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Abstract 

Heat losses within motor spindles lead to undesired effects such as machining inaccuracies and decreas-
ing lifetime of the motor and bearings. To reduce thermal loads, complex shaft cooling concepts with 
costly sealing techniques exist. For this reason, a novel, less costly cooling concept has been developed 
based on heat pipes with high thermal conductivity and fin-shaped heat exchangers. The design and 
integration of these heat exchanger elements into a motor spindle is carried out using the finite element 
method. The aim is to optimize the efficiency of the heat pipes and heat exchangers for optimal shaft 
cooling performance. For a simulation-based development of a prototype spindle, unknown thermal char-
acteristics of the heat transfer elements must be determined. In this paper, the determination of the ther-
mal conductivity of the heat pipes is described. The determination of conductivity is done experimentally. 
First, the developed test rig and the applied procedure for the determination of the conductivity are shown. 
Subsequently, the experimental results are presented and discussed. Two types of heat pipes were an-
alyzed: Copper heat pipes with sintered wick structure and nickel-plated copper heat pipes with axial 
grooves. The influences of rotational speed, heat flow rates and the angle between the heat pipe and 
main axis of rotation were investigated. The results indicate a distinct dependency of the conductivity on 
the varied parameters. However, changes of parameter values have very different quantitative and qual-
itative effects on the determined conductivities depending on the type of heat pipe. 
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1 INTRODUCTION 

When electrical energy is converted into mechanical en-
ergy, electrical losses occur in motor spindles which result 
in heat. Both bearing as well as fluid friction cause addi-
tional thermal loads, which affects the thermo-mechanical 
spindle behavior [Gebert 1997]. The achievable accuracy in 
machining is significantly affected by these thermal loads. 
The thermally induced expansion of the spindle leads to ge-
ometric errors on the workpiece. The heating of the shaft-
bearing system causes undesired variation in the bearing 
preload. In the worst case scenario, especially excessive 
heating of the bearing inner rings can lead to an excessive 
decrease in bearing clearance. As a result, a bearing can 
suddenly become damaged. Heating of the bearing inner 
rings or the rotating train also limits the achievable maxi-
mum speed or the previously adjustable bearing preload. 
Therefore, the achievable productivity of the spindle is lim-
ited. The cooling of the rotary train and especially of the 
bearing inner rings is therefore a significant challenge in the 
development of more powerful motor spindles [Denkena 
2020a]. 

Various cooling concepts have been developed over the 
past decades to reduce thermally induced loads on the ro-
tary train. An overview of these concepts can be seen in 
[Denkena 2020a]. The most effective method has proven to 
be the liquid-based cooling of the shaft by means of rotary 
joints. However, such concepts are often associated with 
very high purchase and operating costs. The leakage of ro-
tary unions is the second most frequent cause of failure in 
motor spindles [Abele 2011]. For these reasons, a new ap-
proach to cooling spindle shafts based on highly conductive 
heat pipes (HP) is being investigated within the scope of a 
research project. The HP are arranged eccentrically around 
the main axis of rotation in the front and rear spindle area 

Fig. 1 : Illustration of concept for shaft cooling based on 
heat pipes according to [Denkena 2018] 



 

MM Science Journal. | 2021 | Special Issue on ICTIMT2021 

4699 

to allow the integration of a tool clamping system in the hol-
low shaft. The HP conduct the heat to finned heat exchang-
ers. The heat is dissipated convectively by non-rotating fins 
using the obligatory jacket cooling. A schematic illustration 
of this concept is shown in Fig. 1. 

