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Abstract Environmental, economical and social factors

impose the elimination or reduction of the quantity of the

cutting fluids used in the machining. This trend leads to a

high temperature in the cutting zone. In drilling, when the

cutting fluid is not supplied through the spindle, the tool tip

suffers from high temperature, leading to rapid wear. In

this case, the cooling of the drill tool body can contribute

significantly removing the heat generated at the tool–chip

interface. However, to effectively simulate the temperature

at the tool tip, the effect of the cutting fluid on tool body

must be known. Hence, the aim of this work was to

determine the convective heat transfer coefficient of the

cutting fluid on the complex body of a helical drill. In this

regard, a special experimental setup is developed, allowing

the drill to remain static while the coolant nozzle rotates

around providing cutting fluid. A method is developed in

order to determine the temperature on the drill surface as a

function of the heat enters into the drill and the temperature

measured at the tool base. Experiments are carried out

varying coolant nozzle rotation speed and the cutting fluid

flow rate. According to the results, the cutting fluid flow

rate shows to have the most significant effect on the con-

vective heat transfer coefficient.

Keywords Cutting fluid � Convective heat transfer �
Temperature � Drilling

List of symbols

r Laplace operator vector

A2 Contact area of the drill with the cutting fluid

(m2)

Ab Surface back area of the heating system (m2)

Af front surface area of the heating system (m2)

A1;3 Cross-sectional area of the drill (m2)

Ef;t;l Insulation thickness (m)

h Convective heat transfer coefficient (W/m2 K)

I Current (A)

k Thermal conductivity of the tool material (W/mK)

ki Thermal conductivity of the insulation (W/mK)

L Insulation length (m)

lf Cutting fluid flow rate (l/h)

Qd Heat entering the drill (W)

Qf Heat removed by the cutting fluid (W)

Qr Heat supplied by the electric resistance (W)

Ql1...l3 Heat lost at the heating system (W)

Rn Nozzle rotating speed (rpm)

R1...4 Regions of the drill (rpm)

re;i Insulation radius (m)

S1;2;3 Surfaces of the drill (m2)

T Temperature in the drill (�C)
T1 . . . T5 Temperatures inside the heating system (�C)
Ta Room temperature (�C)
Td Temperature on the drill surface (�C)
Tf Cutting fluid temperature (�C)
Tb1 Temperature on the surface A3 (�C)
Tb2 Temperature on the back of the tool (�C)
U Voltage (V)

VC1; 2 Control volume
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1 Introduction

Drilling is a manufacturing process widely used to produce

holes in mechanical components of various sizes and

depths. Since the tool is constrained in a hole, the tool

temperature tends to be higher than in other processes

under similar conditions. The high temperature at the tool

tip has a great influence on the tool life and surface quality

[1]. In order to provide cooling and lubrication, cutting

fluids should be applied. The most common approach is the

flooding by means of a nozzle system. A great amount of

cutting fluid is delivered on the tool and workpiece without

control of flow rate and volume. Despite this, the coun-

terflow of the chips inhibits the fluid to reach the drill tip

Fig. 1.

The external supply of the cutting fluid is, therefore, less

effective. The through-tool coolant system allows the cut-

ting fluid to reach the tool tip through the cutting tool flank.

Hence, this method is more effective. On the other hand,

the machine tool need to be designed to deliver coolant

through the spindle and tool directly to the cutting inter-

face, which makes the machine to be more expensive. Due

to the fact that the use of cutting fluids results in negative

impacts on environment, safety, operators health, and

operating cost, its the minimisation or even elimination is a

strong global trend [2]. New technologies have emerged in

order to minimise the impact of cutting fluids. One such

technique is the application of minimal quantity of lubri-

cant (MQL), in which the cooling media is supplied as a

mixture of air and oil in the form of aerosol [3, 4].

The flow rate applied by MQL is in the order of hun-

dreds of 50 ml/h up to 1–2 l/h, while in flooding the cutting

fluid is provided at 10–100 l/min. Therefore, a significant

reduction is observed compared to the amount commonly

used in flood cooling condition [5, 6]. Due to the fact that

MQL applies only a fine mist of air–fluid mixture to the

cutting zone, the capacity to carry away heat and providing

adequate lubrication is limited [7]. Furthermore, during the

drilling the aerosol does not reach the tool tip for the same

reasons as the mentioned for the flooding.

