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This paper studied the airflow cooling during blade surface processing and explained the applicable occasions of airflow cooling.
The flat heat transfer model was used to study the characteristics of the cooling airflow during blade surface processing. The study
of the model showed that the cooling coefficient of the airflow was affected by speed and pressure. Furthermore, the generation
and strength of the autogenous cooling airflow were closely related to the physical properties of the grinding tool. In terms of
processing heat generation, this paper used the Johnson-Cook material constitutive model to calculate the residual heat on the
surface of the processed blade, and the surface temperature rise was within a controllable range. For the airflow intensity
generated by the high-speed rotation of the tool, the airflow preset method was used to verify whether it meets the processing
conditions.

1. Introduction

Due to the difficult processing of materials [1], the complex-
ity of the shape, the diversity of materials, the diversity of
various blade, etc., the difficulty of blade processing has been
heavy. The key technologies of blade processing are thorny
problems that the aviation industry urgently needs to over-
come. Taking compressor blades as an example, they need
to be forged or cast billet, milling, surface grinding, and
other processes (such as manual polishing of the blade sur-
face and dynamic balance adjustment of the blade) [2, 3]
before they can be assembled to the shaft system; Figures 1
and 2 show a milled blade and its surface grinding technol-
ogy. The machining accuracy of the blade has a great influ-
ence on the high-speed rotation accuracy of the shaft
system and the performance of the whole machine [4–6].
In recent years, the development of blades with small aspect
ratios and curved blades has put forward new requirements
for blade processing accuracy and processing methods [7,
8]; the reason for this difficulty is that the geometry of the
small aspect ratio blade is more complex than that of the
general blade, which is difficult to complete with the existing

processing technology. Such blades often need to undergo
more complex surface grinding and surface coating layer
process treatment. In summary, blade surface processing
technology is the core technology of blade production.

Cooling during blade processing is a long-term concern.
Due to the heat dissipation of titanium alloys, the surface of
the blades will be ablated during the processing, and the
local high temperature during the processing of nickel-
based alloy blades will change the properties of the blade
materials. The form of cooling and the control of cooling
conditions are factors that cannot be ignored in blade pro-
cessing technology.

2. Application of Airflow Cooling and
Mathematical Model

There are many cooling methods for surface grinding
[9–11]. In the grinding machine processing that uses a
high-speed rotating hard grinding wheel as a grinding tool,
coolant is usually used for cooling. This cooling method
can not only take away the high temperature generated by
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the processing heat, but it also can wash the surface of the
workpiece and the surface of the grinding wheel at the same
time and then take away the chips. In the abrasive belt grind-
ing process, since the base material of the abrasive belt is a
flexible material, it is not suitable to use a liquid cooling
medium, and airflow is often used as a cooling medium.
Compared with liquid, airflow cooling does not have partic-
ularly high cooling efficiency, but it has several obvious
advantages.

First of all, the airflow cooling will not change the proper-
ties of the abrasive belt base material, the airflow cannot be
attached between the abrasive belt base material and the con-
tact wheel, and the movement form of the abrasive belt will
not be changed; secondly, the airflow will not form residues
on the surface of the workpiece and will not spread to the
gap between the workpiece and the fixture, and the movement

state of the workpiece will not be changed; third, the air flow
launching device can be far away from the workpiece, thereby
preventing interference in space; fourth, under the same
power, the speed of the gas flow is higher than that of the liq-
uid, which helps to increase the circulation frequency of the
cooling gas. Obviously, the shortcomings of airflow cooling
must be paid attention to and overcome. Due to the Brownian
motion of gas molecules, the cooling airflow spreads quickly;
therefore, a cooling airflow recovery device must be installed
during the grinding process of the blade surface using airflow
cooling. Since the recycled airflow is mixed with chips falling
off the surface of the blade, abrasive particles dropped due to
abrasive belt wear and various metal dusts, the processing
environment must be ventilated, smoke and fire are prohib-
ited, and employees must be equipped with breathing system
protective masks.

