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Abstract
During the grinding, the principal axis drives the grinding wheel to rotate at a high speed,
which generates disturbance to the air flows around the grinding wheel. Therefore, a layer of
air boundary can be formed on the surface of the working grinding wheel, which is the
airflow field. Airflow field not only affects the machining accuracy of the workpiece and the
enhanced abrasion of grinding wheel, but also prevents the efficient injection of the grinding
fluid into the grinding zone. These processing conditions and lead to the increasing grinding
force and rising grinding temperature, deteriorating the processing quality and surface
integrity of the workpiece. With higher rotation speed of grinding wheel, the “airbond” of the
air flow will be greater. And the grinding fluid will be harder to break through the “airbond”
and be supplied to the grinding zone. In this study, on the basis of theoretical analysis on the
airflow field of grinding wheel, a mathematical model was established, including the internal
and external pressure differences of the airflow field, the airbond thickness δ, fluid density ρ,
radius R and radius ω. In addition, the changing rules of airflow field along the grinding
wheel were studied based on simulation tests. Results demonstrate that the tested airflow field
presented the same pressure in concentric circles of the grinding wheel. Along the surface
outer normal direction, the pressure value gradually decreased from the outer to the inner
space, presenting negative pressure gradient. The velocity of the airflow field around the
grinding wheel reduced as the distance from the wheel increased. To a certain thickness, the
velocity became zero, which verified the existence of the boundary layer.
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1. Introduction
Grinding, as the most important approach for precision machining, has been gaining more
attentions from people. The most important feature of grinding is the high rotation speed of
grinding wheel driven by the principal axis. Therefore, at the condition of high-speed
revolution, a boundary layer formed on the grinding wheel, which is the airflow field. Airflow
field around the grinding wheel is inevitable in the grinding and machining. The velocity,
pressure and distribution patterns of airflow field in the grinding zone are crucial in various
aspects, including machining precision and surface integrity of components, the abrasion of
grinding wheel and the effective injection of the grinding fluid into the grinding zone. As a
result, correct knowledge of the velocity and the pressure distribution rules of grinding wheel
field in the grinding zone are of great significance to the further control and application of the
airflow field in the industrial production.
As a boundary layer exists around the grinding wheel, the grinding fluid is prevented from
easily entering the grinding zone. S. Ebbrell [1] and others conducted the modeling and tests,
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exploring into the impact of the boundary layer on the effective injection of the grinding fluid
into the grinding zone as well as the application of the airflow field to increase the grinding
fluid flow. With the setting of three different nozzle positions, the flow of the grinding fluid
passing through the grinding zone was calculated, as well as the surface roughness and
dimension distribution of the workpiece. Based on experiments, it can be found that when the
nozzle was located above airflow velocity of the reversed flow of the grinding zone, the flow
of the grinding fluid passing through the grinding zone can be increased and the surface
quality as well as dimension precision of the workpiece can be improved. Guo and Malkin [23] established the theoretical model of the grinding fluid passing through the grinding zone,
that is, the useful flow rate. Engineer analyzed the influential factors on the useful flow rate
through experiments. Y. Saito [4] and others studied on the impact of the wheel porosity on
the airflow field velocity around the grinding wheel and the pressure on the grinding zone,
finding that the larger the porosity, the higher the velocity and pressure in the airflow field,
and the thicker the air boundary layer; J. Shibata [5] and others researched on the application
of the velocity changes of the airflow field around the grinding wheel in the evaluation of
grinding wheel abrasion, so as to lay a solid basis of online monitoring of the surface
topography of the grinding wheel; Rahman [6] and V. Radhakrishnan [7] identified the
surface roughness changes under the changing pressure in the airflow field of the grinding
wheel so as to determine whether the grinding wheel should be modified for the performance
of the grinding wheel. In this paper, the author applied ANSYS to simulate the airflow field in
the grinding zone on the computer. The airflow field was simulated and analyzed at different
rotational speeds of the grinding wheel and with different clearance between the grinding
wheel and the workpiece. The results showed that with the elevated velocity of the grinding
wheel, pressures in the airflow field of the grinding zone were increased accordingly.

2. Surface Airbond Analysis
There are generally four revolution airflows on the highly-rotated grinding wheel,
including the circumferential circulation, saturated flow, internal flow and radial flow.
This is caused by the friction between the wheel surface and the air as well as the
centrifugal force. As the CBN grinding wheel with the metal substrate does not have
pores, it does not present saturated flow and internal flow but the circumferential
circulation and radial flow, as shown in Figure 1. Circumferential circulation refers to
the airflow circumferentially rotating around the grinding wheel, which impedes the
supply of the grinding fluid. Radial flow is formed by the interactions between the
wheel surface and the air as well as the centrifugal force, which does not influence
much on the supply of the refrigerant.

