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Abstract: When grinding hard-to-machining materials such as titanium alloys, a massive grinding
heat is generated and gathers in the grinding zone due to the low thermal conduction of the materials.
The accumulated grinding heat easily leads to severe thermal damages to both the workpiece and
the grinding wheel. A novel oscillating heat pipe (OHP) grinding wheel is one of the solutions to
this phenomenon. The oscillating heat pipe grinding wheel can transfer the grinding heat directly
from the grinding zone to avoid heat accumulation and a high temperature rise. In this paper,
the temperature field of the grinding Ti-6Al-4V alloy is investigated, via the oscillating heat pipe
grinding wheel, by numerical analysis. The three-dimensional thermal conduction model is built
accordingly, containing the grinding wheel, grinding zone and Ti-6Al-4V workpiece. Due to the
enhanced heat transport capacity of the oscillating heat pipe grinding wheel, the highest temperature
in the grinding zone and the temperature on the ground surface of the workpiece decrease dramatically.
For example, under a grinding heat flux of 1 × 107 W/m2, when using the grinding wheel without
OHP and with OHPs, the highest temperature in the grinding zone drops from 917 ◦C to 285 ◦C by
68.7%, and the ground surface temperature decreases from 823 ◦C to 244 ◦C by 71.2%. Moreover, the
temperature distribution on the grinding wheel is more uniform with an increase of the number of
oscillating heat pipes.

Keywords: oscillating heat pipes; grinding wheel; temperature field; simulation; titanium alloy

1. Introduction

Hard-to-machining materials, such as titanium alloys, superalloys and composites, etc., are widely
used in turbomachinery components [1]. Due to the high strength or high hardness and low thermal
conduction of the materials, grinding these materials encounters some problems [2]. A massive heat is
generated during the grinding process, and the heat easily gathers in the grinding zone due to the low
conduction of the grinding wheel and workpieces [3–6]. The accumulated grinding heat will lead to a
local high temperature on the workpiece ground surface and cause surface and sub-surface thermal
damages. On the other hand, the grinding heat will make the grinding wheel wear faster and more
severely. As a result, the grinding quality and the grinding efficiency are low and the cost is high.
The machining cost indexes of titanium alloys and superalloys are as high as 5.1 and 3.4, while the
machining cost index of aluminum alloys is only 0.4 [7].
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Given all these problems, many studies have been conducted on the grinding parameters, grinding
wheel or cooling method perspectives. Some superabrasive (e.g., diamond or cubic boron nitride)
grinding wheels are made by vitrifying [8–10] or electroplating [11–13] methods to increase the
sharpness of the grinding wheel to reduce the grinding forces [14]. Some brazed superabrasive
grinding wheels are developed to further decrease the specific grinding energy and improve the cooling
condition [12]. To improve the lubrication to reduce the grinding force and heat, solid lubrications,
such as graphene [15], CeO2 [16] or h-BN [17], are added in the abrasive layer of the grinding wheel.
Moreover, minimum quantity lubrication (MQL) has also been introduced lately [18–21]. Additionally,
for a better cooling effect, some nanofluids are combined with MQL for the grinding processes [22–27].
To bring out the grinding heat from the grinding zone, different coolants are developed, such as
water-based coolants or oil-based coolants. Besides, the coolant delivery methods are improved
from the conventional high-volume low-velocity flood delivery [28,29] to high-pressure coolant
delivery [30] or cryogenic cooling [20,31–33], etc. Internal coolant delivery systems [34,35] and the
modification of nozzles [36,37] are also introduced to increase the cooling effect. Another method,
continuous dressing, is also applied to maintain the sharpness of the grinding wheel in order to avoid
grinding burn-out [38,39]. However, with the mentioned methods it is fundamentally difficult to solve
the grinding heat problem, because the methods only improve the heat transfer during the grinding
process to a limited extent rather than change the heat transfer mechanism. The grinding heat still
relies on the coolant to be brought out. Due to the closure of the grinding zone and the air barrier close
to the high-rotating grinding wheel, only a small amount of coolant will enter the grinding zone to
bring out the grinding heat, and the rest of the coolant is consequently wasted [40]. Therefore, a novel
method is needed to enhance the heat transfer in the grinding zone, so that the massive grinding heat
will avoid accumulating in the grinding zone and causing a high temperature and thermal damages.

