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In this article, the temperature of a sampling drill in drilling lunar rock simulant in
a high-vacuum environment was studied. The thermal problem was viewed as a
1-D transient heat transfer problem in a semi-infinite object. The simplified drill
was modeled using heat conduction differential equation and a fast numerical
calculation method is proposed on this basis, with time and the drill discretized.
The model was modified to consider the effects of radiation, drill bit configuration,
and non-constant heat source. A thermal analysis was conducted using ANSYS
Workbench to determine the value of the equivalent correction coefficient proposed
in this paper. Using fiber Bragg grating temperature measurement method, drilling
experiments were conducted in a vacuum, and the results were compared to the
model. The agreement between model and experiment was very good.
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Introduction

According to Chinese lunar exploration project planning, the sampling device carried
by the detector will collect lunar sample. After a comparison and analysis of alternatives, sam-
pling by drilling was judged to be a feasible approach. Given the dry drilling process, the high-
vacuum environment of the lunar surface, and the poor thermal properties of lunar soil [1, 2], it
is reasonable to expect that the drill bit may reach a very high temperature, which could result in
structural damage to the drill bit. For reasons of reliability and restricted internal space, temper-
ature sensors cannot be installed in the drill for monitoring or online control purposes. In addi-
tion, the existence of lunar rocks and the uncertainty associated with the physical properties of
lunar soil and rocks make it difficult to estimate the torque and force that will act on the drill,
both of which are important to prediction of the temperature of the drill.

Research on drilling temperatures has been focused in the field of metal cutting.
Devries et al. [3] modeled the drill as a half-infinite object, and modeled the cutting forces and
heat generation of the drill bit to calculate the temperatures along the cutting edges. However,
the model results did not agree with their experiments. Saxena et al. [4] and Watanabe ef al. [5]
calculated the temperatures along the cutting edges of a drill using the finite difference method
and the finite element method. Their results were similar to those of Devries. After making
some improvements to the previous model, Agapiou et al. [6] and Agapiou and Stephenson [7]
developed an analytical model to predict the temperature of a twist drill on the flank face and
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cutting edge, and explain thermal phenomena during the cutting process. The knowledge about
the torque was found to be necessary for calculating the temperatures. Fuh et al. [8] also im-
proved their method, and calculated the temperature distribution of a drill using 3-D finite ele-
ment method. In their study, the effects of cutting depth, cutting speed, web thickness, and helix
angle on the temperature were investigated. Bono and Ni [9, 10] developed a drill-foil thermo-
couple system for measuring the temperature distribution along the cutting edges. Their experi-
ments showed that the maximum temperature occurs near the chisel edge. Their calculated re-
sults obtained by taking both friction and cutting into consideration, were consistent with their
experimental results. Li and Shih [11] studied the thrust force, torque, and temperature observed
during titanium drilling. The tool temperature distribution was developed based on oblique cut-
ting in an elementary cutting tool by using Abaqus, and measured using thermocouples embed-
ded on the drill flank face. Wu and Han [12] predicted the maximum temperature in dry drilling
using finite element model. The effect of drilling velocities and feed rates on the temperature
were investigated. The comparison between experimental tests by an infrared camera and simu-
lation was carried out. The results indicated that the errors are less than 15%. De Sousa et al.
[13] presented an inverse technique for estimating the temperature and heat flux at the tool-
piece interface during drilling.

To determine the temperature distribution along cut edges, thermal models usually
focus on the complex local region of cut edges, which makes the solution complicated and re-
quires long computation times. In addition, because of air convection and other auxiliary heat
dissipation, the current models scarcely consider radiation, which obviously cannot be ig-
nored in the case of a high-vacuum environment such as the lunar environment. The need to
consider radiation is rarely mentioned in the literature to date on temperature fields in me-
chanical rock drilling. The aims of this work were to investigate a thermal model for this situ-
ation, in which high temperatures can easily be produced, and to develop a method to predict
the temperature of the drill. For the purpose of rapid online monitoring in the future, the algo-
rithm must be as simple as possible to minimize the computation time while achieving suffi-
cient accuracy. The method should also be adaptable to various drill bit configurations. In this
study, the results obtained using the algorithm and the results of experiments were compared.
The effect of radiation on the temperature field was examined.