From the point of view of minimising the use of cutting

fluid, the most effective method is machining without its

application, or otherwise known as dry machining. Since,

the temperature that is generated at the tool tip can reach

above 900 �C without cooling [8–11], the tool wear

increases quickly.

In some cases, good results are observed in the dry

machining or with application of MQL [12]. In others, the

flood coolant supply with environmentally friendly cutting

fluids can be an alternative. Mineral-based cutting fluids

are still the most used by the industry. This is because of its

high lubrication quality, stability and protection against

corrosion. However, they are hazardous for storage and

disposal and require a special physical or chemical treat-

ment with the objective of environmental protection.

Hence, new environmentally friendly cutting fluids are

arriving in the market. As an alternative to mineral-based

fluids the demand for biodegradable cutting fluids is

stimulating the development of vegetable oils [12].

Even, applying a environmentally friendly media, its

efficiency in the machining process needs to be maximised.

This means that the amount of cutting fluids used in

machining must be minimised, while achieving the

requirements in terms of tool wear and workpiece quality.

In this way, the determination of the correct amount of

cutting fluid in each machining process has become of

great interest in industry. For instance, Bacci da Silva and

Wallbank [13] pointed out the need of the reduction of the

volume cutting fluid in machining in the point of view of

lubrication effect. The authors argued that ‘‘Even if lubri-

cation of the rake face was possible, the volume of cutting

fluid applied in practical operations is much higher than the

amount necessary to lubricate a small area’’. Denkena et al.

[14] investigated the influence of the coolant flow rate on

the tool wear for turning, drilling and milling for different

cutting conditions. They optimised the volume flow rate of

the coolant in order to maximise tool life. Jiang et al. [15]

studied the optimisation of the cutting parameters in turn-

ing in order to minimise the cutting fluid consumption and

process cost. They carried out practical experiments and

applied a multi-objective optimisation model.

Since the temperature at the tool tip is related to the

tool wear, the minimal volume flow rate of coolant

should be determined in order to maintain the tempera-

ture under a certain value. In this respect, the simulation

by finite elements plays an important role in the pre-

diction of the temperature at the drill tip [16–18]. For

the correct simulation of temperature distribution, the

convective heat transfer coefficient of the cutting fluidFig. 1 A schematic representation of the drilling process
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on the surface of the cutting tool needs to be determined.

Investigation of the heat transfer performance for dif-

ferent cutting fluids and application methods has been

investigated by different authors. Daniel et al. [19]

studied the heat transfer performance of different cutting

fluids in turning and boring in flood and jet application.

Li and Shih [16] simulated the temperature distributions

at the drill tip by combining finite element thermal

model with an inverse heat transfer method. The authors

also calculated the convective heat transfer coefficient

using the inverse heat transfer solution. The cutting fluid

was supplied internally because the drill was static and

does not rotate in the experiment. Kops and Arenson

[20] presented a numerical iterative procedure to deter-

mine the convective heat transfer coefficient for cooling

of a rotating cylindrical workpiece in air using a water-

based coolant. Sales et al. [21] investigated the cooling

ability of the cutting fluids in turning by using different

convective heat transfer coefficients. The cooling ability

of six different cooling media: atmospheric air, water,

integral neat oil, emulsion of soluble oil and two dif-

ferent synthetic fluids was determined. Luchesi and

Coelho [22] carried out experiments to estimate the

convective heat transfer of cutting fluids in a laminar

flow regime. Dry, flooded, and minimum quantity of

lubrication cooling methods were compared. Li and Shih

[23] pointed out that most of the drill thermal analyses

by previous researchers were conducted under dry con-

ditions. That is because temperature is measured using

embedded wire thermocouples in the drill tool and hence

the tool cannot rotate. In experiments with static drills,

the heat transfer between the cutting fluid and the tool

body differs from the real situation where the drill

rotates. This occurs because the complexity of the

geometry of the drill flute profile changes the fluid flow

behaviour.