The oscillating heat pipe (OHP) is a novel passive thermal device that can transfer heat highly
efficiently without external driving [41–43]. OHPs have a high heat transport capacity, and the thermal
resistance of OHPs can be as low as 0.1 K/W [44–46]. Owing to the high thermal transfer performance,
OHPs are inserted in the cutting tool to transfer the cutting heat in time to avoid burn-out [47,48].
The concept of the oscillating heat pipe grinding wheel (OHP grinding wheel) was introduced in
the previous studies. The OHPs are fabricated inside the grinding wheel, so that the grinding heat
can be transferred directly through the grinding wheel instead of accumulating in the grinding zone.
The heat transport capacity [43,49] and the design method [50] are studied. When using the OHP
grinding wheel, the whole grinding heat transfer paths can be different, which will change the overall
temperature distribution. To investigate the temperature distribution on the grinding wheel and the
workpiece, grinding titanium alloy by the OHP grinding wheel is modelled by three-dimensional
simulation in this paper.

2. Simulation Model and Parameters

2.1. OHP Grinding Wheel Model

The design of the OHP grinding wheel mainly includes the design of oscillating heat pipe channels
and the overall structure. According to the heat transport capacity investigation completed by the
authors, the inner diameter of the oscillating heat pipe is recommended as 3 mm for the beat thermal
performance. Additionally, the oscillating heat pipes are positioned on the plane parallel to the
rotational axis of the grinding wheel. In this case, centrifugal acceleration caused by the rotation
does not segregate the fluid between the evaporator and condenser, and the rotation benefits the
improvement of the heat transfer [51–55]. The oscillating heat pipe channels are formed by several
straight holes along the axis direction and connected grooves, as shown in Figure 1. Then, the top
and bottom grooves will be welded with blind flanges to form the multi-loop oscillating heat pipes.
The abrasive layer (also the evaporator of the OHP grinding wheel) is 20 mm high, and the condenser
of the OHP grinding wheel is as high as the abrasive layer. The adiabatic section of the OHP grinding
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wheel is 15 mm high. The evaporator, condenser and the adiabatic section are the terms in the
oscillating heat pipe field, the evaporator and condenser are the place where heat is transferred in and
out, while the adiabatic section is where there is no heat exchange. Moreover, eight 1.5 mm-thick and
7 mm-high fins are fabricated on the condenser for enhanced heat dissipation.
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Figure 1. The design of the oscillating heat pipe (OHP) grinding wheel (the matrix is set as transparent
for a better illustration).

2.2. Simulation Model

The grinding Ti-6Al-4V titanium alloy by the OHP grinding wheel is simulated as illustrated
in Figure 2. The workpiece, OHP grinding wheel, as well as the grinding zone are modelled.
The oscillating heat pipes are fabricated inside the grinding wheel, as shown in Figure 2.
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Figure 2. Simulation model illustration: grinding with the OHP grinding wheel.

In this simulation, a grinding wheel with a diameter of 60 mm and length of 82 mm is modelled.
Four OHP grinding wheels are modelled, namely grinding wheels with non-OHPs, 2 OHPs, 4 OHPs
and 6 OHPs. The OHP is a single-loop closed oscillating heat pipe with a diameter of 3 mm and length
of 78 mm. Besides, the evaporator and condenser of the OHP are both 20 mm long. According to the
thermal performance studies of single-loop closed OHPs, acetone is chosen as the working fluid for
its good heat transport capacity [43,49,50,55]. In the condenser region of the OHP grinding wheel,



Metals 2020, 10, 670 4 of 16

eight fins are used for the enhancement of heat transfer. The workpiece is 100 mm long and 20 mm
high, which is the same as the height of the abrasive layer of the grinding wheel. The depth of the
cut is 0.5 mm. Additionally, the grinding zone is the contact surface between the grinding wheel and
the workpiece, which is also modelled, as shown in Figure 2. The grinding wheel and the workpiece
in the grinding zone are in face-contact. As for the abrasive layer, the abrasive layer of the grinding
wheel is a monolayer of brazed cubic boron nitride (CBN) by Ag-Cu-Ti filler. The CBN abrasives are in
40/50 mesh, with effective diameters of 0.355–0.425 mm. The abrasive layer is measured as around
0.5 mm thick. Therefore, in the simulation, the thickness of the abrasive layer is modelled as 0.5 mm.