Fundamentals

| A~ Consider a hollow drill and a lunar rock simulant, as

Vacuum shown in fig. 1, in a vacuum with an initial temperature of 7.

| Heat is generated at the interface between the drill and the lu-
nar rock simulant because of friction and cutting. The heat is
Rod | mostly conducted in the direction of the drill and radiated out-
ward into the environment. The portion of the heat conducted
into the rock and the temperature of the rock are not discussed
- - in this paper. It is assumed that the temperature of the envi-

Drill bit |
l | hes ronment does not change.
\\ q ‘ source If most of the drill is embedded in the lunar rock simu-
o SN/, lant, the radiation of heat from the drill will be different from
simulant = | > that considered in this study. However, given the limits of the

current capabilities with respect to drilling on the Moon, deep
drilling into lunar rock is not feasible at present. In this study,
Figure 1. Thermal model only shallow drilling was examined.
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Model for 1-D heat conduction in a semi-infinite rod

Only a long hollow rod was initially considered as a semi-infinite objective, regard-
less of the bit and thread. Changes in the material’s thermophysical properties with tempera-
ture were ignored, and it was assumed that the temperatures of all cross-sections were the
same. This then becomes a problem of transient heat conduction in a 1-D, semi-infinite mate-
rial with constant thermophysical properties and without inner heat sources. The heat conduc-
tion equation is expressed:

or  o°T
2ot 1
or 4 axz ( )
The analytical solution of eq. (1) is:
2
T(z, x)= ! exp| — =~ (2)
2\mat 4ar

The boundary condition for the problem is the point heat source at the front of the
drill (where x = 0). If the heat source is a transient point heat source with energy 0, an energy
balance applied to the semi-infinite rod would be expressed:

Q2 J-Ade I exp X’ dx = ACJ-LGXP _1L x d( al J—ACO(S)
pc 2\/na 0 2\/5 2 2ar \2ar 2
Considering heat conduction only, the temperature in the semi-infinite rod caused by
a transient point heat source with energy, Q, is given:

2

T (r,x) = al 4
(52 = Apc\/naz' ( 4ar] @)

If the heat source is continuous, with a rate of heat generation, ¢, it can be consid-
ered as a transient point heat source during each infinitesimal time increment dz. The tempera-
ture in the rod at time 7, caused by the continuous point heat source can be seen as the sum of
the temperatures caused by the heat sources in all of the infinitesimal time increments before
7. The analytical expression for this is:

%y 2
q X
T, (tg,x)=| ——F—=¢exp| —— |dr 5)
0 ;[ Apcmar ( 4az’]

Note that the variable 7 in eq. (5) accounts for the time between infinitesimal time
increment dr and 7, rather than the time from 0 to dz.

Thus, if only heat conduction due to the continuous point heat source in the front of
the drill is considered, the temperature in the semi-infinite rod at time 7z, is given by:

T(‘L'(), X) = Tm(‘[o, x)+ Ty (6)

Impact of radiation on the temperature

When radiation is considered, the temperature in the drill can be seen as the sum of
the heat conduction due to the heat source at the front of the drill and the radiation of heat
from the drill into the environment. In this study, the impact of radiation on the temperature
was divided into two parts. The first part was the temperature reduction caused directly by
the heat loss due to radiation, referred to hereinafter as radiation heat loss. The other part
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LAX, ) | | was heat conduction due to the difference in
} [ I 8 temperature reduction along the drill in the
) _x first part, referred to hereinafter as additional

o X % x | | X, heat conduction.

Radiation and conduction are usually
coupled because radiation is related to the cur-
rent temperature. To decouple them, time

Figure 2. Discretization of the drill

Next Heat conduction
time step due to heat needs to be discretized into time steps of Ar.
/ source \ The drill also needs to be discretized into small
Additional heat Radiation elements with length Ax, as shown in fig. 2, to
conduction heat loss calculate the additional heat conduction. The
\_/ temperature can be predicted to decrease grad-

ually along the drill, and the temperature far
from the head is usually not of concern. There-
fore, calculating the temperature for a certain
number m of elements at the front of the drill can ensure sufficient accuracy and reduce the
computation time. Then, the temperature of the drill can be calculated according to the pro-
cedure illustrated in fig. 3.