In order to optimize the cooling potential of this concept, a 
simulation model of the spindle was developed. This model 
is described in [Denkena 2020b]. In order to achieve a real-
istic simulation, various parameters need to be identified, 
such as heat losses of individual heat sources, cooling ca-
pacities of the heat sinks and heat transfer coefficients be-
tween spindle components. In addition, the thermal conduc-
tivities of the applied HP are unknown but highly relevant 
parameters which must be determined. Consequently, the 
aim of this study is to experimentally determine the thermal 
conductivities of eccentrically rotating HP, especially at high 
speeds. The procedure is shown in this paper. First, the op-
erational principle of eccentrically rotating HP is discussed 
in Section 2. Furthermore, other state of the art concepts 
are presented, in which shaft cooling is achieved by using 
HP. In Section 3, the test rig is described as well as the 
procedure for the determination of the conductivities in this 
study. In Section 4, the evaluation of the experiments is 
shown. The experiments were carried out for two different 
HP types with diverse capillary structures under varying dy-
namic and thermal boundary conditions. By comparing two 
different types of heat pipes, the effect of the capillary struc-
ture on heat transfer during fast eccentric rotation shall be 
evaluated. 

2 HEAT PIPE SHAFT COOLING  

2.1 Operation of heat pipes 

Heat pipes are closed, evacuated hollow structures contain-
ing a working fluid, typically deionized water [Li 2020b]. The 
wall of a HP is made of a thin, well heat conducting material. 
Such HP can be operated within a temperature range of 
0°C and 340°C [Reay 2014]. Frequently, there is a capillary 
structure saturated with working fluid inside the tube. By us-
ing the evaporation and condensation enthalpy of the work-
ing fluid, a high heat flux density can be achieved. This den-
sity can be higher than that of geometrically identical copper 
bars by a factor of 10³ [Gebert 1997]. By varying the work-
ing fluid, the geometric parameters, the capillary structure, 
the capillary, and tube materials, heat pipes can be de-
signed for a wide range of applications. 

A HP can be divided into three zones (Fig. 2). By applying 
heat in the vaporization zone, the working fluid vaporizes 
into the adiabatic transport zone until it is first oversaturated 
and finally superheated. The vapor is driven into the con-
densation zone by a temperature or pressure gradient. The 
condensation enthalpy of the working fluid is released as 
heat energy. The vaporous fluid condenses and is returned 
into the evaporation zone. This recirculation is achieved by 
capillary, gravity or centrifugal forces. A HP only functions 
if there is a temperature gradient between the evaporation 

and condensation zones. 

The transferable heat quantity is significantly influenced by 
the available fluid filling quantity, as the fluid film acts as a 
thermal resistance during evaporation [Faghri 1995]. Ac-
cordingly, many papers (e.g. [Hassan 2017; Song 2003; 
Semena 1991]) have found that a thinner film allows in-
creased heat transfer. However, Li et al. [Li 1993] conclude 
that there is an optimal fluid filling quantity for each operat-
ing condition. This quantity depends largely on the respec-
tive operating parameters as well as thermal and geomet-
rical boundary conditions, such as the dimensions of the 
pipe [Faghri 1995], the prevailing temperatures in the evap-
orator and condensation zones [Song 2008; Ling 2001], the 
lengths of these zones [Kimura 2005] and the properties of 
the capillary structure [Niekawa 1981], fluid and pipe mate-
rial [Faghri 1995]. 

Heat pipes can be operated both when stationary and while 
rotating. When the HP rotates, the centrifugal force acts on 
the fluid. The fluid is transported axially by the associated 
fluid film flattening. Such a flattening favors the heat transfer 
[Jankowski 2007; Lian 2016; Song 2003]. As a result of the 
increasing centrifugal force acting on the fluid film, the 
amount of heat that can be transferred increases due to the 
greater axial force component. This is also observed in 
[Daniels 1975; Chatterjee 2018; Groll 1978; Li 1993].  

The fluid return is supported by the centrifugal force using 
a conical internal structure with an angle ɑ or by tilting the 
HP axis towards the main axis of rotation with a tilt angle ɑc. 
During rotation, an additional centrifugal acceleration with 
an axial component ω² ∙ r ∙ sin(ɑc) will then act on the fluid. 

