
 
 

 

 
 

U-drill embedded with phase change heat transfer device for machining applications

Kantharaj, I.; Sekar, M.; Solomon, A. Brusly; Kumar, Nallapaneni Manoj; Sunny, Kalakanda
Alfred

Published in:
Case Studies in Thermal Engineering

Published: 01/11/2019

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY-NC-ND

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1016/j.csite.2019.100533

Publication details:
Kantharaj, I., Sekar, M., Solomon, A. B., Kumar, N. M., & Sunny, K. A. (2019). U-drill embedded with phase
change heat transfer device for machining applications. Case Studies in Thermal Engineering, 15, [100533].
https://doi.org/10.1016/j.csite.2019.100533

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/udrill-embedded-with-phase-change-heat-transfer-device-for-machining-applications(2b2039d9-e48c-4b2c-b706-a2c6768a2d81).html
https://doi.org/10.1016/j.csite.2019.100533
https://scholars.cityu.edu.hk/en/persons/manoj-kumar-nallapaneni(7ad928d3-e9f0-4a29-a40f-42d2b2d944c2).html
https://scholars.cityu.edu.hk/en/publications/udrill-embedded-with-phase-change-heat-transfer-device-for-machining-applications(2b2039d9-e48c-4b2c-b706-a2c6768a2d81).html
https://scholars.cityu.edu.hk/en/publications/udrill-embedded-with-phase-change-heat-transfer-device-for-machining-applications(2b2039d9-e48c-4b2c-b706-a2c6768a2d81).html
https://scholars.cityu.edu.hk/en/journals/case-studies-in-thermal-engineering(03304750-1562-4443-b118-e7c253b8fd0b)/publications.html
https://doi.org/10.1016/j.csite.2019.100533


Case Studies in Thermal Engineering 15 (2019) 100533

Available online 11 September 2019
2214-157X/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

U-drill embedded with phase change heat transfer device for 
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H I G H L I G H T S  

� A novel method of removing heat from the tool-work interface. 
� A custom built U-drill is designed with a heat pipe placed axially. 
� Experiments were conducted to measure the performance of the U-drill. 
� Heat pipe embedded U-Drill bit is able to remove heat and operates at a lower temperature at the tool–chip interface.  
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A B S T R A C T   

Metal machining is always associated with the generation of heat. Though heat generated in 
metal cutting is carried away by the chips, continuous engagement of tool with the workpiece 
increase the temperature at the tool–work interface and spreads to its neighborhood. In this 
article, a novel method of removing heat from the tool-work interface is implemented with the 
use of phase change heat transfer device (heat pipes) and applied for drilling operation carried 
out by U-drills. A custom built U-drill is designed with a heat pipe placed axially. The temperature 
of the tool-work interface is estimated analytically using the experimental values of cutting force 
components. Experiments were conducted at various speeds and feed to measure the performance 
of the U-drill. It is found that the proposed method of heat pipe (HP) embedded drill bit is able to 
remove heat and operates at a lower temperature at the tool-chip interface. Results show that a 
considerable reduction in the cutting force generated at various machining conditions. The heat 
pipe embedded U-drill will be useful in drilling components made of composite materials where 
coolants are not widely employed. It was evident from the experimental works that the inclusion 
of heat pipe in U-drill has brought forth a reduction of cutting temperature of about 30%. This 
also brought forth a better cutting parameter, and a significant reduction in tool wear increased 
the tool life which invariably decreases the production cost and time.   

1. Introduction 

In metal cutting industries, machining plays a substantial role. Machining industry has incorporated continuous changes in 
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technology and processes to increase the effectiveness of manufacturing [1]. In a typical machining process, material from a workpiece 
is removed with rotary cutters (milling, drilling) or stationary tools (turning). In the process of machining, heat is generated at the 
chip-tool interface and carried away by coolants or cutting media [2]. Machining parameters such as feed, depth of cut and cutting 
speed should be improvised to achieve better quality with higher productivity. But these conditions lead to heat generation at primary 
cutting zone, surface irregularity on product and tool wear [3,4]. During machining, consumption of cutting fluid is mandatory to 
minimize the temperature, tool wear, and surface roughness so as to prolong the tool life and product quality. But consumption of 
coolant leads to issues such as economic constraints and environmental degradation[29]. About 17% of the production cost is 
attributed to the use of coolants in the machining industry [5,29]. Though these technology improvements for increasing productivity 
are appreciated by the industry, the indirect cost associated with the related developments is high [6]. The toxic additives which are 
added in coolants to achieve favorable results such as tool life, surface finish and precision, chip generation and separation, etc., can 
cause health hazards during machining operation and environmental hazards during disposal [7]. It’s mandatory to avoid contami-
nation of metal working fluids which has led to the introduction of various technologies to reduce the use of coolants [8]. Dry 
machining and Hard turning with Minimal cutting fluid application are identified as the two important technologies suitable for green 
manufacturing. The absence of coolant makes the dry machining process suitable for green manufacturing [9]. 