The cooling air flow passes through the surface of the
blade being processed and takes away the heat generated
by the processing. This physical process can be illustrated
by a flat plate heat transfer model. In the model shown in
Figure 3, a certain microelement on the surface of the blade
is taken as the research object. Since the selected microele-
ment is small enough, its surface can be regarded as a plane
approximately. The surface of the microelement is parallel,
and the influence of the difference in the direction of the
air movement can be corrected on this model. It is worth
noting that according to the definition of fluid mechanics,
the airflow velocity near the blade is distributed in a gradi-
ent, the airflow velocity closer to the blade is slower, and
the airflow velocity farther away from the blade is faster.
However, in this model, whether the blade or the airflow
microelements are small enough that the airflow gradient
distribution is very weak, which is ignored for the conve-
nience of calculation.

The temperature distribution under this condition can
be analyzed by the method of combining the N-S equation
and the energy equation. When the cooling airflow and the
processing speed reach a steady state, the governing equa-
tions of air flow heat transfer near the blade element should
satisfy the following conditions.

Mass conservation equation:

∂ρ
∂t

+ ∂ ρuið Þ
∂xi

= 0: ð1Þ

Figure 1: Blades formed by CNC milling.

Figure 2: Blade surface grinding technology.

Cooling airflow

Blade surface microelement

Figure 3: Flat plate heat transfer model.

Table 1: Johnson-Cook model parameters for Ti6al4v.

A B n m Tm Tr

1098 1092 0.93 1.1 1630 20

Table 2: Parameters for Johnson-Cook model damage.

d1 d2 d3 d4 d5 Tm Tr Reference strain rate

-0.09 0.25 0.5 0.014 3.87 1630 20 1
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Momentum conservation equation:

∂ ρuið Þ
∂t

+
∂ ρuiuj

� �
∂xi

+ ∂p
∂xi

‐
∂τij
∂xj

+ ρgi + Si = 0: ð2Þ

In the above two formulas, t is the cooling airflow den-
sity, p is the airflow pressure, u is the airflow velocity, τ is
the viscous stress tensor, and S is the source term of the
momentum equation.

The energy conservation equation in the cooling airflow
region is

∂ ρcpT
� �
∂t

+
∂ ρuicpT
� �
∂ xið Þ −

∂
∂xi

ke
∂T
∂xi

� �
− ST = 0: ð3Þ

The energy conservation equation in the microelement

region of the processed blade is

∂ ρcpT
� �
∂t

−
∂
∂xi

k
∂T
∂xi

� �
−QT = 0: ð4Þ

In the above two formulas, cp is the specific heat capac-
ity, QT is the heat source, ke is the effective thermal conduc-
tivity, k is the molecular thermal conductivity, ST is the
source term of the energy equation, and k and ke satisfy
the following relationship:

k = ke − kr: ð5Þ

The definition of kr is

kr =
cpμr
Pr

: ð6Þ
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Figure 4: Temperature distribution of the abrasive grain group passing through the highest peak of the blade.
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Figure 5: Temperature distribution of the abrasive grain group leaving the blade.
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In the above formula, μr is the turbulent viscosity coeffi-
cient, and Pr is the turbulent Prandtl number.

For the model in Figure 3, the following empirical for-
mula can be used to calculate the heat transfer coefficient:

Nu = αl
λ

= 0:664Re
1/2Pr

1/3: ð7Þ

It can be seen from the above formula that the change of
the turbulent Prandtl number of the cooling airflow is
caused by the change of the turbulent viscosity coefficient,
and the change of the Prandtl number causes the change
of the plate heat transfer coefficient. However, the heat

transfer coefficient is not only affected by the Prandtl num-
ber, but also by the airflow Reynolds number. The definition
of the turbulent Reynolds number shows that when the
speed and pressure of the cooling airflow change, its Reyn-
olds number will change, which will make the blades micro-
element’s heat transfer coefficient changes.

3. Numerical Calculation Model for
Processing Temperature

In this paper, the heat generated during the surface grinding
of the blade microelement is simulated. The blade material is
a new titanium alloy Ti6Al4V.The Johnson-Cook material
constitutive model is a thermo-viscoplastic constitutive
model suitable for this blade material. The reason for choos-
ing the Johnson-Cook constitutive model is that this consti-
tutive model can not only adapt to the thin-wall shape
characteristics of the blade, but also is commonly used in
titanium alloys. Research on the dynamic constitutive rela-
tionship of metals and mature numerical calculation pro-
grams can often achieve better results in grinding
mechanism simulation. The mathematical expression of
Johnson-Cook material constitutive model is

