�uj

�xi

(12)Γ� = � + ���t,

(13)Γk = � + �k�t,

(14)�k = F1�k,1 + (1 − F1)�k,2,

(15)�� = F1��,1 + (1 − F1)��,2.

(16)F1 = tanh
(

�4
1

)

(17)�1 = min

[

C,
4��,2�k

D+y2

]

(18)C = max

�
√

k

0.09�y
,
500v

y2�

�

(19)D+ = max

(

2���,2

�

k

xj

�

xj
, 10−10

)

Table 2  Reynolds number calculation

Parameters Formula Results

c c =
1

2
�
(

D
2
+ D

3

)

   30�

d
H d

H
= 4

A
Out

c

8 mm

� � =
�

�
 1.635 × 10

−6
m

2∕s

Re
0 Re

0
=

�0dH

�
39,148 ~ 53,823, when 

 v0 = 8 ~ 11 m/s
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When �1 approaching to 0, F1 is close to 0 too. In this 
investigation, the turbulence model applied in this zone is 
the standard k − ε model [31].

The vortex coefficient is defined as follows,

The formulation of F2 and �2 are expressed as follows.

When F1 = 1 , � = �1 this is k − ω turbulence model. The 
constant values in SST are shown in the Table 3.

3.2  Abrasive flow inside the nozzle

In order to fully understand the constrained abrasive jet 
flow, the internal flow of the nozzle tool was first analysed 

(20)� = F1�1 + (1 − F1)�2

(21)�1 = �i,1∕�
∗ − ��,1�

2∕
√

�∗

(22)�2 = �i,2∕�
∗ − ��,2�

2∕
√

�∗

(23)�t =
�1k

max(�1�,F2)

(24)F2 = tanh(�2
2
)

(25)�2 = max

�

2
√

k

0.09�y
,
500�

y2�

�

to estimate the velocity and pressure of the internal flow at 
the exit orifice gap, which will then be used as the initial 
parameters of the abrasive jet in polishing zone. The perfor-
mance of abrasive jet was simulated thereafter to illustrate 
the material removal mechanism of the CAJP based on the 
fluid mechanics.

A finite element method was adopted and the element 
meshes of the internal flow are set up using ICEM CFD soft-
ware as shown in Fig. 2a, where only one eighth of the flow 
field in the nozzle was taken into account, because the noz-
zle head was an axisymmetric structure. The total simulation 
detection line length of flow channel in Fig. 2b is 47 mm. The 
max mesh size is 0.25 mm and the min mesh size is 0.1 mm. 
The minimum volume of mesh isn’t a negative that accord 
with the criteria for the effective mesh in finite element analy-
sis. The hexahedral meshing was adopted and the top-down 
"sculpture" grid division method was used, multiple topologi-
cal blocks of the structure grid can generate. The high qual-
ity "O", "C", "L" - shaped hexahedral meshes were applied 
and the local grids were refined in the nozzle part. The total 
number of grids is 57915. The split surfaces of both sides of 
the simulation model sections were set as periodic symmetric 
boundary. A detection line, as indicated in Fig. 2b, was set in 
the middle of abrasive flow for the pressure and velocity read-
ing during simulation. In this way, the variation of pressure 
and speed of the flow can be illustrated and studied. For the 
abrasive flow simulation, the initial velocity at the inlet of the 
nozzle was set as 6 m/s. The outlet outflow was determined 
based on the continuity of the flows in the nozzle channels.

The pressure distribution and velocity values in the noz-
zle channels are shown in Fig. 3. The pressure and speed 
varying along with the flow detection line are extracted 
in Fig. 3c. Simulation results indicated that the diversion 
column will increase the abrasive flow speed and reduce 
the abrasive flow pressure. It was observed that the speed 
of abrasive flow in the slit exit increased to approximately 

1. Inlet; 2,4. Periodic symmetric boundary; 3 Division columns; 5 Outlet

(a) Meshes of the internal abrasive flow (b) Position of detection line

D
etection

line

Outlet

Fig. 2  Simulation model of the internal abrasive flow

Table 3  Constant value in SST turbulence model

�
k,1

= 0.85 �
k,2

= 1.0 ��,1 = 0.5

��,2 = 0.856 �
1
= 0.31 �∗ = 0.09  

� = 0.41 �
i,1

= 0.075 �
i,2

= 0.0828

�
1
= 5∕9 �

t
= k∕�
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11 m/s in the direction along the tangent of the bottom 
surface of the polishing tool.