After time discretization, the heat conduction due to the heat source at the front of
the drill needs to be modified. According to eq. (5), at the end of the first time step, the tem-
perature caused by the heat source during the first time step can be written:

Figure 3. Temperature calculation procedure
considering radiation

At 2
T, ex dr
v '[ Apc\/naf p( j (7)

At the end of the second time step, 7;; becomes:

24t 2
x
T, exp| —— |dr 8)
2 A“; Apc\/nar { ] (

Meanwhile, the temperature caused by the heat source during the second time step is
still T¢i;. Therefore, at the end of the second time step, the temperature caused by the heat
source is:

Tcs2j = Tclj + Tc2j = Tca(zAT, xj) (9)
Similarly,
iAT 2
q x
T, = ————cxp| —— |dr (10)
“ (ii‘;AT Apcmar ( 4ar J

At the end of any time step, iAz, the temperature caused by the heat source is:
Tcsij:Tclj+ Tc2j+ +Tcij:Tca(iAT’ xj) (11)

Note that 7;; and eq. (11) make sense only in the case that the heat source at the
front of the drill is constant. The case of a non-constant heat source is discussed in the section
Non-constant heat source.

The temperature reduction of a drill element during any time step as a direct loss of
heat due to radiation can be determined from the Stefan-Boltzmann law. However, with the in-
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crease of drilling depth, part of the drill will enters into the lunar rock simulant. The tempera-
ture reduction of the submerged portion is complex. The radiation remains and consists of two
parts. One part is multiple radiation between the drill and the Iunar rock simulant, and the other
part is radiation to the environment (because the diameter of drilled hole is usually greater than
diameter of the drill). The temperature reduction caused by radiation of the submerged drill el-
ements can be predicted as a function of the temperature field of drill and lunar rock simulant,
and will be much less. To simplify the model, the radiation of a submerged drill element is ig-
nored once the drill element is totally submerged. That is:

=S 1 27315) — (T, +273.15)'] (h< )
cpd, (12)
I =0 (h= jAx)
where
Ti=T_;+Ty (13)

where T";is the temperature of the drill element at time iAz, and position x; without considera-
tion of radiation during the current time step. However, eq. (13), related to 7, is also not val-
id in the case of a non-constant heat source. Equation (13) is replaced by a more universal
equation later.

Additional heat conduction can be calculated using the Taylor expansion method.
The time step is divided into smaller time elements, that is A7 = At/n,. Because the heat
source at the front of the drill does not need to be considered here and additional heat conduc-
tion after x,, is ignored, the boundary conditions of both sides are heat insulation. Additional
heat conduction can be calculated iteratively by:

k-1 k-1 2
T(k) _ T(k) |:Tr§l ) _Tr§2 ):I alA'r

ril = il sz
k-1 k-1 k-1 2
T(k) _ T<k71) I:ZI}EJ ) _]11’5,]*% _T;’E,jJr% :| aA T ] = 2, 3, T, m _1
W Ax? k=1,2,-,n
22y (14a)

(k=1) _ p(k-1) P
7 — k) _ [T“’" Lim1 ] al’t

rim rim 2
Ax

After iterative calculation, 7y; becomes Tr;j The iterative calculation is denoted by
function H:

Ty =H(Ty) (14b)

Because the additional heat conduction for T;; of every time step needs to be calcu-
lated not only for the current time step but also for all of the rest, additional heat conduction
for all time steps can be calculated from:

];‘Islj:];lj’ Ta; =T+ Tajs oo o Ty =T + Ty =23, n (15)
Trsij :H(Trsij)
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The temperature of the drill during the current time step is then expressed:

T =Ty + Ty — Tr'sy =T, +T(iAT, x; )— rsy (16)
Equation (13) can become a more universal form:
Ti=Ty+ T — Ty, =To + T(AT, x;) — Ty (17)

Impact of drill bit configuration
on the temperature

To simplify the analysis, drill bit was ignored in the preceding discussion. In reality,
the configuration of the drill bit has an influence on the temperature. Consider a drill bit with
cross-sectional area Ay(x). The drill bit is divided
into non-uniform parts, each of which is deemed
— to have the same cross-sectional area, as shown

in fig. 4.