In dry machining, research is focused on an under-cooling system where the coolant flows through channels located under the 
insert, then out to the environment, without any direct contact with the cutting zone [10]. Recently Thermoelectric cooling systems 
using a module with different thermoelectric material elements are experimented [27][11]. But during dry machining, friction and 
wear rate may rise which leads to the temperature escalation. In order to cool the desired workpiece and the cutting tool in a machining 
process, cutting fluid can be used as a lubricant as well as the coolant [12]. In metal cutting processes, adopting conventional cutting 
fluid application methods contribute to 15–17% of production cost and it is associated with cost involving cutting fluid rather than 
expenditures on cutting tools [13]. Thus, the minimization or elimination of cutting fluids is mandatory from environmental as well as 
economic outlooks. Minimum Quantity Lubrication (MQL) or micro-lubrication or Near-Dry Machining (NDM) is an alternative 
technique for wet cooling to reduce the negative environmental effects and enhance machining performance [14]. In MQL applica-
tions, cutting fluid is obtained at a flow rate of 5–600 mL/h. A compressed air mixed with cutting fluid to form a mist which is uni-
formly atomised. This engendered mist is fed directly into the tool-chip interface at the primary cutting zone [15]. Surface finish 
improves significantly over the wet and dry machining due to the drop in tool wear at the tool’s cutting tip under MQL cutting 
condition. A 10% reduction in cutting temperature is observed during near dry machining condition compared to conventional cutting 
fluid application methods [16]. The NDM also has a few economic benefits including a reduction in cutting fluid usage. In the NDM 
mode of operation, chips could be collected directly in a dry state, thereby reducing the time taken to clean the machine tool [17]. 
Despite the advantages of MQL, researchers did not consider it as a comprehensive sustainable solution because, the mist formation 
during the application of cutting fluid via MQL technique, may cause respiratory hazards for the workers and environmental issues 
[18]. 

Out of several technologies, Heat-pipe is an effective alternative to conventional methods of removing heat from a cutting edge. The 
heat pipe is a high thermal conductive device which works on the principle of phase change heat transfer such as boiling and 
condensation. As there are no moving parts in the heat pipes, the heat pipes can easily be embedded with cutting tools by making 
suitable design changes [19]. The robust and simple tubular structure with no moving parts makes the heat pipe a perfect choice for a 
variety of machining applications. It is reported that the inclusion of heat pipe increased the effectiveness and feasibility of an end 
milling operations [20]. The thermal, structural static and dynamic characteristics were investigated with the help of fast finite 
element solvers based on FEA software [21]. It is found that the embedding of a heat pipe increased the effectiveness during dry 
machining. In turning by the assistance of heat pipe cooling the tool-chip interface temperature of the cutter could be reduced more. 
Heat pipe embedded tools have a larger potential in the machining of hard materials in high-speed machining applications [22] and 
machining of thermoplastic composites [23]. 

The experimental support in the reduction of cutting temperature and an appropriate analytical model to estimate the temperatures 
was not widely reported in the literature. The research is also confined to standard drills and turning tools as the customization of other 
cutting tools is difficult. The insert type U-drills are chosen for embedding heat pipe because they are widely used to generate and 
enlarge holes in CNC machining centers and high-speed machining applications. An analytical formulation based on Loewen and Shaw 
model is proposed to compute the theoretical temperature estimated directly from the actual cutting force measured with a dyna-
mometer [24]. The temperature estimated is used for heat load calculation to design heat pipes. The proposed model, experimental 
setup and results are discussed further in this article. 