To the best of our knowledge, no research publication

is available on the analysis of convective heat transfer

coefficient of the cutting fluid with the tool body. In that

way, the main objective of this work is to predict the

convective heat transfer coefficient of the cutting fluids

for a rotating drill tool. The methodology employed to

reach this goal is as follows: (1) devise an experimental

apparatus for measuring the heat transfer rate and tem-

perature at the drill tool cross section; (2) solve

numerically a direct heat conduction problem subjected

to boundary conditions evaluated experimentally; (3)

obtain the average temperature in the tool surface

exposed to forced convection with the cutting fluid and

(4) finally to find the convective heat transfer coefficient

using the Newton’s law of cooling.

2 Problem formulation

During the drilling, the heat exchange can be idealised in

four regions, as shown in Fig. 2.

In the first region, the drill tool is inside the hole,

removing material from the workpiece. The heat flows to

the drill due to (1) the cutting of material at the tool tip, (2)

the friction between the drill body and the hole wall and (3)

the contact of the chips with the tool flutes. In the second

region the drill tool is in contact with the cutting fluid and

hence the greatest amount of heat is removed. Heat

exchange with air takes place in the third region, but only a

small amount is removed. In the last region, the tool

transfers heat by conduction to the tool clamping system.

Here it is also expected an exchange of a small amount of

heat.

As drilling progresses, the cutting depth increases,

increasing the heat transfer area between drill and work-

piece with a consequent reduction of the exchange region

with air. In this work, the region of interest is the part of the

drill that exchanges heat by convection with the cutting

fluid, i.e., the second region described above.

This region can be modelled according to the control

volume VC1 shown in Fig. 3.

The heat flowing into the control volume VC1 is Qd. The

amount of heat removed by the fluid is Qf . The differential

energy equation is used to obtain the steady-state temper-

ature distribution in the drill tool (VC1)

r � ðk rTÞ ¼ 0; ð1Þ

where r is the Nabla operator and k is the thermal con-

ductivity of the drill material. The Eq. 1 was solved

numerically subjected to the following boundary

conditions:

• On the surface where the heat enters the drill:

A1 k
oT

oS

�
�
�
�
S¼S1

¼ Qd: ð2Þ

• On the surface where the drill tool exchanges heat with

the cutting fluid:

Fig. 2 Modelling of drill tool in four different regions
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A2 k
oT

oS

�
�
�
�
S¼S2

¼ �Qf ; ð3Þ

where A1 is the cross-sectional area of the drill and A2 is

the contact area of the drill with the fluid.

To solve Eq. (1) it is necessary to know the thermal

condition at surface S3 shown in Fig. 3. Therefore, the

following boundary condition is assumed:

• The prescribed temperature on the surface A3 is as

follows:

T

�
�
�
�
S¼S3

¼ Tb1 ð4Þ

Thus, Eq. (1) can be solved with the boundary conditions

(2), (3) and (4) to calculate the temperature distribution at

the drill–cutting fluid interface. It is important to mention

that in steady-state condition it is expected that all the heat

transferred to the drill is exchanged with cutting fluid;

therefore, Qf ¼ Qd. In this case, the temperature of the drill

base Tb1 must remain constant.

The mean temperature at the drill surface in contact with

the cutting fluid is calculated as

Td ¼
1

A2

Z

A2

T dA ð5Þ

Once the mean temperature on the drill surface Td is found,

the mean convective heat transfer coefficient is determined

by

h ¼ Qf

A2ðTd � Tf Þ
; ð6Þ

where A2 is the area of the drill that exchanges heat with

the cutting fluid and Tf is the temperature of the cutting

fluid.

In this way, the convective heat transfer coefficient h

can be determined by knowing the heat flux Qd entering

into the control volume VC1 and measuring the tempera-

ture Tb1 in the control volume VC2.

Finally, all the procedures followed for obtained the

convective heat transfer coefficient may be summarised:

(1) obtain experimentally the heat flux Qd entering into the

control volume VC1 and the temperature Tb1 in the tool

base; (2) obtain numerically the temperature distribution

inside the drill tool solving Eqs. (1)–(4); (3) evaluate

numerically the average temperature in the tool surface

with Eq. (5); (4) obtain the surface area of the drill A2 using

the CAD model; (5) obtain the convective coefficient

applying the Newton’s law of cooling, Eq. (6).