: The number of parts, denoted by /, is de-
—— termined on the basis of the complexity of the
o M drill bit, such that, for a given bit configuration,

B - the cross-sectional areas of these parts are con-
Xp2 Xoj stant values. Thus, 4,(x) can be piecewise repre-
sented as a proportion of the cross-sectional area

of the rod:

Ay (x) =k 44, Xpjo1 <X < Xy j=12,-,1 (18)

(%p0) Xb1

x

Figure 4. Bit configuration

Assuming as before that the temperatures of all cross sections are the same, eq. (3)
becomes:

)Cb/

Q i I (kA,—l)AT(x)dx+jAT(x)dx—

j=1

K1

! 1 ( x J AC,
=AC)Y (ky; —1 ex d| — [+—° (192)
0;( Aj ) J. \/7 p( 2 2ar har B

Xpj1

With the changes of variables, s = x/v2ar and s; = x;,;/v/2at, eq. (19a) becomes:

i S 2
2=ACOZ(kA]. —1)j ! exp( Sz st+AC° (kb leco (19b)
Jj=1 Sig

pe 2n 2

where

2
ky = (kAj ) j r exp( S2 st (20)

is a function of configuration of the drill blt, thermophysical properties of the material, and
time. The integral term is a normal distribution, which can be obtained easily. For given bit
configuration and material, &, is a function only of time. The value of &, for an individual time
step is denoted by ky;, given by:
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ko = ky| _2i-1, (21
2

The value of k,; can be calculated for a given time step.
Thus, considering the impact of the drill bit configuration on the temperature, eq. (4)
and eq. (10), respectively, become:

2
gdr X
Ti(z )= exp | —— (22)
t (2ky; + ) Ape~mar [ 4ar J
iAT q 2
Ti' = exp| —— |dr 23)
“ (,'I';AT (2ky; + ) ApeNmar ( 4ar] (

In addition, the thickness of the drill in eq. (12), d;, is not a constant anymore. The
equivalent thickness of the corresponding drill element in fig. 2 is d; = V;/2nrAx. Here V; is the
volume of the corresponding drill element.

This modified method is obviously applicable to any drill bit configuration.

Non-constant heat source

To simplify the analysis, the heat source at the front of the drill was deemed to be
constant in the preceding discussion. However, this heat source is usually not constant. A
non-constant heat source can be discretized according to time steps, and can be expressed:

q(r)= q; = keMinroti (l - I)AT <r<iAr (24)

where M; and n,; are the average torque and rotational speed, respectively, during the corre-
sponding time step. The £, term is a correction coefficient, the value of which needs to be de-
termined by comparing finite element simulation results to experimental results, as discussed
in the section Determination of correction coefficient.

At the end of any time step iAz, the temperature of the drill caused by the heat
source gi(1 <k <i) can be written:

(i—k+1)A7 . g
- Wipedaa | “aar | &7 @s)
¥ (i—I!;Ar [2kp(i—g41) + A peNmar dar

At the end of iAz, the temperature caused by the heat source is redefined:

i 0 i 4% (i-k+1)A7T 1 xz
J
P AR o - L Jas-

——eX
=1 =1 2k 1 par ApeNmaz 4at 26)
i qk
=2 5 ik
2 2k +1T
where
iAt 2
1 X
I; = ———exp| -~ |dr (27)
’ (i—i[)Az' A,DC nar [ 4CZTJ

Equation (26) replaces eq. (11) in the case of a non-constant heat source at the front
of the drill.
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Calculating eq. (26) can be expected to involve a long computation time because of
the integral. However, when the bit configuration, bit material, time step, and drill elements
are all selected, the integral is easily solved. Its value can be calculated in advance and treated
as a constant in the temperature calculation, which reduces the computation time dramatically.

In conclusion, the temperature of the drill in a lunar rock simulant in a vacuum can
be calculated according to the process shown in fig. 5.