2. Design and fabrication of heat pipe embedded core drill 

The heat pipe is a passive heat transfer device used widely in aerospace and electronic cooling applications. The heat pipe has a 
tubular structure and divided into three sections namely, evaporator, adiabatic (transport) and condenser section. The heat from the 
cutting tool interface is transferred to the evaporator section of the heat pipe which causes the working fluid to vaporize. The vapor 
generated moves to the condenser section where it condenses and returned to the evaporator through capillary action. During this 
process, the latent heat of vaporization is absorbed in the evaporator and then released in the condenser during the condensation 
process. Therefore simply the heat pipe is a thermally driven pump that moves heat away from the drill point. 

However, the successful operation of a heat pipe depends on the capillary and dry-out limit. The rotary motion of the cutter makes it 
challenging to find the amount of heat dissipated in each section of the heat pipe and the tool [25]. Hence estimation of the tem-
peratures around the cutting zone is required to measure the performance of the heat pipe embedded U-drill. 
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2.1. Determination of theoretical temperature at the tooltip interface 

In machining, energy is primarily spent to deform and shear the chip and to overcome the friction between the tool rake face and 
workpiece. The energy input is converted into heat resulting in high temperatures in the zones of shear deformation, tool, work and 
chip. Three types of heat sources are identified in literature namely:  

1) Plastic deformation by shearing in the primary shear zone;  
2) Plastic deformation by shearing and friction on the cutting face;  
3) Friction between chip and tool on the tool flank. 

During the continuous engagement of tool with work, the chip carries away maximum heat and the rest stays with the work and the 
tool. It is also observed that the cutting temperature is not constant through the tool, chip and workpiece. Though there are methods to 
predict cutting temperature, the complex nature of the metal cutting process makes it restricted to only orthogonal cutting processes. 

The analytical solution to predict the cutting tool temperatures extends the Loewen and Shaw model. According to this model, the 
work gets heated up by sources along the shear zone and rake face and the material emerges with temperature θs which further adds up 
θf due to friction. 

Therefore the average rise in temperature of the chip surface along the tool is  

θT¼ θs þ θf                                                                                                                                                                              (1) 

The temperature due to shear deformation θs can be obtained 

θs¼
Γ1Ps

ρcabV
þ θi (2)  

where θi is the initial temperature of the tool work and the Γ1 is the primary shear energy entering the chip according to Jaeger’s 
moving source temperature model [26]. 

The terms used in the above equations are 

Ps - Deformation power 
ρ - Density of the work piece 
c - Specific heat of the workpiece 
a - Feed rate of the tool 
b - Width of cut 
V- Cutting velocity 

Similarly, the frictional temperature θf rise can be obtained from the equation 

θf ¼
0:377Γ2Pf

bk
ffiffiffiffiffi
L2
p (3)  

Where Γ2 is the Frictional energy, Pf is the corresponding frictional power, k is the thermal conductivity and L2 is constant dependent 
on the tool-chip contact length, density and specific heat of the work. 

2.2. Heat pipe design 

In this article, the heat pipe for cooling a U-drill tool is inserted along the axis of the drill. The assembly of a small-sized internal heat 
pipe in the U-drill is challenging due to manufacturing limitations imposed by complicated geometry of the U-drill and the stiffness of 
the hollow structure of the U-drill. Further, it is essential to keep the heat pipe as close to the tip of the edge for effective heat transfer. 
The geometry of the U-drill was refined to suit the assembly of the heat pipe. A heat pipe with an outer diameter of 6 mm and a length of 
145 mm was charged with deionized water (40% of the volume) is assembled and incorporated coaxially with the U-drill. The heat pipe 
extends the length of the U-drill by 10 mm to facilitate better cooling. The flooding and boiling limit of the heat pipes are cross-checked 
analytically and the design is found to be satisfactory [28]. 

2.3. Experimental method to determine the cutting force 

The design of the heat pipe is based on the heat load and temperature at the evaporator section [28]. As the heat pipe is located near 
the cutting edge, the temperature can be obtained from the sum of the shear and frictional temperature according to Eq. (1) and (2). 

However, both the equations require the estimation of the deformation power and frictional power which can be calculated by the 
following equations 

Ps ¼ FsVs (4)  
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Pf ¼Fc V � Ps (5)  

Fs¼Fc cos ϕ � Fz sin ϕ (6)  

where Fs is shear force, Vs is the shear velocity, Fc and the Fz are the cutting force components, ϕ is the shear angle and V is the cutting 
velocity. The shear angle can be determined from the cutting ratio ‘r’ and rake angle of the tool ‘α’. 