In Fig. 3, the equilibrium forces on a control volume at con-
stant rotational speed n is illustrated according to [Faghri 
1995]. The influence of a possible capillary structure is not 
considered. However, rotating HP often do not have capil-
lary structures, as the centrifugal force-induced fluid return 
is dominant [Asias 2007]. However, based on the current 
knowledge, it is understood that the presence of a capillary 
structure can have a positive effect on heat transfer. This is 
due to the resulting increase in the surface area available 
for evaporation or condensation of the working fluid [Salinas 
1991; Liang 2019a; Reay 2014]. 

The static equilibrium of forces in x and y direction is ex-
pressed by Eqs. 1 and 2, respectively: 

𝛿𝜏𝑓

𝛿𝑦
−

𝛿𝑝𝑓

𝛿𝑥
+ 𝜌𝑓 ∙ ( 𝜔2 ∙  𝑟 − 𝑔) ∙ 𝑠𝑖𝑛(𝛼) = 0 (1) 

−
𝛿𝑝𝑓

𝛿𝑦
− 𝜌𝑓 ∙ ( 𝜔2 ∙  𝑟 − 𝑔) ∙ 𝑐𝑜𝑠(𝛼) = 0 (2) 

Fig. 3 : Equilibrium of forces on a fluid control volume at 
constant rotational speed 

Fig. 2 : Design and operating principle of a heat pipe 
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The internal fluid shear stress is represented by τf, the an-

gular velocity by ω, the taper angle of the cone by α and the 
density of the fluid by ρf. The local distance of the fluid to 
the rotation axis r is determined by Eq. 3 based on the min-
imum distance between rotation axis and the inner HP wall 
Rmin. 

 𝑟 = 𝑅𝑚𝑖𝑛 + 𝑥 ∙ 𝑠𝑖𝑛(𝛼𝑐) − 𝑦 ∙ 𝑐𝑜𝑠(𝛼𝑐) (3) 

When a HP is oriented horizontally, the fluid accumulates in 

the lower part, assuming Eq. 1 g > ω² ∙ r applies. This is 
unless the HP have a capillary structure which distributes 
the fluid around the circumference of the pipe at low centrif-
ugal accelerations (Fig. 4). As a result of the fluid accumu-
lation, a considerable section of the inner surface of the 

pipe remains dry. If g < ω² ∙ r applies, the fluid is conveyed 

into the outer area of the HP towards the pipe wall during 
eccentric rotation with increasing centrifugal force. The ac-
cumulation of the fluid increases the fluid film thickness lo-
cally. This increases the thermal resistance, which results 
in a reduction of the evaporation rate.  

2.2 Shaft cooling concepts based on heat pipes 

Research that deals with eccentrically rotating HP origi-

nates mainly from the 1960s to 1980s. The reason for this 
was the identified potential for cooling induction motors with 
hollow shafts. However, due to the increasingly relevant 
topic of cooling motor spindles, such maintenance and en-
ergy-efficient concepts have again become the focus of re-
search in recent years [Denkena 2020a]. In [Mochizuki 
1980], eccentrically rotating HP with a length of up to lHP 
= 452 mm without capillary structure are investigated ana-
lytically and experimentally. The maximum analyzed rota-
tional speed is n = 480 min-1 which corresponds to a cen-
trifugal acceleration of ac = 251∙g m/s². It is found that the 
heat conductivity is facilitated by the increase of rotational 
speed. This effect is also shown in [Hassan 2017]. In 
[Niekawa 1981] eccentrically rotating HP with a length of lHP 
= 3,000 mm are analyzed. Here, heat pipes without internal 
structure and with axial groove structures are considered 
separately. Contrary to the previously mentioned work, a 
decrease in heat conductivity with increasing rotational 
speed n between 20 min-1 and 180 min-1 (ac = 196∙g m/s²) 
is determined for both types. The stated reason is the drying 
out of a section of the evaporator zone and the increased 
fluid film thickness due to the centrifugal force induced fluid 
accumulation, respectively.  