The mesh of the simulation model is created by ANSYS ICEM (ANSYS 18.0, ANSYS China,
Shanghai, China). The mesh model is a combination of structured and unstructured mesh for good
accuracy and efficiency. The workpiece is created by structured hexahedral mesh, while the OHP
grinding wheel is more complicated; it is created by unstructured tetrahedral mesh. Moreover, the mesh
of the grinding zone is refined, as shown in Figure 3. The quality of the mesh is checked and improved
to ensure that the minimum volume of mesh is over 0 and the average mesh quality index is more
than 0.7.
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2.3. Simulation Parameters

The grinding wheel is a brazed monolayer of CBN grains (80/100#), the workpiece is a Ti-6Al-4V
block. The grinding speed varies from 15–60 m/s, the infeed speed is 120 mm/min and the depth of cut
is 0.5 mm. The total grinding heat flux can be calculated as:

Qtotal =
Ft·vs

ls·ap
, (1)

where Qtotal is the total grinding heat flux, Ft is the tangential grinding force, b is the width of the
grinding zone and ls is the length of the grinding zone, which can be calculated as:

ls =
√

ap·ds, (2)
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where ap is the depth of cut and ds is the diameter of the OHP grinding wheel. Additionally, the length
of the grinding zone is 5.48 mm in this case. Furthermore, the total grinding heat flux can be
determined based on Equation (1) and data from reference [56]. The total grinding heat flux varies
from 3.11 × 106–8.77 × 106 W/m2. Therefore, in the simulation, the heat flux in the grinding zone is
modelled by the rectangle heat source model and is set as 3 × 106 W/m2, 5 × 106 W/m2, 8 × 106 W/m2

and 1 × 107 W/m2. Furthermore, the grinding heat flux is uniformly loaded on the grinding zone.
The material of the OHP grinding wheel is 2Cr13 stainless steel. The abrasive layer is the

monolayer brazed CBN grain, and the braze alloy is Ag-Cu-Ti alloy. The thermal conduction of the
abrasive layer with a 1.5 mm thick 2Cr13 matrix is measured through a transient hot-line method (see
Figure 4), and the conduction is 11.75 W/(m·K). Therefore, the thermal conduction of the abrasive
layer can be calculated by the equivalent thermal conduction model, as shown in Figure 5. The total
thickness (Ltotal), thickness of the matrix (Lm) and abrasive layer (La) are 3 mm, 1.5 mm and 1.5 mm,
respectively. Additionally, the conduction of the 2Cr13 matrix is 18.2 W/(m·K). Hence the conduction
of the abrasive layer can be calculated as 99 W/(m·K).
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where kOHP is the equivalent thermal conduction of the OHP, P is the heating power, N is the number of
OHP channels, d0 is the diameter of the OHP, ∆y is the distance between the evaporator and condenser
of the OHP and ∆T is the temperature difference between the evaporator and condenser. In this case,
the maximum kOHP is 8900 W/(m·K).

Table 1. Physical properties.

Material
Density Specific Capacity Thermal Conduction

kg/m3 J/(kg·K) W/(m·K)

2Cr13 stainless steel 8030 502.5 18.2
Ti-6Al-4V alloy 4440 674 9.8
Abrasive layer 8000 509 99

In addition, the boundary conditions and solver for this simulation are tabulated in Table 2, and the
parameters are set in ANSYS FLUENT (ANSYS 18.0, ANSYS China, Shanghai, China) for solutions.

Table 2. Simulation setups.

Parameters Value

Ambient and initial temperature (◦C) 15
Environment pressure (atm) 1

Thermal convection for condenser (W/(m2
·K)) 700

Solver Segregated solver
Time step (s) 0.005

3. Results and Discussion

The simulation considers the dry-grinding Ti-6Al-4V alloy by the OHP grinding wheel. When the
iteration residual is less than 10−5, a stable result is achieved. The influences of the grinding heat and
heat transfer ability of the OHP grinding wheel on the temperature field of the grinding wheel and
workpiece are involved and discussed in this section.