The numerical-experimental procedure consists of the

following sequence:

1. Determine experimentally the heat flux Qd for the drill

and the temperature at the back of the tool Tb2;

2. simulate the temperature distribution at the drill

surface that is in contact with the cutting fluid;

3. calculate the mean temperature at the drill surface Td
for the boundary conditions (2);

4. with Td and the temperature of the cutting fluid Tf
solve Eq. (6), to obtain the mean value of the

convective heat transfer coefficient h.

3 Experimental setup

A dedicated experimental setup is developed. It consists

basically of heating, insulation and supply of cutting fluid

systems. Figure 4 shows a schematic drawing of the

experimental setup used in this work.

In the heating system, an electric resistance heats a steel

SAE 1020 core, in which the drill tip is inserted. Thermal

paste is applied between the core and the drill tool in order

Fig. 3 Energy balance in control volume VC1

Fig. 4 Experimental setup

5198 J Braz. Soc. Mech. Sci. Eng. (2017) 39:5195–5204

123



to increase heat transfer. The set is enclosed in a refractory

cement casing and between them layers of thermal insu-

lation material are used in order to minimise the heat los-

ses. The heating power is adjusted using a TRIAC dimmer.

A 20 mm diameter and 205 mm length drill tool is used

in the experiments. The drill is inserted 105 mm into the

heating system. To facilitate the analysis, only a small part

is cooled by the cutting fluid, circa of 10 mm.

A cooling system with a rotary nozzle is developed to

mimic the rotation movement of the drill. With that, the

tool remains static, while the nozzle rotates around the tool.

A rotating seal permits that the fluid flows to the rotor,

where a 3-mm internal diameter copper tube is connected,

transporting cutting fluid up to the nozzle. Power is trans-

mitted to the rotor by a belt drive using a DC motor, which

is controlled by means of a potentiometer. The speed of

rotation is adjusted using a tachometer. The fluid applied to

cool the drill surface is collected in a plastic tank.

The prediction of the temperature Tb1 in the control

volume VC1 should be performed in the centre of the drill.

However, the insertion a thermocouple can disrupt the

experiments. Hence, the temperature Tb2 is measured at the

back of the tool. By isolating the part of drill corresponding

to the control volume VC2 guarantees that no heat is

exchanged with the environment, and the temperature Tb1
is equal to Tb2.

Figure 5 shows the model including the control volumes

VC1 and VC2, i.e. the regions where heat exchange with

the cutting fluid occurs and the insulated part of the drill.

For data acquisition, a PC computer connected with a

thermocouple module SCXI-1100 from National Instru-

ments is used. Data acquisition is performed by Labview at

a rate of 1 Hz. The data are stored to be processed off-line.

Eight K-type thermocouples are used to measure the tem-

peratures. The cutting fluid temperature Tf , the room

temperature Ta, the temperature at the back of the tool Tb2
are measured. Five thermocouples (T1–T5) are used to

account for the actual amount of heat transferred to the

drill.

The heat Qd flowing into the drill is calculated according

to the energy balance in the control volume VC1, Eq. (7).

Qd ¼ Qr � Ql1 � Ql2 � Ql3; ð7Þ

where Qd is the heat that enters in the drill, Qr is the heat

supplied by the electric resistance, Ql1 is the heat loss at the

side of the casing, Ql2 is the heat loss at the front of the

casing and Ql3 is the heat loss at the back of the casing.

The heat generated by the electric resistance is calcu-

lated as a function of the voltage U and the current I pro-

vided by a power supply, as

Qr ¼ U � I ð8Þ

The heat loss at the front part depends on the insulation

thicknesses Ef of the front surface area Af , the thermal

conductivity of the insulation material ki and the temper-

ature difference in the insulation wall, as follows:

Ql2 ¼
kiAf

Ef

ðT4 � T5Þ ð9Þ

The heat loss at the lateral surface depends on the length L,

the outer and inner radius of the insulation re and ri, the

difference in temperature inside and outside the insulation

and yields

Ql1 ¼
2pkiL

ln re
ri

� � ðT3 � T4Þ: ð10Þ

In the back side of the heating system, the heat is lost

through the insulation of thickness Et and area Ab. Fur-

thermore, it depends on temperatures T1 and T2, according

to

Ql3 ¼
kiAt

Et

ðT2 � T1Þ: ð11Þ

In order to insulate the electric heater, ceramic fiber blanket

of density 128 kg/m3 and thermal conductivity ki ¼ 0:140

W/mK are used [24]. In the back part, the insulation has a

thickness of Et ¼ 18 mm and in the front part, where the

drill is, the thickness is Ef ¼ 33 mm. The total length of the

insulation around the electric heater is L ¼ 59 mm with an

inner radius of ri ¼ 42 mm and outer radius of re ¼ 75

mm. The power generated by the electric resistance

remains constant at Qr ¼ 180 W.