In [Li 2018], a concept is presented for cooling of a grinding 
spindle with several eccentrically rotating ring-shaped HP 
in the spindle shaft. Cooling is achieved by feeding an air 
stream onto the rear shaft section. In this paper, the heat 
transfer performance is investigated experimentally. It is 
found that the thermal conductivity is dependent on the fluid 
filling quantity. With comparatively high fluid filling quanti-
ties, the thermal conductivity increases up to a heat flow 
rate of 225 W. With small fluid filling quantities, however, a 
reduction of the conductivity occurs with noticeably smaller 

heat flow rates. The simulated maximum temperature of the 
spindle at a rotational speed of 5,000 min-1 is reduced from 
78.4 °C to 56.2 °C (28%). In [Li 2020a], the cooling effect of 
this concept is evaluated using a test rig. The temperature 
of the evaporation section is decreased from 99 °C to 57 °C 
(42%) for a thermal load of 150 W and a rotational speed of 
1,000 min-1. In [Liang 2019b], [Liang 2019a] and [Liang 
2020] a concept for cooling a grinding spindle with eccen-
trically rotating HP at an angle of αHP-S = 0° is shown. Cool-

ing is also achieved here by blowing air onto the rear shaft 
surface. In [Liang 2019b] and [Liang 2019a] the heat con-
ductivity properties of the applied HP are investigated. In 
this work, an increase of the thermal conductivity with in-
creasing heat flow rate between 2.5 W and 30 W is ob-
served. Additionally, a significant increase in thermal con-
ductivity as a result of increasing speed n between 0 min-1 
and 3,000 min-1 (ac = 327∙g m/s²) is determined. By simu-

lating the temperature field of a spindle at a load case of 
6.000 min-1, a temperature decrease of the rotor from 78.7 
°C to 51.1 °C is achieved (35%) [Liang 2019b; Liang 2020]. 

There are comparatively few studies in which eccentrically 
rotating HP are investigated which are tilted with respect to 
the axis of rotation. In [Chen 1987], an arrangement of ec-
centrically rotating and tilted HP with a length of 1,500 mm 
and an inner diameter of 19 mm is investigated up to a 
speed of 100 min-1 (ac = 5.7∙g m/s²). The applied inclination 
angle is not mentioned in this study. However, an increase 
in speed from 40 min-1 to 100 min-1 leads to a degressively 
increase of the heat transfer rate by a factor of three. In [Yau 
2011], wickless HP with a distance to the axis of rotation 
between 75 mm and 125 mm are experimentally analyzed. 
The speed range is 0 min-1 to 580 min-1. The angle between 
HP and rotational axis αHP-S is also varied. The setup allows 

a separate variation of the angles of evaporator, condenser 
and adiabatic zone between 0° and 4°. A fundamental in-
crease in heat conductivity is observed due to increasing 
speeds and distance between HP axis and rotation axis. 
Compared to a tilted HP, an arrangement parallel to the axis 
of rotation favors heat conductivity. Increasing αHP-S leads 
to a further decrease in heat conductivity. The reason for 
this is the comparatively low centrifugal acceleration in the 
work. When the HP is tilted, the gravitational acceleration 
acts disproportionately against the fluid transport. In 
[Uhlmann 2017] an arrangement of tilted HP for cooling a 
milling tool of speeds up to 1,200 min-1 (ac = 36∙g m/s²) is 
shown. There is no discussion of the effect of the tilt on heat 
conductivity. In this work, however, the favorable effect of 
tilting on heat transport is underlined. 

Furthermore, prototypical designs of cooling systems on the 
basis of eccentrically rotating HP are known, for which the 
heat transfer behavior of the applied HP has not been ex-
plicitly investigated. Groll et al. [Groll 1978] present an ap-
proach for cooling an induction motor with a maximum 
power of 1.5 kW and a maximum speed of 5,000 min-1 
(ac = 2,500∙g m/s²) using HP inserted axially into the stator 
and rotor. The authors examined the HP experimentally and 
found that the fluid return due to the fluid film flattening is 
sufficient even without tilting the HP. In [Corman 1974], a 
concept for cooling an induction motor based on eccentri-
cally rotating HP between 4,000 min-1 and 12,000 min-1 
(ac = 11,137∙g m/s²) is investigated. This concept also in-
cludes HP in the stator. It is shown that a reduction of the 
rotor temperature occurs due to increasing speed.  