As the direct measurement of temperature on the tool-work is difficult, the cutting force components measured with an experi-
mental setup consisting of a dynamometer are substituted in Eqs 3 and 4 to estimate the temperature according to Eq (1) and (2). The 
theoretical values were also confirmed with an infrared non-contact pyrometer. 

3. Experimental setup 

A custom U-drill having a diameter of 20 mm with two cutting edges was designed as shown in Fig. 1 a). Cemented carbide inserts 
were placed firmly on the slots and secured by screws. The U-Drill has grooves to facilitate easy ejection and removal of the chip. A 
coaxial blind hole was made with the help of gun drill and finished with the EDM process as shown in Fig. 1 b). 

The U-drill was slightly heated and the heat pipe is firmly fitted with the U-Drill with the use of metal adhesive paste. A very fine 
clearance fit was used to ensure easy removal of heat pipe at later stages and to prevent air gap which may act as an insulator. Proper 
contact between the evaporator region and the blind hole was ensured manually. 

The drilling experiments were conducted on a vertical drilling machine equipped with a maximum spindle speed of 1200 rpm run 

Fig. 1. a). U-drill Without heat pipe; b). U-drill with heat pipe assembled.  

Fig. 2. Experimental set up in a drilling machine.  
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by a 1.5 H.P drive motor. The feed rate is automated with a variable speed 1 H.P DC motor. The instantaneous measurement of the drill- 
tip temperature was obtained through an AMPROBE pyrometer (Model: IR750). The predrilled hole simplified the chip removal and 
hence proper targeting of the cutting edge by pyrometer is ensured. The cutting force components for various speed and feed con-
ditions were measured using a KISTLER multi-component Dynamometer (Model–9257B). Cast Iron blocks were used for drilling with 
U-Drills. The entire experimental set up is shown in Fig. 2. 

Table 1 
Temperature at Tool-Chip Interface (U-drill without heat pipe).  

Experiment Speed (rpm) Feed (mm/rev) U-drill without heat pipe 

Fc (N) Fz (N) Exp Temp (0C) Theort. Temp (0C) Variation 

S1 210 0.05 369.14 537 67 100.45 33.45 
S2 142 0.06 348.18 388.68 85 85.19 0.19 
S3 210 0.05 256.81 304.28 102 80.01 21.9 
S4 210 0.06 430.94 627.55 94 108.06 14.06 
S5 142 0.05 325.52 520.25 91 81.18 10.18 
S6 210 0.06 457.35 676.86 110 112.65 2.65 
S7 142 0.06 352.52 525.88 100.2 83.89 16.31 
S8 142 0.05 362 561 110.3 87.82 22.48  

Table 2 
Temperature at Tool-Chip Interface (U-drill with heat pipe).  

Experiment Speed (rpm) Feed (mm/rev) U-drill with heat pipe 

Fc (N) Fz (N) Exp Temp (0C) Theort. Temp (0C) Variation 

S1 210 0.05 128.05 145.98 42 55.05 13.05 
S2 142 0.06 123.78 143.78 49 49.54 0.54 
S3 210 0.05 118.89 133.78 51 53.29 2.29 
S4 210 0.06 230.65 238.78 46 73.5 27.5 
S5 142 0.05 134.78 245.98 43 51.05 8.05 
S6 210 0.06 230.67 238.9 42 73.51 31.51 
S7 142 0.06 123.89 146.71 39 49.51 10.51 
S8 142 0.05 127.89 286.88 53 49.3 4.3  

Fig. 3. a). Drill temperature estimates; b). Actual measurement using pyrometer.  
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4. Results and discussion 

Experiments were conducted for both plain U-drill and U-drill with heat pipes. A set of eight experiments were conducted with new 
inserts to simulate identical cutting conditions. The combinations of speed and feed selected for drilling of Cast Iron block with U-drill 
are shown in Table 1. 

Another eight experiments are repeated under the same cutting conditions for the U-drills with heat pipe, shown in Table 2. The 
experimental cutting force measured with dynamometer is substituted in Eqs 1 and 2 to obtain the theoretical temperatures. 