By lifting the nozzle from workpiece surface to adjust 
the nozzle slit gap, the velocity of the outflow jet can be 
controlled. Table 4 shows simulated variation of abrasive 
flow velocity at the outlet of the nozzle, they decrease with 
the increase of the exit slit height.

3.3  The simulation of surface polishing jet

The CAJP abrasive jet can be considered as a kind of pla-
nar jet flow parallel to the workpiece surface, which was 

modelled and meshed as shown in Fig. 4. The flow status 
at the outlet of the nozzle was set as the inlet of the slit pla-
nar jet simulation model. With the analogue of slit jet from 
the centre of nozzle, the lengths of the main jet segment in 
radius direction is less than 15 mm and the width is around 
10 mm. The nozzle centre was aligned to the coordinate 
origin, so the length of the simulation model was set up to 
30 mm covering the abrasive flow jet outside of the nozzle.

By taking the simulation results of nozzle internal abra-
sive flow, the simulation of slit planar jet adopted the initial 
inlet speed of was set as 8 m/s, 9 m/s, 11 m/s and 15 m/s 
respectively according to the slit gaps as shown in Table 4. 

(a) Pressure distribution of internal flow (b) Velocity vectors of internal flow

(c) Pressure and speed change along the detection line illustrated in Fig. 2(b)

Fig. 3  Simulation results of the internal abrasive flow
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The simulated pressure distribution of the slit planar jet 
is presented in Fig. 5, where the pressure under the noz-
zle shroud increases significantly when slit gap decreases. 
When the nozzle slit gap decreases down to 1 mm, the 
pressure variation under nozzle shroud becomes obviously 
in both horizontal and vertical directions. The pressure 
changes little when the jet exits the nozzle more than 5 mm 
in distance (i.e., radial X coordinates > 20 mm in Fig. 4). 
The orientation of the nozzle exit slit decreases the normal 
pressure of the abrasive flow on workpiece surface, so the 
active polishing region of the jet has a stable tangential 
shear stress. The pressure under the nozzle central block 
appears negative forming a circular flow; however, when 
the slit gap decreases (around 1 mm), the pressure increases 
to near zero level.

Figure 6 shows the simulation results of abrasive jet veloc-
ity in the slit planar jet flow. It can be seen that CAJP nozzle 
can change abrasive flow velocity direction quickly to parallel 
to the workpiece surface, so as to limit the impact to reduce 
potential damage to the workpiece. The streamlines of the 
slit jet show that abrasives would move horizontally in the 
slit gap region under the should (CAJP nozzle radial position 
X = 16 ~ 18 mm). This is a beneficial process feature for polish-
ing. The flow speed increases significantly in the slit channel, 
but reduces afterward to a stable value along the workpiece 

surface. It is interesting to see that the abrasive flow on the 
workpiece surface outside of nozzle shroud actually moves 
backward towards nozzle. Such a backward flow may have a 
deleterious effect to the polishing quality, which will be dis-
cussed later. There exists a point around X = 18 ~ 20 mm where 
flow speed on workpiece surface is near zero. If the nozzle slit 
gap is larger than 2.5 mm (include 2.5 mm), the abrasive jet 
velocity near workpiece surface decrease drastically, which no 
longer polishing effectively.

In order to identify the real material removal performance 
in the CAJP process, both the profiles of abrasive flow speed 
and pressure along the workpiece surface should be con-
sidered comprehensively as shown in Fig. 7a, b, where the 
points A, B, C, D, E and F are selected to be compared with 
experimental polishing tests. The speed and the pressure val-
ues are taken from the detection line that is 0.2 mm above 
the surface.

As the nozzle outlet position locates on X = 15 mm, the 
surface of workpiece at the position X greater than 15 mm 
is the subjects of polishing area. In this region, the velocity 
vector of the abrasive flow increases rapidly firstly and then 
decreases close to 0 for each fixed nozzle lifting height. If 
the lifting height of the polishing head decreases, the maxi-
mum speed value in the polishing region will increases. 
Similarly, the flow pressure increases rapidly and decrease 
gradually along the radial position in X direction. If noz-
zle lifting height decreases, the maximum pressure in 
the slit polishing region will increase, and the polishing 
region increased too. As the part of the x-coordinates less 
than 15 mm isn’t work region, so the changing trend of 
the velocity vector in this part does not contribute material 
removal much.