An arrangement of eccentrically rotating HP within a gear-
driven spindle is suggested in the utility model [Yamada 
1985]. A lamellar cooling structure is located between the 
bearings as a heat sink. A cooling medium streams onto a 
lamellar structure through openings in the housing. This 
concept has not undergone a technological evaluation. 

Fig. 4 : Distribution of the fluid in an eccentrically rotating 
heat pipe at different peripheral speeds 
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In conclusion, it can be stated that the basic operability of 
eccentrically rotating heat pipes has been determined up to 
a centrifugal acceleration of ac = 11.137∙g m/s². However, 
isolated studies of eccentrically rotating heat pipes and of 
their heat transfer behavior have only been conducted up 
to a centrifugal acceleration of ac = 327∙g m/s². Due to the 
operation of the spindle to be developed (see Fig. 1), max-
imum centrifugal accelerations between ac ≈ 15,000∙g and 
ac ≈ 31.000∙g m/s² are expected. Therefore, no experi-

mental results or even valid models for the determination of 
the thermal conductivity at centrifugal accelerations of ac > 
327∙g m/s² are known. For the determination of the thermal 
conductivity at higher centrifugal accelerations, the proce-
dure described in the following section is applied. 

3 DETERMINATION OF THE THERMAL CON-
DUCTIVITY 

In the following, the utilized test rig is described, as well as 
the procedure to determine the thermal conductivities of the 
considered HP. The thermal conductivity is determined by 
experiments. The considered HP and their specifications 
are shown in Fig. 5. These are copper HP with a sintered 
capillary structure (QY-SHP-D6-150SA, type 1) and nickel-
plated copper HP with axial groove capillary structure (QG-
SHP-D6-150GN, type 2). Both pipes have deionized water 
as working fluid. The reason for considering two different 
HP types is the unpredictable influence of the capillary 
structure on heat conductivity, which cannot be clearly iden-
tified from the current state of research. 

3.1 Experimental setup 

By using the HP test rig (Fig. 6), correlations between the 
heat conductivity of the HP, the rotational speed n, the heat 
flow rate introduced into the evaporator zone Q̇T and the tilt 

angle αHP-S can be investigated. The selected distances be-
tween HP and rotation axis rHP-S = 39 mm and the HP diam-
eter dHP = 6 mm correspond approximately to the dimen-

sions as they are to be implemented in the prototype spin-
dle (see Fig. 1). The length of the examined HP (lHP = 150) 
mm corresponds to the expected length in the front area of 
the spindle. A separate examination of longer HP, as they 
are used in the rear spindle area, is not done in this paper. 
It can be assumed that the results obtained by examining 
the short HP can be transferred to longer HP. Instead of two 
heat sources along the HP axes in the spindle design (Fig. 
1), a single heat source is applied at one end of the HP for 
the purpose of design simplification.  