3.1. Effects of the Grinding Heat Flux and OHPs

The grinding heat flux increases from 3 × 106 W/m2 to 1 × 107 W/m2. The highest temperature
in the grinding zone is captured as shown in Figure 6. With the increase of the grinding heat flux,
the highest temperature in the grinding zone rises almost linearly. Additionally, the grinding wheel
without OHPs generates the highest temperature, followed by the grinding wheel with 2 and 4 OHPs,
and the grinding wheel with 6 OHPs has the lowest temperature. In addition, it is clear that the OHP has
an excellent thermal transfer effect for the grinding process. Under a grinding heat flux of 3 × 106 W/m2,
the highest temperature caused by the grinding wheel with 6 OHPs is 99 ◦C, while the temperature
generated by the grinding wheel without OHP is 258 ◦C, 2.6 times the temperature generated by
the grinding wheel with 6 OHPs. When the grinding heat flux reaches 1 × 107 W/m2, the highest
temperature caused by the grinding wheel with 6 OHPs is just 286 ◦C; however, the temperature caused
by the grinding wheel without OHP rises as high as 917 ◦C, which can lead to severe thermal damages.

As for the grinding wheel with 6 OHPs, the outer surface temperature rises with the increase of
the grinding heat flux. The temperature on the outer surface along the axial direction is shown in
Figure 7a. Besides, the temperature difference between the average temperature of the evaporator and
condenser also rises from 70 ◦C to 220 ◦C, along with the increase of the grinding heat flux, as shown
in Figure 7b.
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Under the highest grinding heat flux of 1 × 107 W/m2, the temperature fields generated by the 
four OHP grinding wheels are shown in Figure 8. Due to the thermal load in the grinding wheel, the 
abrasive layer has a higher temperature. When grinding via the grinding wheel without OHP, the 
grinding heat is difficult to transfer out of the grinding zone. Consequently, the heat gathers in the 
grinding zone and the temperature is the highest. When OHP grinding wheels are applied, owing to 
the high heat transport capacity of the OHP, the grinding heat is transferred out through OHPs with 
high efficiency. As a result, there is a significant temperature drop in the grinding zone, on the 
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direction, and (b) the temperature difference between the evaporator and condenser.

Under the highest grinding heat flux of 1 × 107 W/m2, the temperature fields generated by the
four OHP grinding wheels are shown in Figure 8. Due to the thermal load in the grinding wheel,
the abrasive layer has a higher temperature. When grinding via the grinding wheel without OHP,
the grinding heat is difficult to transfer out of the grinding zone. Consequently, the heat gathers in the
grinding zone and the temperature is the highest. When OHP grinding wheels are applied, owing to
the high heat transport capacity of the OHP, the grinding heat is transferred out through OHPs with
high efficiency. As a result, there is a significant temperature drop in the grinding zone, on the abrasive
layer of the grinding wheel and workpiece. Meanwhile, the condenser of the grinding wheel has a
temperature rise, which is good for the heat transfer. More OHPs can enhance the heat transfer and
increase the temperature controllability of the grinding wheel. However, because of the limitations of
the internal space and manufacturing costs, it is not beneficial to increase the number of OHPs blindly.
In this case, the grinding wheel with at least 4 OHPs can keep the temperature under 400 ◦C when
grinding Ti-6Al-4V alloy; for a better effect, the grinding wheel with 6 OHPs is recommended.
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3.2. Temperature Field of the Grinding Wheel

To analyze the heat transport process by the OHP grinding wheel, the temperature field on the
grinding wheel is focused on in this section.