;
Add the corresponding radiation
term calculated in the last time step

to obtain T,; with eq. (15)

Input parameters of configuration and
material of the bit, torque, rotational

speed, time step, and length of drill Calculate the additional heat
elements. Calculate d, k;, and /; conduction in the current time
le A step T, with eq. (15)
; !
Calculate the temperature caused by
the heat source T; with eq. (26) Obtain the temperature in the
- drill T, with eq. (16)
l i+1 (next
time step)

Calculate the temperature of the drill
element regardless of lr]e radiation of

the current time step T; with eq. (17)

|

Calculate the temperature |
reduction caused by radiation

Output the temperature of the drill |

heat loss T; with eq. (12) i

Figure 5. Calculation process for the temperature of a drill in a lunar rock simulant in a vacuum

It can be seen from fig. 5 that on the basis of the previous numerical calculation
method, we can obtain the temperature of any position (corresponding to time step iAr) alone
the drill at any time (corresponding to drill element x;) as long as we know necessary parame-
ters, such as torque, rotational speed in drilling process, and correction coefficient k, intro-
duced in eq. (24). In the next sections, we conducted drilling experiments in a vacuum, con-
trolling the rotational speed and monitoring the torque and temperature, to obtain correction
coefficient &, and verify the method.

Experimental apparatus

There are methods to measure cutting temperature based on thermocouple or radiation
[14]. However, during high-speed drilling in a vacuum, given the poor thermal conductivity of
the drilling objects, the temperature of the bit cannot be measured directly by conventional
methods. Therefore, the fiber Bragg grating (FBG) temperature measurement method [15] was
used in the experiments. Drilling temperature measurement testbed, shown in fig. 6(a), was com-
posed of a drilling rig, a vacuum system, and an FBG measuring device. A T20WN torque trans-
ducer manufactured by Hottinger Baldwin Messtechnik GmbH, which has a 50 Nm nominal
torque and 0.1 Nm measurement accuracy, was used to measure the torque. The drill is Al-
SI1045 and approximately 2 m long. The maximum diameter of the drill bit is 32 mm, and the
diameter of the drill rod is 27 mm. The height of the vacuum tank is approximately 1 m, and the
diameter of the vacuum tank is approximately 0.5 m. Because the diameter of the vacuum tank is
considerably larger than that of the drill, the effect of the vacuum tank on the radiation of the
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drill can be ignored [16]. This assumption is
consistent with real condition on the Moon
and theoretical analysis. The FBG sensor is
arranged along the interior of the drill and in-
stalled in the drill bit near the cutting tool
through a hole, as shown in figs. 6(b) and (c).
The optical signal demodulator and wireless
transmitting device are installed on the drill
and rotate with it. The optical signal demodu- ooint
lator is a SmartScan model manufactured by [ 2
Smart Fibres, Ltd. Its wavelength measure- %“ﬁ&1 cm
ment accuracy is 0.005 nm, which corre- 3
sponds to less than 0.6 °C in our system. A Figure 6. Experimental apparatus

PC receives data via the wireless transmitting

device and then displays and stores the data.

It is hard to find a perfect object to simulate lunar rock. The drilling object was a
loam brick, which has poor thermal conductivity and uncertain mechanical properties, similar
to lunar soil and rocks. It also had good drill ability, which was convenient for observing phe-
nomena during the experiment.

Measuring

Results and discussion

Experimental results

Three experiments (Exp 1, 2, and 3) were conducted at rotational speed 108 rpm and
feed rate 0.5 mm/min for 25 minutes in a vacuum of 10 Pa. The measured temperature and
torque are shown in fig. 7. The temperature of drill bit is mainly affected by torque and rota-
tional speed [17]. The curves of torque for three experiments are different from each other, re-
sulting in the differences observed in the temperature curves. This phenomenon of torque or
force variation in the same cutting conditions was also observed in cutting rock to varying de-
grees [18, 19]. It is believed that these variations are mainly due to the heterogeneity [20, 21]
of the drilling object and partly to tool wear. So, the torque, as one input condition of the
model, was difficult to control. However, it does not affect the validity of the experiments and
verification for model. Further, the amount of variation observed in the experiments makes it
difficult to predict the torque of the drill, which was obtained by measurement in this study.