Materials removal in an abrasion process could be calcu-
lated based on Preston formula [32, 33], where the abrasion 

Fig. 4  Simulation model and 
meshes of the jet in polishing 
zone

1 Periodic symmetric boundary; 2 Wall; 3 Inlet; 4 Outlet

Table 4  Out pressure and velocity of vary exit slit

Exit slit
(mm)

Nozzle outlet velocity
(m/s)

Nozzle inlet pressure
(kPa)

1
1.5
2
2.5

15
11
9
8

90
50
30
15
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material removal rate (MRR) is positively correlated with the 
speed and pressure.

where T is the abrasion process time, v(x) is the instantane-
ous speed of the jet on the surface of the workpiece irrespec-
tive the flow direction, p(x) is the instantaneous pressure of 
the jet on the surface of the workpiece. kp is the coefficient 
of the Preston formula, which is expressed as

k1 considers the injection angle of the jet, which should be 
determined through the experiment.  k2 considers the affection 
of the hardness of the abrasive, which can be expressed as

(26)MRR(x) =
kp

T ∫
T

0

p(x)v(x)dt

(27)kp = k1k2k3

Hf is the hardness of the workpiece and Hp is the hardness 
of the abrasive. For the case under the consideration (K9 
glass Hf is 610 kg/mm2 and alumina Hp is 2000 kg/mm2), 
the k2 is 3.28.

The parameter k3 considers the effect of the abrasive 
grit concentration and the size of the abrasive grits, 
which should be determined through the experiment 
too. Considering a case where kp = 1.82 × 10−11MPa−1 , 
the variation of polishing removal rate due to the change 
of nozzle slit gap is presented in Fig. 7c. It can be seen 
that the effective polishing region is around position 
X = 15–20  mm. The smaller slit gap, the higher the 
removal rate.

(28)k2 =
Hp

Hf

(a) Initial speed was 8m/s (b) Initial speed was 9m/s

(c) Initial speed was 11m/s (d) Initial speed was 15m/s

Fig. 5  Pressure distribution of abrasive jet in polishing zone

(a) Initial velocity was 8m/s (b) Initial velocity was 9m/s

(c) Initial velocity was 11m/s (d) Initial velocity was 15m/s

Fig. 6  The speed streamline of the abrasive jet flow in polishing zone
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Fig. 7  Comparison of CAJP 
performance simulation results 
under different nozzle slit gaps

(b) Variation of average pressure along radial direction

(c) Material removal rate along radial direction calculated based on Preston model 
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4  Experimental investigation of CAJP

In order to evaluate the CAJP nozzle performance, a set 
of polishing experiments were performed on K9 optical 
glass, a typical hard and brittle material. The physical and 
chemical properties of K9 optic glass is shown in Table 5. 
Figure 8 illustrates a polishing experiment platform that was 
built with the CAJP nozzle mounted on a high-precision 
Motorman HP 20 robot arm. The polishing path was manip-
ulated by the robot arm according to the requirement. The 
workpiece was fixed with a pan on a stationary rotational 
table, and the abrasive jet ejected from the nozzle along the 
redial direction along the workpiece surface. Therefore, the 
actual abrasive flow trajectories on the workpiece surface 
are the combination of the motions mentioned above. In 
the experiment, the sample on the table keeps stationary. 
Six checking points on the sample were defined as A to F 
in Fig. 7 in corresponding to polishing path in radial direc-
tion; and these point positions on the sample surface are 
illustrated in Fig. 9. The surface conditions at these check-
ing points were examined by Taylor Hobson contours & 
roughness instrument (Form Talysurf i-Series 1) before and 

after polishing, so that the experimental results can be com-
pared with simulation results. The measurement scope of 
Form Talysurf i-Series is 5 mm and the resolution is 0.1 nm. 
The first check point A is set in the middle of the exit sec-
tion of nozzle channel and the other checking points were 
arranged with an interval of 3 mm along the nozzle radial 
direction. The polishing head was positioned and controlled 
by the linear stepping motor to provide required lifting gaps 
as defined in Table 1. The key processing parameters are 
shown in Table 6 and the fluid of used for the abrasive jet 
was de-ionized water. After processing for a set of defined 
polishing period, the material removal and surface rough-
ness at each selected point was measured and recorded as 
shown in Fig. 10.