The experimental procedure consists of a heating phase

until the temperatures stabilise, followed by application of

the cutting fluid. Temperature data are stored in the com-

puter when temperature reaches the steady state, when the

thermocouples’ variation was less then their resolution.

Each experimental run takes about 30 min to reach this

condition.

Since the cutting fluids used in abundance are based on

water, the experiments are performed using only water.

The flow rate of the cutting fluid and rotation speed of the

nozzle are the two process variables investigated on the

drill temperature and convective coefficient. The cutting

fluid is then varied at flow rates of 12, 18 and 24 l/h. TheFig. 5 Energy balance in control volume VC1 and VC2
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nozzle rotations are 345, 365 and 385 rpm that are in the

range of recommended cutting speeds (21–24 m/s) for

machining steel. The drill temperature and convective

coefficient of the static nozzle are also performed.

4 Numerical analysis

The part of the drill that is used in the analysis in the

temperature simulation is modelled using the opensource

CAD software OnShape. A mathematical model of the

cross-sectional profile of the drill flute is the proposed by

[25]. The calculated cross-sectional area of the drill is A1 ¼
132mm2 and the lateral surface area of the drill where the

cutting fluid acts is A2 ¼ 734mm2. The CAD model is

exported to the software Salome, which uses the finite

volume mesh generator NETgen. Figure 6 shows the dis-

cretized model.

The discretized model consists of 1513 nodes and 5104

tetrahedral elements. The software OpenFoam is used to

import the model. The temperature distribution in the drill

is then simulated by applying the laplacianFoam solver,

which is based on the finite volume technique, to solve the

Eq. 1.

The boundary conditions are the heat flux and temper-

ature on the appropriate surfaces, as presented in Eqs. (2),

(3) and (4). The simulation results of temperature in the

surface of the model are visualised with help of the

ParaView software.

The mean temperature Td on the drill surface where the

fluid acts is obtained by the numerical integration of the

temperature gradient on that surface, dividing the result by

the area, according to Eq. (5).

5 Results and discussions

5.1 Workpiece temperature

The experimental results of the measured temperatures are

presented in the Table 1. By analysing the temperatures

inside the heating system (T1 to T5), it can be noticed that

the values did not change significantly as a function of the

experimental conditions.

Since the temperatures inside the heating system remain

constant, the heat losses and amount of heat entering the

drill do not change. The power generated by the electric

resistance used in the experiments is Qr ¼ 180 W. The heat

lost at the frontal part of the heating system is Ql2 ¼ 12 W

(Eq. 9), at the lateral surface is Ql1 ¼ 43 W (Eq. 10) and at

the back part is Ql3 ¼ 10 W (Eq. 11). Thus, the amount of

heat flowing into the drill, calculated using the Eq. (7), is

Qd ¼ 115 W.

In relation to the cutting fluid temperatures Tf and the

room temperature Ta, they also remain stable during the

experiment. However, as expected, the temperature at the

back part of the tool Tb2 changes as a function of the

cutting fluid flow rate and the nozzle rotation speed. This

occurs because of the action of the cutting fluid, cooling the

lateral surface of the drill.

The Fig. 7 shows the temperature at the back part of the

tool Tb2 as a function of the nozzle rotation speed, for a

flow rate of 12 l/h. It can be noted that the temperature Tb2
decreases from 68:1 �C for the static nozzle, stabilising to

around 57:0 �C with the increase of Rn.

5.2 Determination of the convective heat transfer

coefficient

After the boundary conditions Qb and Tb2 are obtained, it is

possible to simulate the temperature distribution on the

drill surface that is in contact with the cutting fluid.

The heat Qd enters through the cross-section area A1 and

leaves the drill tool through the side area A2, which is in

contact with the cutting fluid, as presented in Fig. 3,

according the boundary conditions established by Eqs. (2),

(3) and (4).