7 T Ol (VA V=S Fex  m 600
—_— - AYARd \ - —_
£ 6 . 4 ©
Z . \ £ 500
[0) B .’ NN o L
> 5 - __/ g =
g L = © 400 -
= 4 — aé_
F R 300
3 I B —
5 I h 200
1Y _ 100
0"’.|.|.|.|.|.|.|_ 0-.|.|.|.|.|.|.|
(@ O 200 400 600 800 1000 1200 1400 (b) 0 200 400 600 800 1000 1200 1400
Time [s] Time [s]

Figure 7. (a) Torque vs. time and (b) temperature of bit vs. time
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Determination of correction coefficient

In this section, the correction coefficient, introduced in eq. (24), is discussed. Ac-
cording to the torque curves in the experiments, the power consumed during the drilling can
be calculated:

P(2) = M (1) = M (7) 2ot (28)
180
where n,y, rotational speed, was 108 rpm and constant in the experiments. The value was con-
trolled by an A5 series servo motor manufactured by Panasonic, with the bias less than 2 rpm.
So, it can be calculated that the power consumed has accuracy of £3%.
The equivalent heat flow into the drill is given:

qd. = khckhdkmsp = kep (29)

where £y, is the coefficient of heat conversion, which is the ratio of the energy converted into
heat and the total energy consumed, kg — the coefficient of heat distribution, which is the ratio
of the heat into the drill and the total heat, and ks — the coefficient of model simplification,
which is a coefficient that compensates for the error of simplifying the calculation model and
configuration of the drill.

In this study, the three coefficients were represented by an equivalent coefficient,
i. e., the correction coefficient, k., introduced in eq. (24). It is difficult to calculate the value
of k.. However, assuming that the correction coefficient is constant for a given drill, object,
and cutting environment, the value of %, can be determined by comparing the results of fi-
nite element simulations with experimental results. Equation (29) represents thermal loads
in simulations.

A model of the drill was developed in Solidworks and imported into ANSYS
Workbench for thermal analysis. The modeled length of the drill was 2 m, with 1 m subject
radiation conditions (note that the method for dealing with the submerged portion of the
drill was the same as that described for the calculation model in the section Impact of radia-
tion temperature and 1 m subject to air convection conditions. The initial temperature is
25 °C. The emissivity of drill is 0.24 and the air film coefficient is 5 W/m’K. The observa-
tion point is located 1 cm from the head of the drill, which is the same location as in the
experiment.

Simulations were performed with the value of the correction coefficient increasing
in 0.01 increments, and the temperature at the observation point was extracted at regular time
intervals. Some of the results are presented in fig. 8.

The results show that for a correction coefficient &, value of 1, the temperature re-
sults obtained from simulation were higher than the experimental results. These results indi-
cate that the introduction of a correction coefficient is an acceptable way to fit simulation re-
sults to experimental results and that there is a positive correlation between the temperature
and the correction coefficient. The goodness of fit (D)of the simulation results to the experi-
mental results for a given value of &, can be expressed:

1 n
D=3 (T~ T (30)
i=1
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Figure 8. Comparison of simulation temperature results for various correction coefficients and
experimental results for (a) Exp 1, (b) Exp 2, and (¢) Exp 3

The smaller D is, the better the fit is considered to be. A comparison of the simula-
tion results with the results of Exp 1, Exp 2, and Exp 3 shows that excellent agreement is ob-
tained with £, values of 0.71, 0.72, and 0.71, respectively. The mean of these three results, £,
= 0.713, was taken to be a suitable equivalent correction coefficient value for the experi-
mental conditions considered.

Calculation results and discussion

The temperature values corresponding to &, = 0.713 were calculated for the three
sets of experimental results, and the temperature 1 cm from the head of the drill, at point x;,
was calculated. The parameter values used in the calculation are shown in tab. 1.

Table 1. Parameter values used in calculation

Parameters Values Parameters Values
7y [mm] 12 Jj=1 2<j<3 4<j<5 6< ;<30
d; [mm]
r, [mm] 13.5 1.5 6 2.5 1.5
d [mm] 1.5 l 5
A [mm?] 120.208 j=1 j=2 j=3 j=4 j=5
Xy; [mm]
My [1pm] 108 2.5 6.5 15.5 16.5 26.5
7o [s] 1500 5 j= j=2 j=3 j=4 j=5
Ap; [mm”]
At [s] 50 76300 | 240.088 | 424.538 | 373.840 192.523
A’t[s] 1 Ty [°C] 25
n 30 p [kem™] 7.85-10°
n, 50 2 [Wm'K™] 44.19
Ax [mm] 5 ¢ [Jkg 'K 544
m 30 & 0.24

The calculation results agree quite well with the experimental results, as shown in
fig. 9. The calculations were all conducted using an ordinary dual-core PC. The time required
for every set of calculations was less than 1 second. This paper does not address quantitative
research on the computational time required for the calculations.