As shown in Fig. 10a, the material removal volume at dif-
ferent surface position varies with the polishing time and the 
distance from the nozzle centre. After one hour polishing, 

Table 5  Material properties of K9 Glass [34]

Parameters Value

Density (kg/m3) 2520
Knoop hardness HK (kg/mm2) 6100
Vickers hardness Hv (N/mm2) 7120
Young's Elastic modulus (Gpa) 82
Poisson Ratio 0.21
Shear modulus (Gpa) 30.4
Fracture toughness (Mpa·m1/2) 2.63
Tensile strength (Gpa) 0.15
Hug elastic limit (GPa) 5.95

(a) Apparatus setup for AJP process (b) Enlarged local view of process platform

6

2

5

4

3

7

1

Fig. 8  CAJP experiment setup

Fig. 9  Checking points on the sample
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the maximum material removal appears at the checking point 
B in the polishing zone, reaching to 3.42 μm. With con-
tinuous polishing, the maximum material removal position 
shifts to point A. After 4-h polishing, the material removal 
at point A became the largest (up to 8 μm). According to 
Preston model, the material removal in an abrasion process 
is the combination actions of abrasive pressure and speed 
and the maximum material removal would occur at the point 
where x coordinate is 16.5 mm, in the middle point of A 
and B. In referring to the simulation results in Fig. 7a, b, the 
highest pressure at the point where x coordinate is 15.9 mm, 
near point A, while the highest speed at the point where x 
coordinate is 16.9 mm, near point B. The results in Fig. 10a 
confirm the Preston model presents polishing performance 
fairly well and could serve a general guidance. The shift of 
the position of maximum material removal in the experi-
ments indicates the pressure and speed of abrasive flow 
could change along with the polishing time. The influence 
of such variations needs further investigation.

Compare the simulation results with the experiment results 
in Fig. 10a, the simulated results in a unit time (one hour) are 
similar to the abrasion performance at around one-hour polish-
ing. Both simulations and experiments show the lowest MRR 

of experiment is point D, where x coordinate is 24 mm. Such a 
point could be considered as the CAJP polishing boundary. The 
experimental results show that the material removal increases 
unexpectedly at those positions beyond the boundary D, i.e. E 
and F, where the simulation could not illustrate such perfor-
mance. It is interesting to see that material removal at point F 
reaches 4.68 μm after 1 h polishing, but it does not increase a lot 
during further polishing. It may attribute to the flow turbulence 
away from the nozzle polishing zone, though the mechanism is 
not clear yet. Look at the abrasive flow streamlines in Fig. 6, there 
is a big vortex reverse flow existing in the area where x coordinate 
is larger than 20 mm. The big vortex makes the backflow impact 
on the workpiece surface, which needs further investigation.

The values of surface roughness in the tests are shown 
in Fig. 10b. The surface roughness at the point A, B and C 
was improved significantly with the polishing time, espe-
cially at point B, the surface roughness decreased from 
386 to 268 nm. The results convinced that CAJP can sig-
nificantly improve surface finish under the shroud cover area 
and the decrease of surface roughness at point B is the most 
pronounced. Outside the nozzle shroud ring, the action of 
surface roughness improvement decreases. At the point D, 
the surface roughness improvement becomes much weak, 
only from 390 to 361 nm. Further away from the nozzle, a 
longer time polishing would lead worse surface finish. At 
the point E and F, the roughness of the workpiece surface 
did not improve, instead, it increased significantly when the 
polishing lasts longer than two hours. This demonstrated the 
improvement of surface roughness in an abrasive jet polish-
ing is a very complex process that needs further investigation.