The experimental setup consists of a symmetrical arrange-
ment of eight HP mounted in a system of three cylindrical 
ring bodies. These rotate around the main shaft axis. Two 
HP are each tilted at angles of αHP = 0°, 1°, 2° and 3° to the 
rotation axis (Fig. 6, left bottom). The HP themselves are 
fitted into heat sleeve inserts (Al2024) (fit H7/h6). Heating 
cartridges (HS-Heizelemente HS/VDE 655/160) with a di-
ameter of 6.5 mm and a length of 50 mm are inserted into 
these inserts (fit H7/h6). Through these cartridges, a defin-
able heat input into the HP is realized. The effective evap-
orator length levap resulting from the heating sleeve geome-
try is 52 mm. To increase the heat conductivity between 
heating cartridges and heat sleeve, thermal paste is applied 
between these bodies. The heat sleeve inserts are in turn 
inserted into an insulation ring (diameter 120 mm, width 
49.2 mm) made of thermally insulating glass hard fabric 
(Vetronit G11, red body). In order to reduce convection in 
the area of the heat sleeves, they are protected from air 
turbulence by means of an insulating cap made of PA6 
(outer white body). Temperature sensors (RS PRO Pt100, 
accuracy class 1/3 B) are attached to the HP surface using 
epoxy contact adhesives containing silver (Arctic Silver 
Thermal Adhesive). Due to the short length of the sensor 
cables, the sensors are operated with a two-wire connec-
tion. One sensor each is located in the middle of the evap-
oration and condensation zone. The suitability of these po-
sitions is confirmed in the literature [Liang 2019a; Ma 2015]. 
Furthermore, the sensors are mounted orthogonal to the 
centrifugal force vector. This approximately compensates 
for the temperature gradient on the HP circumference (see 
[Mochizuki 1980; Niekawa 1981]).  

The insulation ring is mounted one behind the other on the 
shaft, together with a cooling ring made of Al2024 (blue 
body) and another insulation ring (PA6, middle white body). 
All three bodies are connected to the shaft by two feather 
keys and are axially fixed by a shaft nut. The length of the 

Fig. 6 : Heat pipe test rig 

Fig. 5 : Heat pipe specifications 
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adiabatic zone of the HP is ladi = 62 mm. The borehole di-

ameters in the insulation ring are one millimeter larger than 
the HP diameter. Polyurethane foam is inserted into the re-
sulting cavity. This prevents elastic deformation of the pipes 
due to centrifugal forces during rotation. Moreover, it has 
also an insulating effect. Unwanted heat transfer in the ad-
iabatic zone is thus reduced. The heat supplied by the heat-
ing cartridges is dissipated at the opposite pipe ends via the 
cooling ring. The HP are connected to this ring via H7/h6 
fittings. The effective width of the condensation zone is lcond 
= 28.2 mm. Heat is dissipated conductively there through 
the cooling ring body. To increase the cooling effect, com-
pressed air is blown through a nozzle onto the rotating sur-
face of the cooling ring (air flow rate 350 l/min). 

The rotary train is mounted in a two-piece housing. The 
shaft is supported by two ball bearings in a locating bearing/ 
non-locating bearing arrangement. The bearings are lubri-
cated by bearing grease (Arcanol LOAD 400), which is reg-
ularly pressed into the bearings. The test rig shaft is driven 
by an external spindle (Kessler SN 258 619). The shafts of 
the drive spindle and the test rig are coupled using a clamp-
ing ring hub (Rotex GS-42). The signals of the temperature 
sensors are transmitted from the rotating system by a slip 
ring (Rie-Tec SRK 80). The slip ring is coupled to the test-
rig shaft via a heat-insulating adapter made of PA6. To pro-
tect the slip ring housing from rotation, it is screwed to the 
test rig housing via a slip ring holder. The current required 
to operate the heating cartridges is also transmitted to the 
rotating system via the slip ring. Due to the limited number 
of wires in the slip ring, only simultaneous current and tem-
perature measurement is possible with two HP each. For 
this reason, two HP displaced by 180° are equipped with 
sensors for the experimental procedure. In each case, one 
type 1 and one type 2 pipe is analyzed simultaneously. Ac-
cordingly, only one heating cartridge each is installed. The 
signals of the temperature sensors which are transmitted 
via the slip ring are connected to analog input terminals 
(EL3202) from Beckhoff Automation GmbH & Co. KG. 
These are connected to a Beckhoff I-PC via an EtherCAT 
Coupler (EK1100). The signals are evaluated by the Beck-
hoff TwinCAT 3 software. The power supply for the two 
heating cartridges is provided by two separate laboratory 
isolating transformers (Block BR1000 and EA-STT 2000 B). 
Using two separate power supplies is reasonable, since the 
heating cartridges have manufacturing-related deviations in 
their resistances. By separate powering, quantitatively 
equal heat losses can be generated in both heating car-
tridges (see next section). 