Figure 10 shows the calculated temperatures along the first 150 mm of the drill from
the drill head at a time of 1500 seconds. These temperatures were calculated based on eq. (16)
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and are shown in fig. 11. Except for the sub-
merged part of the drill, the pattern of the total
radiation heat losses is similar to that of the tem-
perature, which is to be expected because the radiation heat loss is closely related to the temper-
ature. The relative positions of the three curves in fig. 10 are different from those in fig. 11. This
is because the total radiation heat losses depend on the temperature change over the time period
from 0 to 1500 seconds, rather than the temperature at a time of 1500 seconds. Figure 11 shows
that radiation has a significant impact on the temperature of the drill at high temperatures. How-
ever, the impact is slight at distances beyond x = 120 mm, where the temperature is less than
150 °C. These results suggest that sufficient accuracy can be achieved by calculating tempera-
tures for locations along the drill where the temperature is at least 150 °C. If the temperature of
the drill is high, the number or the length of the drill elements should be increased.

Figure 9. Comparison of calculated
temperature to experimental results
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Figure 10. Calculated temperature along Figure 11. Total radiation heat losses along
the drill at 1500 seconds the drill over 1500 seconds
Conclusions

The temperature of a sampling drill in drilling lunar rock in a high-vacuum envi-
ronment is a key concern for researchers. Based on 1-D transient heat transfer in a semi-
infinite object, a fast numerical calculation method is proposed to predict the temperature of
the sampling drill.

The model considered the effects of radiation, drill bit configuration, and a non-con-
stant heat source. Radiation can be calculated only for a certain distance from the drill head. By
non-uniform discretization of drill bit, the effects of different drill bit configurations on the
temperature of the drill can be considered easily based on the 1-D transient heat transfer model.
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An equivalent correction coefficient for the heat source and error due to model sim-
plification is proposed in this paper. A thermal analysis was conducted using ANSYS Work-
bench to determine the value of the coefficient. If the value of the equivalent correction coef-
ficient can be determined by theory rather than experiment and simulation, the analysis meth-
od will be easier and more efficient to conduct.

Because of the analytical solution of heat conduction caused by the heat source, the
time step can be set to a larger value. Meanwhile, all of the time-consuming integral terms can
be calculated in advance and deemed to be constants in the calculation. So, the time required
for every set of calculations described in the previous section was less than 1 second on an or-
dinary dual-core PC.

Drilling experiments on a lunar rock stimulant were conducted in a vacuum envi-
ronment using a vacuum drilling system combined with an FBG measuring device. The calcu-
lation results and the experimental results showed very good agreement.
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Nomenclature

A — cross-sectional area, [m’] ¥ —volume, [m’]

a - thermal diffusivity, [m*s ']

C, - integration constant, [—]

¢ —specific heat, [Jkg '"K™']

d  —thickness, [m]

h  — drilling depth, [m]

ks —ratio of cross-sectional area of bit to rod, []
ky, — coefticient for drill bit configuration, []
k. — equivalent correction coefficient, []

! —number of drill bit elements, []

M —torque, [Nm]

m —number of drill elements, [—]

n  —number of time steps, []

n, —number of time elements, [—]

ny; — rotational speed, [rpm]

P —drilling power, [W]

O —energy of transient heat source, [J]

O, - total radiation heat losses, [Jm ]

q —rate of heat generation, [W]

r  —average radius, (r;+r,)/2, [m]
ry  —inner radius, [m]
r, —outer radius, [m]

T —temperature, [°C]
Ty — Initial temperature, [°C]
T.. — analytical expression of temperature, [°C]
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X, y — axial co-ordinates, [m]
A, —length of drill element, [m]

Greek symbols

— emissivity

— thermal conductivity, [Wm 'K ']

— density, [kgm™]

— Stefan-Boltzmann constant, [Wm 2K ™]
T —time, [s]

79 — total calculating time, [s]

At —time step, [s]

A’ — time element, [s]

@ —rotational speed, [rads™]

Q™ > ™

Subscripts

b —drill bit

¢ —conduction

ex — experiment

i —relative to time

j  —relative to co-ordinate
k  —relative to time

r —radiation

S —sum

t  —transient
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