The morphologies of sample surfaces before and after 
4-h polishing were examined by Keyence VHX-500 micro-
scope as shown in Fig. 11. Further considering the influence 

Table 6  Experimental parameters

Experimental Control factors Parameter/Value

Abrasive
Sample material
Polishing nozzle gap

Alumina
K9 glass
1 mm

Abrasive size 10 μm
Abrasive concentration 15%
Additives and concentrations 0.1% Zinc nitrate

(a) The experimental polishing material removal at different check points
compared to the simulation results

(b) The experimental surface roughness at 
different test points
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Fig. 10  The polishing material removal and surface roughness of CAJP
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of material removal on the surface roughness improvement, 
it needs link to the morphologies of sample surfaces and 
the position of the polishing. At position A, the middle 
of the nozzle exit section, the abrasive jet transfers from 
normal direction to tangential direction, the normal pres-
sure is high, but the flow speed along workpiece surface is 
relatively low, so the normal impact is the main cause for 
the material removal. When abrasives move to position B, 
the speed increases significantly, the material removal in 
mainly due to horizontal shearing. The simulation results 
shown that the abrasive jet at the point B is almost parallel 
to the workpiece surface. This makes the surface roughness 
improved greatly, the surface roughness decreased consid-
erably. So material removal caused by tangential force is 
commonly considered as the best way to reduce polishing 
surface damage. Comprehensive consideration of mate-
rial removal volume, surface roughness and the polishing 

performance at the point B is the best. Similar to position B, 
the horizontal speed at position C is still larger, so it shows 
good processing results too. The point D is considered as 
the end of effective polishing range of the jet, where the 
speed reduced to near zero, so the removal volume is low 
and the surface roughness improvement is small. Beyond 
point D, the reverse vortex flow has deleterious effects on 
the surface roughness. In addition, the normal impact of 
reversed flow on the polishing surface could increase as 
indicated in Fig. 7a, which could cause scratches along the 
radial direction on the surface, resulting in the poorer sur-
face roughness at points E and point F and a higher material 
removal. It can be seen under the microscope, the mate-
rial removal is dominated by the shearing and scratching 
of the workpiece surface rather than the mechanical shock 
impacts. This is because tangentially aligned nozzle shroud 
constrained abrasive flow parallel to the polishing surface.

Fig. 11  Surface morphologies 
of the points in the effective 
CAJP area before and after 4-h 
polishing

(a)The surface morphology at point A before polishing (b) The surface morphology at point A after polishing

(c) The surface morphology at point B before polishing (d) The surface morphology at point B after polishing

(e) The surface morphology at point D before polishing (f) The surface morphology at point D after polishing
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5  Conclusions

With the theoretical analysis and simulation, it has dem-
onstrated the abrasive flow dynamic performance in the 
constrained abrasive jet nozzle and the working region of 
the CAJP. The materials removal performance presented 
by theoretical analysis matches well with the experimental 
polishing results. A few findings can be summarised as:

1. The simulation of the internal flow shows that the jet 
speed and pressure increased with the decrease of the 
slit gap between the bottom surface of the polishing tool 
head and the surface of the workpiece. In addition, it 
is noticed that the jet pressure near workpiece surface 
increased further when slit gap became narrower, which 
could be beneficial to material removal in CAJP.

2. The simulation results show that the CAJP abrasive flow 
velocity at the area under nozzle shroud appears parallel 
to the workpiece, which helps for surface quality improve-
ment. Compared to a traditional AJP, it not only solved 
the divergence of the jet beam, but also made the abrasive 
particles move along the workpiece surface. The constraint 
shroud strengthened the shearing action of abrasives in 
polishing and reduced the normal direction impact, which 
depressed potential occurrence of surface defects.

3. The material removal volume and the surface roughness 
of polished surface depend on the pressure and speed 
of abrasive jet. The experimental results illustrated that 
the polishing function of the CAJP with the novel noz-
zle shroud mainly relied on the shearing actions of the 
high-speed jet and the effective polishing distance of the 
jet is determined by shroud cover area. It is noticed that 
reversed abrasive jet flows could appear outside of the 
nozzle shroud ring, that may cause deleterious effects 
to polished surface if the polishing a very long time. 
Further investigation is required to understand such flow 
reversion and limit its influence.

4.  It has shown that Preston model provides a good indi-
cation of material removal in an abrasion process, but 
large errors appear in different positions around the noz-
zle, which could attribute to the abrasive flow dynamic 
condition changes with polishing time. This indicates 
that the variation of speed and pressure of abrasive flow 
should be considered as a polishing time function. The 
variation of the Preston model constant kp during polish-
ing should be investigated further for the understanding 
the CAJP performance.

5. It can be concluded that the material removal in CAJP 
is mainly conducted by the shearing and scratching 
actions. The tangentially aligned nozzle shroud in a 
constrained abrasive jet polishing process will improve 
material removal and surface roughness of workpiece.
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