Figure 1. Surface Airbond Analysis
1. Circumferential circulation; 2. Refrigerant; 3. Airbond; 4. Grinding Wheel;
Nozzle; 6. Workpiece; 7. Radial Flow
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Gases have elasticity and fluidity. To exert pressure on the gas, the volume of gas will be
changed. The elasticity of gases is defined as the incremental ratio between the pressure
increments and the unit specific volume of gas. Specific volume is the volume occupied by
the unit mass, which is equal to the reciprocal of the density. Unit specific volume increment
is d 1 /  / 1 /    d /  . The modulus of elasticity is defined as [8-11]:

E

dp
dp

d 1 /   / 1 /  
d

(1)

Where d /  is equal to squared sonic velocity. All fluids have fluidity, which is the
relative air fluidity in aerodynamics. As the grinding wheel rotates in the air, air in the
vicinity of its movement area will be pushed away by the grinding wheel so that the grinding
wheel can get through. The pushing fluid motion is regarded as the disturbed movement. In
fact, the disturbed movement does not just involve those air micelles that directly contact with
the grinding wheel because fluids have fluidity [12-15]. The disturbed movement spreads the
disturbance from the near to the distant through the interactions between the micelles. The
layer-by-layer spreading of disturbance is related with the viscosity of the air. In accordance
with the above equation, it is related with sonic velocity. If the disturbance is not very strong,
this spreading velocity is equal to the sonic velocity.
Given that the speed of the fluid in direct contact with an object must be zero (assume the
object does not move) and a great flow velocity exists from the object surface, if the flow rate
changes as such in a short distance along the normal direction of the object plane, the normal
gradient of the velocity must be very large, since the viscosity force cannot be ignored. The
layer of fluid that closely attaches to the object plane under the role of the viscosity force is
called as the boundary layer. The larger the Reynolds number of the entire flow field is, the
thinner this layer will be [16]. Thus, at the premise of a large Reynolds number, the flow field
is divided into two parts: one in the boundary layer, which needs to consider the inertial force
and the viscous force; the other one is the massive flow field out of the boundary layer, where
the flow is potential flow. As the boundary layer is very thin under a large Reynolds number,
the boundary layer cannot impose a great impact on the entire potential flow field.

3. Theoretical Modeling of the Airflow Field of Grinding Wheel
At a place near the grinding wheel surface, a rectangle air flow infinitesimal was selected,
and the gravity of infinitesimal was ignored. Set the external normal direction of the grinding
wheel as Y-axis direction and the tangential direction as the X-axis direction, and the air
infinitesimal stress is shown in Figure 2. According to the principles of Newtonian
mechanics, the air infinitesimal stress meets Eq. (2):

Fx   1 A   2 A  0

Fy  dF  dpdA  0

(2)

Where  1 A —friction of grinding wheel surface to the air infinitesimal;  2 A —friction of
upper fluid to the air infinitesimal; dF—the centrifugal force on the air infinitesimal in an
equilibrium state; dpdA—surface force due to the air pressure difference on the surface of the
grinding wheel.
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And we can obtain that:

dp 

dF
dA

(3)

According to Eq. (3), the pressure difference on the upper and lower surfaces of the air
infinitesimal was generated by the centrifugal force, i.e., the centrifugal force causes surface
pressure gradient of the grinding wheel. The centrifugal force equation of rotational
movement can be expressed as:

F  mR 2  VR 2

(4)

To substitute the above equation into Eq. (3) and we obtain:

dp 

R 2 dV
dA

 R 2 dy

(5)

Where R—radius of grinding wheel; dy— height of the air infinitesimal.
According to the boundary layer theory of Ludwig Prandtl, when the grinding wheel
rotates, only a thin layer of air, which closes to the grinding wheel, will be greatly influenced
by the viscosity force, and the viscosity force from the external fluid only imposes
insignificant impact on the fluid motion. Hence, this layer is known as the airbond. Thus, for
the flow field on the wheel surface in this model, the fluid motion is only intense in the
airbond, and the fluid out of the airbond almost remained the original state of rest. Therefore,
the air infinitesimal stress in the airbond should be calculated. No plastic flow was tested out
of the boundary layer and the grinding wheel rotation does not influence over the flow field
pressure. According to the hydromechanics, the fluid only has the X-axis velocity and zero Yaxis velocity. X-axis velocity was inversely proportional to the radius u x 

C
. At the
R

equilibrium state, the linear state of the empty airflow field is shown in Figure 3.