3.2 Procedure for the determination of the thermal 
conductivities 

The resulting heat conductivity through a HP is influenced 
by the heat conductivity of the HP wall material, the heat 
transport through the working fluid as well as the evapora-
tion or condensation resistance. For the determination of 
the HP conductivity in this work, these effects are combined 
by introducing the effective thermal conductivity λeff. Such a 
simplification is also made in other studies (e.g. [Niekawa 
1981]). The determination of λeff is done according to Eq. 4.  

𝜆𝑒𝑓𝑓 = �̇�𝑇 ∙ 𝑙𝐻𝑃,𝑒𝑓𝑓 ∙ [𝐴 ∙ (𝜗2 − 𝜗1)]−1 (4) 

Here, lHP,eff is the distance between the center of the evap-
orator and condensation zones. The cross-sectional area A 

corresponds to the total cross-section of the HP geometry 
and is A = π ∙ (½ ∙ dHP)² = 28.3 mm² for both HP types. The 
average temperatures of the evaporation and condensation 
zones (ϑ2, ϑ1) are determined by Pt100 sensors (see Fig. 

6). The calibration of the four sensors is carried out rela-
tively. The sensor characteristic curves were determined by 

cooling tests. Using linear equations, the gradients of the 
characteristic curves of three sensors were adjusted so that 
their characteristic curve gradients corresponded to the gra-
dient of the fourth sensor (reference sensor). To account for 
offset values, these values were determined for each sen-
sor at room temperature while the sensors were installed in 
the test rig. The offset values of the three sensors were 
again adjusted until the value of the reference sensor was 
reached. For this procedure, an absolute error of ± 0.1 K 
per sensor is accepted. However, as only the temperature 
difference is relevant for the determination of λeff, the cali-
bration procedure is a suitable means of increasing the ac-
curacy when determining λeff. 

The heat loss of the heating cartridges Q̇T is adjusted via 
the current IHC of a power supply according to Eq. 5, where 
RT is the resistance of a heating cartridge at room temper-
ature. 

𝐼𝐻𝐶 = √�̇�𝑇 (𝑅𝑇⁄ + 𝑅𝑎𝑑𝑑)  (5) 

However, if a current IHC is applied, the actual current in the 
heating cartridge is lower. Additional resistances ∆RESC 
within the current supply chain are the reason for this. Ad-
ditional electrical resistances result from the internal con-
sumption of the power supply unit, line resistances and con-
tact resistances in the slip ring. These resistances were 
measured in advance of the tests. In addition, the re-
sistances of the heating cartridges increase due to the tem-
perature increases occurring during operation. Tempera-
ture-related changes in the heating cartridge resistances 
∆RHC(ϑ) were experimentally quantified in advance of the 
measurements at standstill. The heating cartridges were 
cooled down from 100 °C to room temperature and their re-
sistances were determined in discrete steps. The maximum 
deviation between nominal and actual resistance amounts 
to 2.1%. Preliminary tests have shown that the influence of 
speed or temperature on the resistance of the slip ring is 
negligible. The change in resistance of the supply chain 
∆RESC, which is assumed to be constant, as well as the tem-
perature-dependent change of the heating cartridge re-
sistances ∆RHC(ϑ), are taken into account for the determina-
tion of IHC. For this purpose, ∆RHC(ϑ) and ∆RESC are com-
bined as additional losses Radd according to Eq. 6 and 
added to the value of RT (see Eq. 5).  

𝑅𝑎𝑑𝑑  = ∆𝑅𝐻𝐶(𝜗) + ∆𝑅𝐸𝑆𝐶 (6) 

In practice, the influence of ∆RHC(ϑ) is compensated by a 
one-time adjustment of the current IHC once a constant tem-
perature ϑ2 is reached. The reciprocal effect between cur-

rent and temperature change is hereby not entirely ac-
counted for. However, a large part of the temperature-re-
lated change in resistance can be compensated in this way.  