The effect of employing heat pipe in a U-drill for the reduction of temperature at the tool-chip interface is clearly evident from both 
the theoretical estimates and the experimental measurement of temperature. The variation between the experimental and theoretical 
estimates mainly occurs due to the variation in positioning of pyrometer exactly at the zone of measurement. This may be explained as 
due to convection heat transportation by means of evaporation and condensation of an appropriate fluid in a heat pipe, which makes 
most of the heat generation on the tooltip removed quickly and hence delays the onset of the tool wear and offers tool life extension. 
Therefore, from the reduction of tool failure probability viewpoint, heat-pipe cooling outperforms the cases in dry drilling and even in 
fluid cooling. It is also interesting to note that the cutting force reduced considerably in drilling with heat-pipe embedded U-drill. Such 
reduced cutting forces are expected to play a major role in drilling composite materials. The proposed system can be extended with 
real-time temperature measurement equipment using thermocouples. The effectiveness of using a heat pipe embedded tool system in 
machining operations can be studied with respect to parameters like tool life, tool wear etc., 

Fig. 3 a). and b). shows the plot of temperatures predicted by the analytical model and the actual measured values with a py-
rometer. It can be found that a variation of 20 % exists between the prediction and actual measurement data. However, it is clearly 
evident from the plot that the reduction of temperature with the heat pipe embedded U-drill on both predicted and measured values. 

Fig. 4 Indicates the considerable reduction of cutting force when heat pipe U-drill is employed for drilling applications. The 
resultant values of forces are obtained from the force components measured with Kistler dynamometer. The drop in temperature near 
the vicinity of the cutting edge has contributed to the reduced cutting forces. It also proves that the heat pipe did not reach the critical 
limits and continued to operate under the experimental conditions given by S1–S8. 

Fig. 5 depicts the substantial drop of tool wear during the heat pipe embedded U-drill is applied. The values of tool wear were 
obtained from Tool makers microscope facility. The reduction in cutting temperature on the primary cutting zone subsidized the tool 
wear reduction. 

In any material removal proves friction is generated as a result of dynamic interaction between the tool and the workpiece. 
Generation of friction also produces unnecessary heat during the machining process. This heat has an undesirable effect on the tool and 
also in certain critical areas becomes catastrophic. Further, this heat also produces built-up edges which affect continuous chip for-
mation. These two factors lead to the need for a higher cutting force to produce the necessary cutting process. The presence of heat pipe 
in the U- drill has shown a tendency to remove heat generated during machining, this reduces the probability of the formation of built- 
up edges. Fig. 4 explicitly shows the reduction of cutting force due to the reduction of built-up edge. 

Fig. 4. Experiment values of resultant of Fz and Fc force components.  

Fig. 5. Tool wear values for with and without heat pipe.  
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In addition, the friction is on the higher side as there is no lubrication during the dry condition, this will, in turn, lead to an 
increased heat generation. This will have a tendency of localized melting of the workpiece which may get coated in the tool and also 
invariably increase the cutting force which affects the surface quality of the workpiece. Thus, the tool embedded with heat pipe has 
removed the excessive heat generated which eliminates the problems encountered during dry machining. Further studies such as 
surface finish and production economics will add value and support to the use of heat pipe embedded tools. 

5. Experimental error analysis 

During measurement, experiments have inevitable random errors. By averaging measurements, errors can be reduced. Root Mean 
Square of Errors (RMSE) is the most common way to investigate experimentation errors. In this study, RMSE can be used as a quantity 
of the variances between the temperature values predicted by a model and observed during experiments by Eq. (7). This is also used to 
analyze the errors occurred during measurements for with and without heat pipe cooling conditions, as shown in Table 3. The RMSE 
can be defined as 

RMSE ¼
ffiffiffi
1
n

r "
Xn

s¼1

�
Tt � Te

Tt

�2
#

(7)  

6. Conclusions 

U-drills embedded with heat pipe used for large metal removal is designed to extract heat from the source of its generation itself. 
The proposed method accurately estimates cutting temperature using analytical methods modeled with experimental data of cutting 
force. Substantial reductions of temperature in the range 30–40% were obtained while drilling with cast iron block at a different set of 
machining combinations. The same system can be extended to machine steel components which enable dry machining a reality even at 
lower cutting speed. The proposed technology is environment-friendly as the heat can be directly removed from the tool without the 
application of cutting fluid. The design and manufacturing process of heat pipe embedded U-drill is easy compared to other modern 
systems. The considerable reduction in cutting forces plays an important role in the improvement in surface finish and tool wear. The 
power requirement is also reduced thus saving of energy is possible with the proposed U-drill. In addition, tangible benefits in metal 
cutting economics are possible as the proposed method reduces the usage of coolants and tool setting times. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.csite.2019.100533. 
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