Grinding wheel

Figure 2. Physical Model
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Figure 3. Linear Figure of the Air Flow
around the Grinding Wheel
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To specify the fluid motion of an object, the Navier – Stokes Equation (referred to as N-S
Equation), should be established. According to two-dimensional N-S equation, the following
steady flow equation set was established, with the consideration of the centrifugal force [1618]:

 u x
u
1
 uy x  
u x
y

 x
 u
u
1
y
 uy x  
u x
y

 x
 u
u y
 x 
0
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 x

 2u x  2u x
p
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(6)

With the comparison of the order of magnitudes in the equation, the small amount was
divided out and the final form of the equation is as follows[19]:

 u x
 2u x
u

v
 y
y 2
 y
 1 p
0

  x
 1 p u 2
 x

  y
R

(7)

It can be seen that: X-axis pressure gradient is 0, and Y-axis pressure gradient is

dp
u2
  x . As u x is linearly distributed in the airbond, we set the airbond thickness as δ.
dy
R
According to the boundary conditions, we obtain [20]:

u x  R；y  0

u x  0；y  

(8)

The X-axis velocity in the airbond is:

y

u x  R 1  
 

(9)

To substitute Eq. (9) into the Y-axis pressure gradient equation, we obtain [21-22]:
2

dp
1
y
y


  R 2 2 1    R 2 1  
dy
R
 
 

2

(10)

With the integral of the above equation in the airbond, the internal and external pressure
difference of the airbond is:


p  

0

2

y
1

R 1   dy   R 2
3
 
2

(11)
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If Eq. (9) is transformed into the angular velocity of the rotating fluid within the airbond,
we obtain:

 

ux
y

  1  
R
 

(12)

To substitute the above equation into Eq. (5), we obtain [23-24]:
2

y

dp  R 1   dy
 
2

(13)

It can be seen from Eq. (11) that the factors affect the pressure difference inside and
outside of the airbond include the airbond thickness δ, the fluid densityρ, the radius of the
grinding wheel R and the rotation angular velocity of the grinding wheel ω. Δ is highly
related with the fluid viscosity. The larger the viscosity, the thicker the boundary thickness
will be, and vice versa.
Under standard atmospheric pressure, the air density at a room temperature of 20℃,
ρ=1.225kg/m3, the rotational angular velocity of the grinding wheel is ω=450r/s. Assume δ is
1mm. To substitute the value in Eq. (11), we obtain:

1
1
p   R 2   1  10 3  1.225  100  10 3  450 2  8.26 Pa
3
3

(14)

As the density and viscosity of the air is relatively small, it can be calculated that the
internal and external pressure difference of the airbond is relatively small. The empty airflow
field in the airbond along the external normal direction of the wheel surface presented
negative pressure gradient, which can be calculated from Eq. (10). Meanwhile, the air flow
out of the airbond showed no viscous flow and unchanging pressure.
Therefore, with relatively small density and viscosity of the air as well as relatively small
internal and external pressure difference of the airbond, the airbond thickness is very small
[25-28]. Yet, the internal fluid motion is very complex and intense. In the airbond, the
negative pressure gradient attaches the air on the wheel surface. If the negative pressure
gradient is used on the grinding fluid, it can promote the grinding fluid to enter the wedgeclearance between the grinding wheel and the workpiece.

4. Simulation of the Airflow Field of Grinding Wheel
When the grinding wheel rotated in the air, the axial length does not affect the empty
airflow field distribution around the grinding wheel. Thus, a two-dimensional model was
created in the simulation. Simulation parameters were shown in Table 1. 2D single precision
solver in FLUENT was used to calculate. The boundary conditions were set as the pressureoutlet and the rotational angular velocity of the grinding wheel was set as 450r/s.
Table 1. Simulation Parameters of Wheel Flow Field