When there is no OHP in the grinding wheel, the grinding heat transfers through the abrasive layer
(99 W/(m·K)) and gathers in the matrix of the grinding wheel because of the low thermal conduction,
18.2 W/(m·K). Therefore, the abrasive layer of the grinding wheel has a high temperature at the range
of 984 K (711 ◦C) to 1215 K (942 ◦C). Additionally, there is a significant temperature difference between
the condenser and the evaporator regions of the grinding wheel, as shown in Figure 9a. When OHP
grinding wheels are applied, the temperature in the grinding zone and the abrasive layer can be
effectively controlled. Owing to the excellent heat transfer performance, the grinding heat can be
transferred through the OHPs from the abrasive layer to the condenser and then to the environment
via fins. The more OHPs are used, the lower the temperature in the abrasive layer is. Therefore,
the temperature in the abrasive layer changes from the range of 733 K (460 ◦C) to 881 K (608 ◦C) to the
range of 487 K (214 ◦C) to 552 K (279 ◦C) when using the grinding wheel with 2 OHPs and 6 OHPs,
as shown in Figure 9. From the outer surface temperature, the temperature on the region between
the evaporator and condenser gets more and more uniform when a larger number of OHPs are used,
as illustrated in Figure 9b–d.
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Figure 9. Temperature distribution on the grinding wheel under a grinding heat flux of 107 W/m2:
(a) 0 OHP, (b) 2 OHPs, (c) 4 OHPs and (d) 6 OHPs (Temperature unit: K).

From the temperature distribution point of view, the grinding zone and abrasive layer have a
higher temperature, due to the direct heat load. When away from the abrasive layer, the temperature
gets lower. For the grinding wheel without OHP, the heat can only dissipate via the low-conductive
matrix and natural convection with the environment. Consequently, the grinding heat gathers in the
grinding zone, which leads to a high temperature rise and large temperature difference between the
condenser and evaporator. Nevertheless, with the help of OHPs, more and more grinding heat is
transferred from the abrasive layer (evaporator) to the condenser, which reduces heat accumulation
in the grinding zone. Thereby, both the temperature in the abrasive layer and the temperature
difference decrease, which indicates the excellent heat transfer and temperature control abilities.
The temperature in the abrasive layer (evaporator) of the grinding wheel without OHPs is the highest,
918 ◦C, compared with the grinding wheel with 2, 4 and 6 OHPs (587 ◦C, 346 ◦C and 277 ◦C). Then,
the temperature drops sharply away from the abrasive layer, while the temperature of the grinding
wheel with OHPs decreases gradually. In the condenser, the grinding wheel with 6 OHPs has the
highest temperature, followed by the grinding wheel with 4 and 2 OHPs; the grinding wheel without
OHPs has the lowest temperature, as shown in Figure 10.
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Figure 10. Temperature on the grinding wheel along the axial direction (107 W/m2).

The grinding heat transfer process can be revealed by the temperature field on the grinding wheel,
as shown in Figure 11. For the grinding wheel with 6 OHPs under 107 W/m2, at the initial moment,
the temperature of the grinding wheel is at the initial temperature, 15 ◦C. As soon as the grinding
process starts, the heat transfers into the abrasive layer, and in 0.5 s the temperature in the abrasive
layer reaches 100 ◦C. In less than 1 s, the heat is transferred to the condenser via the OHPs, and the
temperature near the OHPs is higher than for other regions, as shown in Figure 11. Along with the
heat transport, the overall temperature of the grinding wheel continues to rise. In 20 s, a stable state is
achieved. It is clear that OHPs increase the heat transport capacity of the grinding wheel; the isothermal
contour on the outer surface is in a wavy shape, and the temperature near OHPs is higher.
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3.3. Temperature Field of the Workpiece

The inside OHPs increase the heat transport capacity of the grinding wheel, and further change
the heat partition of the grinding processes. Less grinding heat will gather in the grinding zone and
transfer into the workpiece. The temperature distribution on the workpiece is focused on in this section.

Likewise, on the workpiece, the temperature in the grinding zone is the highest because the
thermal conduction of the Ti-6Al-4V workpiece is low, 9.8 W/(m·K). Additionally, there is a large
temperature gradient between the grinding zone and outside. Besides, for the grinding wheels with
and without OHPs, the temperature distribution on the workpiece is similar, as illustrated in Figure 12.
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The temperature along the ground surface direction on the workpiece is captured as shown in
Figure 13. Point P in Figure 13 is the point on the boundary of the grinding zone and the ground
surface; hence, the temperature at point P is chosen as the temperature of the ground surface, which is
not cooled by the natural convection of the environment. The temperature on the selected line can
reveal the temperature on the ground surface, which is cooled by the environment, the temperature in
the grinding zone and the temperature inside the workpiece.
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grinding wheel. To investigate the enhanced heat transport capacity and temperature control ability, 
four oscillating heat pipe grinding wheels are involved, namely the grinding wheel without 
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Figure 13. Temperature distribution on the ground surface under a grinding heat flux of 107 W/m2.