σ = A + Bεnð Þ 1 + C ln ε

ε0

� �m� �
1 −D

T − T0
T0

� �k
" #

: ð8Þ

In the above formula, A, B, n, C, and m are material con-
stants, respectively, representing the yield stress intensity,
strain strengthening coefficient, strain strengthening index,
strain rate strengthening parameter, and temperature strain
rate sensitivity under quasi-static conditions; σ is the flow
stress; Tm is the melting point temperature; T is the temper-
ature of the blade material, Tr is the reference temperature,
usually designated as the ambient temperature of the simula-
tion experiment; ε is effective plastic strain, and ε0 is the ref-
erence strain rate. The Johnson-Cook material constitutive
model parameters of Ti6al4v are shown in Table 1.

In addition to the constitutive model, the simulation of
such problems must also define failure criteria. During the
grinding process of the blade surface by abrasive particles,
the blade material undergoes deformation similar to shear
failure under the plowing action of the abrasive particles.
Therefore, the failure parameters of the blade material can
be defined as follows:

ω =〠 Δεpl

εplf

 !
: ð9Þ

In the above formula, Δεpl is the increase in plastic

strain, and Δεplf is the amount of failure strain.

The failure strain Δεplf is a function related to the strain
rate, compressive stress deviator stress ratio, temperature,

Tool move
reference point

Blade move
reference point

Figure 7: Motion constraints in the case of both blade and abrasive
belt movement.

Tool move
reference point

Figure 6: Motion constraint of the stationary state of the blade.
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and other parameters, and its expression is

εplf = d1 + d2e d3 p/qð Þð Þ
h i

1 + d4
εpl
•

ε0
•

0
@

1
A

2
4

3
5 1 + d3θð Þ: ð10Þ

The dimensionless strain rate in the above formula is
denoted as εpl

• / ε0•, and the compressive stress deviatoric
stress ratio is denoted as p/q, where p is the compressive
stress and q is the Mises stress. For material Ti6al4v, d1,
d2, d3, and d4 are invalid parameters, and their values are
shown in Table 2.

4. Analysis of the Results of
Numerical Calculations

The temperature change of the material during processing
can be obtained after analysis using the finite element soft-
ware ABAQUS. In this paper, The temperature cloud dia-
gram of the processing process is used to analyze the
temperature change during this process. The results are
shown in Figures 4 and 5. It can be clearly seen from these
two figures that the area where the temperature rises sharply
is the area where the chips remain, that is, the valley area of

the milling texture. In the peak area of the milling texture,
the temperature of the blade surface element does not rise
sharply. The reason for this phenomenon is as follows: on
the one hand, because the simulation analysis is a single
grinding, the microelements on the blade surface are not
constantly rubbed, which causes the temperature of the sys-
tem to rise and accumulate. On the other hand, the large
amount of heat generated during grinding is mostly attached
to the chip body. The grinding simulation setting defaults
that the cut chips are completely separated from the work-
piece, so there is a significant temperature increase in the
area where the chips remain. The areas where there are no
residual chips, that is, those areas where the chips have been
evacuated, will not cause a sharp rise in the surface temper-
ature of the blade. The heat generated by mechanical friction
during processing is removed with the removal of chips. It
can be seen that it is very necessary to remove chips in time.

This paper distinguishes two different simulations and
experiments in which the blade is at rest and the blade is
in motion, in order to maximize the accuracy of the calcula-
tion. Figures 6 and 7, respectively, show the constraints of
these two simulations; due to the different constraint condi-
tions, the former cannot be simply defined as the state where
the speed of the latter is zero. The simulation calculation
amount of the blade and the belt at the same time is several
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+1.359e+00
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+1.311e−06

S, Mises
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Figure 8: Simulated calculated blade surface with blade feed motion when the abrasive belt is in the initial wear stage.
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times that of the static and fixed state of the blade. In addi-
tion, the geometric characteristics of the original shape of
the blade surface in the collection and distribution model
should be as close as possible to the real blade blank surface.