Items
Diameter (mm)
Width (mm)
Outer Boundary Diameter (mm)
Angular Velocity of Grinding Wheel (r/s)
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200
30
600
450
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The boundary conditions were initialized and appropriate convergence conditions were set.
With a certain number of iteration steps, the final calculation results were obtained. Figure 4
shows the pressure contour cloud diagram of the circumferential flow of the grinding wheel.
Figure 5 shows the enlarged drawing of the pressure contour on the wheel surface.
3.82e-02
-4.30e-01
-8.98e-01
-1.37e+00
-1.83e+00
-2.30e+00
-2.77e+00
-3.24e+00
-3.71e+00
-4.18e+00
-4.64e+00
-5.11e+00
-5.58e+00
-6.05e+00
-6.52e+00
-6.99e+00
-7.45e+00
-7.92e+00
-8.39e+00
-8.86e+00
-9.33e+00
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It can be seen from Figure 4 that the static pressure in most areas of the computational
domain was close to 0 (the operating pressure was 101325 Pa. Unless stated, all pressure
values in this paper were values of relative pressure). Only a thin layer of fluid close to the
wheel surface presented negative pressure. In Figure 5, it can be observed that pressure
contours were concentric circles, and the air pressure of the layer closest to the wheel surface
was -9.33Pa; from the internal to external layer, the pressure gradually increased. The
pressure of the outermost external was 0.03Pa, showing the tendency of gradual increase. In
the boundary layer, the innermost air pressure was deducted by the outermost air pressure,
reaching the pressure differential of 9.36Pa, which was basically consistent with the
theoretical results of Equ. 13. As the negative surface pressure of the grinding wheel was
lower than the external pressure, which was thus referred to as the negative pressure area of
the grinding wheel. It can also be observed from the concept of pressure gradient, the pressure
gradually decreased along the exxternal normal direction of the wheel surface from the
internal to external layer, and the pressure gradient was negative. This was called as the
negative pressure gradient area of the grinding wheel. Thus, a boundary layer exists around
the rotating grinding wheel, and the air velocity in this layer decreased as the distance from
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the grinding wheel increased. To a certain thickness, the velocity was zero. The thickness can
be obtained through the observation of the static pressure change curve on the direction of
outer normal curve of the grinding wheel in Figure 6 as well as the velocity change curve on
the direction of outer normal curve of the grinding wheel in Figure 7.
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Figure 6. The Pressure Change Curve along the Normal Direction of the
Grinding Wheel
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Figure 7. Velocity Change Curve along Outer Normal Direction of the Grinding
Wheel
In the Figure 7, at X = 100 mm (which was closest to the wheel surface on the outer normal
direction), the pressure value was -9.33pa, and the velocity was 45m/s; as X increased, the
pressure value increased rapidly (the absolute value dropped). To X=101.3mm, the pressure
value and the velocity change gradient were maximum, respectively as ΔP=4.30Pa and
ΔV=33m/s. therefore, it can be obtained that with the simulation conditions in this paper, the
thickness of the airbond around the grinding wheel δ was about 101.3-100=1.3mm, basically
consistent with the results of the above theoretical calculation.
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5. Impact of the Rotating Velocity of Grinding Wheel on Airbond
Thickness
The diameter of the grinding wheel was 200mm and its width was 30 mm. With the above
parameters unchanged, the radical pressure change can be obtained with the changes of the
circumferential velocity of the grinding wheel. The circumferential velocity of the grinding
wheel was taken as 45m/s, 80m/s, 120m/s and 160m/s respectively. The change curve was
shown in Figure 8.
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Figure 8. Pressure Change on the Outer Normal Direction with the Rotational
Velocity Change
As can be seen from Figure 8, the higher the velocity of the grinding wheel was, the thicker
the airbond was. A remarkable steep velocity gradient appeared on the surface of the grinding
wheel. The thickness of the airbond increased as the rotation velocity of the grinding wheel
increased. Specific values can be drawn according to the above method. Under the simulation
conditions, when the velocity of the grinding wheel was 45m/s, δ was about 1.3mm; when the
velocity was 80m/s, δ was about 1.8mm; when the velocity was 120m/s, δ was about 2.4mm;
when the velocity was 160m/s, δ was about 3mm.

6.Conclusion
On the basis of the analysis results, the following conclusions are drawn:
(1) A mathematical model was established, including the internal and external pressure
differences of the airflow field, the airbond thickness δ, fluid density ρ, radius R and radius
ω. In addition, the changing rules of airflow field along the grinding wheel were studied
based on simulation tests. Results demonstrate that the tested airflow field presented the same
pressure in concentric circles of the grinding wheel. Along the surface outer normal direction,
the pressure value gradually decreased from the outer to the inner space, presenting negative
pressure gradient. The velocity of the airflow field around the grinding wheel reduced as the
distance from the wheel increased. To a certain thickness, the velocity became zero, which
verified the existence of the boundary layer.
(2) A remarkable steep velocity gradient appeared on the surface of the grinding wheel.
The thickness of the airbond increased as the rotation velocity of the grinding wheel
increased. Under the simulation conditions, when the velocity of the grinding wheel was
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45m/s, δ was about 1.3mm; when the velocity was 80m/s, δ was about 1.8mm; when the
velocity was 120m/s, δ was about 2.4mm; when the velocity was 160m/s, δ was about 3mm.
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