The temperature distribution on the helical surface of

the drill, resulting from the simulations for the flow rate

lf ¼ 12 l/h and rotations speed Rn ¼ 0 and Rn ¼ 385 rpm is

shown in Fig. 8. It is possible to note that, by increasing the

nozzle rotation speed, the area of lower temperatures

increases and the area of higher temperatures decreases.

The highest temperatures are around 145.9 and 134:5�C,
and the lowest temperatures are around 52:4� and 41:3�C
for Rn ¼ 0 rpm and Rn ¼ 385 rpm, respectively. Therefore,

Fig. 6 Discretized of part of the drill corresponding to the control

volume VC1
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the temperatures have a decrease of approximately 11�C
with the nozzle rotation.

To calculate the mean convective heat transfer coeffi-

cient h, it is now necessary to predict the mean temperature

Td on the lateral surface of the drill, with area A1. The

Table 2 shows the results of mean surface temperature, Td,

and the cutting fluid temperature, Tf , both used to calculate

h, Eq. (6). It may be noted that, as the flow rate and the

nozzle rotation speed increase, the mean temperature on

the drill surface Td decreases.

Figure 9 shows the mean temperature Td as a function of

the flow rate lf for the different rotation speeds Rn. It is

observed that the maximum mean temperature is 79�C for

the lower flow rate and slower rotation speed. The values of

Td tend to be around 63 �C regardless of the nozzle rotation

speed.

In general, the flow rate leads to the variation in the

temperatures at the lateral surface of the drill; larger flow

rates give rise to lower temperatures. In relation to the

influence of the nozzle rotation speed, it is observed that

temperatures for static nozzle are higher than for rotating

nozzle. However, only a small influence is observed when

the rotation speeds vary between the recommended cutting

speeds. The small variation in the nozzle rotation speed

contributes very little on the drill temperature.

The difference between the nozzle rotations Rn ¼ 345

and Rn ¼ 365 rpm of each flow rate also changes. For the

flow rate lf ¼ 12 l/h, the difference between them is about

Table 1 Measured temperatures for different conditions

T ð�C) Experiment

l ¼ 12 l/h l ¼ 18 l/h l ¼ 24 l/h l ¼ 30 l/h

Rn (rpm) Rn (rpm) Rn (rpm) Rn (rpm)

0 345 365 385 345 365 385 345 365 385 345 365 385

T1 410.5 404.0 402.0 402.0 405.3 407.9 410.6 410.7 408.5 411.1 409.1 409.9 410.6

T2 652.8 649.8 649.5 651.2 655.9 661.1 663.5 661.3 658.4 669.6 658.5 659.2 661.2

T3 193.1 189.4 188.0 187.6 188.5 189.1 190.1 190.5 189.1 190.0 192.8 193.4 193.4

T4 669.1 660.9 659.9 661.7 666.3 670.9 672.9 671.0 668.0 677.7 667.5 669.4 671.0

T5 118.6 112.0 102.1 100.5 109.0 109.6 109.2 103.5 101.1 100.7 107.2 106.2 105.7

Tb2 68.1 61.1 56.6 57.0 54.7 51.2 50.6 47.9 46.7 46.4 46.7 45.5 45.8

Tf 28.0 29.1 29.7 30.0 30.3 30.3 30.2 30.3 30.2 30.2 32.4 31.9 31.9

Ta 23.8 26.0 26.2 26.3 26.3 26.2 26.0 26.0 26.0 25.9 28.4 28.4 28.4

0 10
50

60

70

80

T
b
2
(0
C
)

345 365 385

Rn (rpm)

Fig. 7 Temperature at the back part of the tool as a function of the

nozzle rotation speed

Fig. 8 Simulation of the drill

surface temperature for lf ¼
12 l=h e a Rn ¼ 0 rpm e b Rn ¼
385 rpm
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� 5 �C, for the flow rate lf ¼ 18 l/h, the difference is about

� 3 �C and for the last flow rate lf ¼ 24l/h, the difference

decreases to about � 2 �C.
The influence of the nozzle rotation speed on the mean

temperature at the lateral surface of the drill is shown in

Fig. 10. As can be seen, the rotation speed does not have

significant influence for rotations 365 and 385 rpm. The

mean temperatures for the flow rates 24 and 30 l/h are very

close, regardless the nozzle rotation speed.