Under a grinding heat flux of 107 W/m2, both the temperature in the grinding zone and the
temperature on the ground surface decrease with the increase of OHP numbers. When the number
of OHPs increases from 0 to 4, the temperature on the workpiece drops dramatically. When the
OHP number further increases to 6, the temperature decreases slowly, as demonstrated in Figure 14.
The temperature of the ground surface generated by the grinding wheel without OHP is 823.3 ◦C,
while when using the grinding wheels with 2, 4 and 6 OHPs the temperatures are 507 ◦C, 301 ◦C and
237 ◦C, dropping by 38.5%, 63.5% and 71.2%. The enhanced heat transfer effect of the OHP grinding
wheel is significant.
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Figure 14. The highest temperature in the grinding zone and the ground surface temperature under a
grinding heat flux of 107 W/m2.

4. Conclusions

A numerical analysis is conducted in this paper to figure out the temperature distribution on
the grinding wheel and the workpiece during the grinding process by the novel oscillating heat pipe
grinding wheel. To investigate the enhanced heat transport capacity and temperature control ability,
four oscillating heat pipe grinding wheels are involved, namely the grinding wheel without oscillating
heat pipe, and the grinding wheels with 2, 4 and 6 oscillating heat pipes. The three-dimensional
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thermal conduction model is built accordingly, containing the grinding wheel, grinding zone and
Ti-6Al-4V workpiece.

The temperature fields under grinding heat flux values ranging from 3 × 106 W/m2 to 1 × 107 W/m2

are calculated. Along with the increase of the grinding heat flux, the highest temperature in the
grinding zone and the temperature difference between the abrasive layer and the condenser of the
grinding wheel rise almost linearly. When more oscillating heat pipes are applied, the heat transfer
ability of the grinding wheel improves and the grinding temperature decreases. Comparing the
grinding wheels with 0 and 6 oscillating heat pipes, the temperature in the grinding zone decreases
from 917 ◦C to 286 ◦C by 68.7% under 1 × 107 W/m2. A grinding wheel with a high thermal transfer
ability changes the heat partition in the grinding process. Given the development of the grinding
temperature, the grinding heat preferentially transfers to the grinding wheel. More grinding heat is
carried away by the grinding wheel, and therefore less grinding heat gathers in the grinding zone or
transfers into the workpiece. As a result, the temperature on the ground surface decreases significantly;
for example, the temperature on the ground surface decreases from 823 ◦C to 244 ◦C by 70.4% when
shifting from a grinding wheel without oscillating heat pipes to one with 6 oscillating heat pipes under
1 × 107 W/m2. Furthermore, according to the simulation analysis, in the future, OHP grinding wheels
will be fabricated, and experiments using dry-grinding titanium alloy via OHP grinding wheels will
be conducted.
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Nomenclature

ap Depth of cut, mm
b Width of grinding wheel, mm
ds Diameter of the grinding wheel, mm
d0 Hydraulic diameter of the oscillating heat pipe channel, mm
Ft Tangential grinding force, N
ka Thermal conduction of the abrasive layer, W/(m·K)
km Thermal conduction of the matrix of the grinding wheel, W/(m·K)
kOHP Thermal conduction of the oscillating heat pipe grinding wheel, W/(m·K)
La Thickness of the matrix of the grinding wheel, mm
Lm Thickness of the matrix of the grinding wheel, mm
Ltotal Thickness of the matrix of the evaporation of the grinding wheel, mm
ls Length of the grinding zone, mm
N Length of the grinding zone, mm
P Power, W
Qtotal Total grinding heat flux, W/m2

vs Grinding speed, m/s
vw Infeed speed, mm/min
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