Except that the setting of abrasive material parameter Gm
is controlled by empirical value, other detailed parameters
setting can be carried out as described below:

The hardness parameter H of the abrasive particle group
is controlled by changing the parameters of the material.
Change the speed of the reference point rotation (load-
boundary condition) by setting the speed values of the six
degrees of freedom in the boundary conditions, thereby con-
trolling the movement frequency f of the abrasive particle
group. On this basis, the linear velocity vs. of the abrasive
particle group is controlled by changing the radius of gyra-
tion of the abrasive particle group movement (that is, the
distance between the reference point and the abrasive parti-
cle group). Similarly, this control method is also adopted for
the motion parameter vw of the blade surface model,

We can control the normal force Fn between the blade
and the abrasive particle group by changing the MPC con-
tact option parameter (interaction-MPC constraint) in the
constraint options. The definition of MPC is multipoint con-
straints; that is, the constraint point is not a single contact

form. The tangential force Ft between the blade and the
group of abrasive particles is controlled by setting the inter-
action property-tangential behavior in the interaction prop-
erty, and the number of revolutions N of the abrasive
particle group in a period of time is controlled by setting
the time step (step-time period). The cooling condition con-
stant adopts the default preset value, that is, the reduced air
flow rate (Kg/min) produced by the high-speed rotation of
the grinding tool, so that the workpiece can be effectively
cooled during processing.

Figure 8 shows a set of simulation results that meet the
above settings. The results show that the machining results
achieve the expected results under the cooling conditions
of the air flow generated by the grinding tool. The cooling
condition constant changes due to changes in various
parameters of the tool, and the cooling effect brought about
by this change is in line with the processing requirements.

5. Experiment and Analysis

According to the above calculation results, the airflow generated
by the high-speed rotating grinding tool can meet the require-
ments of velocity and flow rate; meanwhile, the heat carried
by the chips will not cause the local temperature of the blade
surface to rise too high. This paper uses an air flow meter to
measure the cooling air flow conditions in the actual process.
Figures 9 and 10 show that when the machine rotates at a cer-
tain speed, the air velocity in the contact area of the blades
and the contact wheel and the air velocity in the space near
the processing area are, respectively, 7.413m/s and 5.903m/s,
and the airflow temperature is about 15 degrees Celsius.

In an open situation, the total pressure ratio of the cool-
ing airflow can be set to 1.1, the airflow temperature is 288 k,
the atmospheric pressure is 0.101Mpa, and the air density is
1.2Kg/m3. At this time, the cooling airflow mass flow on the
processing surface can be used as follows The formula
shown approximates:

qm =Vρ0Π: ð11Þ

In the above formula, qm is the mass flow rate of the
cooling gas, ρ0 is the air density, and Π is the total pressure
ratio of the airflow.

If the area of the air flow around the processing area is
0.01m2, then the air flow rates of the two are 5.75Kg/min
and 4.57Kg/min, respectively. In the simulation calculation,
it can be considered that the cooling airflow generated by
the rotation of the grinding tool is equivalent to the flow rate
of 5kg/min. More powerful ventilation air flow and cooling
effect need to be achieved by generating cooling airflow
through an air compressor. Obviously, the cooling effect of
the airflow is closely related to the geometry of the tool.
The research in this article can give such a processing idea:
it is possible to design a processing tool that can not only
conform to the blade surface grinding, but also generate
high-speed cooling airflow due to the movement of the tool
itself. This tool will change the shape of the contact wheel of
the belt machine. These work will be carried out in further
research.

Figure 9: Cooling air flow velocity in the contact area during blade
machining.

Figure 10: Cooling air flow velocity in the space near the
processing area.
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6. Summary and Outlook

On the basis of the plate heat transfer model, the character-
istics of the cooling airflow during the blade surface process-
ing are studied. The cooling coefficient of the airflow is
affected by the speed and pressure. The generation and
strength of the self-generating cooling airflow are closely
related to the physical properties of the grinding tool. In
terms of processing heat generation, this paper uses the
Johnson-Cook material constitutive model to calculate the
residual heat on the surface of the processed blade, and the
surface temperature rise is within a controllable range.

For the airflow intensity generated by the high-speed
rotation of the tool, the airflow preset method is used to ver-
ify whether it meets the processing conditions. In the subse-
quent research, in addition to the plate heat transfer model,
the conical capillary model can also be used as the cooling
airflow model. It is necessary to improve the shape of the
processing tool so that it can not only meet the requirements
of blade surface processing, but also generate high-speed
cooling airflow. Future research can be combined with cool-
ing and lubrication, air flow types, etc. to increase the
breadth and depth of research.
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