The mean convective heat transfer coefficients as a

function of the nozzle rotation speed, for the different flow

rates of the cutting fluid, are shown in the Fig. 11. It can be

observed that, with the increase of the nozzle rotation

speed from Rn ¼ 345 to Rn ¼ 365 rpm, the convective heat

transfer coefficient h increases, after that tending to sta-

bilise for the rotation Rn ¼ 385 rpm.

Figure 12 presents the mean convective heat transfer

coefficient as a function of the flow rate. For the three

different nozzle rotation speeds, a linear trend between the

mean convective coefficient and the flow rate can be

observed. It can also be noted that the results of h for the

rotation speeds Rn ¼ 365 and Rn ¼ 385 rpm are very close

and are higher than for Rn ¼ 385 rpm.

The mean convective heat transfer coefficients obtained

in this work vary from 3270 W/m2 K for the flow rate of 12

l/h and rotation Rn ¼ 345 rpm to 5190 W/m2 K for the flow

Table 2 Calculated results for

different conditions
Experiment

l ¼ 12 l/h l ¼ 18 l/h l ¼ 24 l/h l ¼ 30 l=h

Rn ðrpmÞ RnðrpmÞ Rn ðrpmÞ Rn ðrpmÞ

0 345 365 385 345 365 385 345 365 385 345 365 385

Td ð�CÞ 85.7 78.7 74.2 74.5 72.2 68.6 67.9 65.3 64.1 63.7 64.2 63.0 63.3

Tf ð�CÞ 28.0 29.1 26.7 30.0 30.3 30.3 30.2 30.3 30.2 30.2 32.4 31.9 31.9

hð W
m2 W

Þ 2803 3270 3634 3623 3840 4186 4242 4582 4740 4733 5072 5186 5124
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Fig. 9 Mean temperature on the lateral surface of the drill as a

function of the fluid flow rate
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Fig. 10 Mean temperature on the lateral surface of the drill Td as a

function of the nozzle rotation speed Rn for different flow rates lf
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Fig. 11 Convective heat transfer coefficient h as a function of the

nozzle rotation speed Rn for different flow rates lf
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of 30 l/h and rotation Rn ¼ 365 rpm. When comparing

these values with the forced convective heat transfer

coefficients (100 to 20,000 W/m2 K) presented in Bergman

et al. [26], it can be noted that they are in a narrow range.

In that way, the use of a more real coefficient can increase

the prediction accuracy of the temperature at the tool tip

and hence the correct amount of cutting fluid.

6 Conclusions

In conventional drilling with helical flutes, the cutting fluid

does not reach the chip–tool interface, and, therefore,

cooling of the tool body is of fundamental importance. The

appropriate rate of the cutting should be determined to

maintain the temperature at the tool tip under a certain

value in order to minimise the tool wear. For this purpose,

the convective heat transfer coefficient between the drill

tool body and the cutting fluid must be known. Because of

the complex geometry of the drilling tool, the convective

heat transfer coefficient has not been explored in the lit-

erature. To circumvent this problem, in this work an

experimental setup is developed with the purpose of

mimicking the rotation of the drill. The tool remains static

and the cutting fluid is supplied by a coolant rotating

nozzle. This allows the control of the heat flux and mea-

surement of the drill temperature with thermocouple. The

verified parameters are the cutting fluid flow rate at values

that correspond to a minimum considered as flooding and

the coolant nozzle rotation at recommended values

according to the cutting speed of the drill tool for

machining steel.

According to the results presented in this paper, the

following conclusions can be drawn:

• The coolant nozzle rotation has significant effect on the

convective heat transfer coefficient compared with the

static one.

• No significant influence on the convective heat transfer

coefficient is noticed when the coolant nozzle rotation

varies between the spindle speed 345 and 385 rpm.

• The fluid flow rate has a significant effect on the

convective heat transfer, showing a linear relationship.

• The calculated mean convective heat transfer coeffi-

cient varies from 3270 to 5190 W/m2 K, depending

especially on the fluid flow rate.

Thus, these results can be used in a finite element simu-

lation to predict the temperature at the tool tip in the

drilling. In this way, the amount of cutting fluid can be

optimised to minimise wear of the drill tool.
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