The procedure for determining the thermal conductivity is 
shown in Fig. 7. The determination of the measured varia-
bles ϑ1 and ϑ2 is performed at constant speed. During each 
experiment, the system must be in a thermally stable state. 
A thermally stable state is characterized by the fact that the 
values of the temperature ϑ2 remain consistent within < 0.1 

K. After this state is reached, the data acquisition is started 
and a period of five more minutes passes until the data ac-
quisition is finished. The stationary temperatures ϑ1 and ϑ2 
are determined by calculating the arithmetic mean value of 
the measuring points within the acquisition time span (tem-
perature values steps i to j).  
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4 EVALUATION 

Variation parameters for the experiments are the rotational 
speed n, the introduced heat flow rate Q̇T and the tilt angle 
between the HP axis and the shaft axis αHP-S. For each level 
of the parameter values Q̇T and αHP-S, the speed n is varied 
in several steps. The heat flow rate Q̇T is varied in two steps 
(15 W and 25 W). These values are based on the expected 
heat input from the rotor losses into the spindle shaft (see 
Fig. 1). Since, according to the state of knowledge, a 
greater effect of centrifugal force on heat conductivity can 
be expected at lower speeds, the speed increments were 
reduced in this range. At 4.000 min-1 resonance vibrations 
occurred. For this reason, no measurements were made at 
this speed. During the experiments with αHP-S = 1°, reso-
nance vibrations occurred at 6,000 min-1. Instead, a speed 
of 6,500 min-1 was set. Due to considerable resonance vi-
brations, no tests could be carried out at n > 8,000 min-1 
(ac = 2,862∙g m/s²). Resonance issues are known to occur 
during the analysis of rotating HP and have also led to a 
limitation of the achievable speed in other studies (see 
[Ponnappan 1995; Streby 1996]). During the first repetitive 
measurements, the slip ring and the fixed bearing were 
damaged. As a result of this damage and the obtained find-
ings up to that point, additional repetitive measurements 
were discontinued after consultation with project partners.  

Initially, experiments were carried out with αHP-S = 0°. Sub-
sequently, the test rig was modified for the analyses with 
αHP-S = 1°. Experiments at further steps of αHP-S (2°, 3°) were 
not carried out. The reason for this, apart from the afore-
mentioned vibration issue, is the findings of the experiments 
leading up to that point. This will be explained in detail in 
the following discussion of the experimental results. 

In Fig. 8, the effective thermal conductivities λeff of HP type 

1 (top) and type 2 (bottom) are shown as a function of speed 
for αHP-S = 0°. The graphs for Q̇T = 15 W and Q̇T = 25 W are 
shown respectively. Across all graphs, it can be seen that, 
as in [Niekawa 1981], λeff decreases regressively with in-
creasing speed. On the one hand, this is due to an increase 
in the fluid film thickness during the rotation of eccentrically 
rotating HP. On the other hand, the decrease in wetting of 
the cylinder or capillary surface facing the axis of rotation 
leads to the observed decrease of λeff. At this point, it should 

be noted that a qualitatively deviating trend of the thermal 
conductivity as a function of the rotational speed is ob-
served for a comparable setup in [Liang 2020]. In this study, 
the thermal conductivity increases degressively with in-
creasing speed. The applied maximum speed is 3,000 min-

1 (ac = 327∙g m/s²). This degressive decrease is attributed 
to the increasing fluid pumping effect at higher speeds. 

In all cases, the levels of λeff approach certain values be-

tween rotational speeds of 3,000 min-1 and 8,000 min-1. 
These values were determined by averaging the thermal 
conductivities of the last four speed steps. In the case of 
type 1, this value is 12,188 W/(m∙K) for a heat flow rate of 
Q̇T = 15 W. For Q̇T = 25 W it is λeff = 12,118 W/(m∙K). For 
type 2, the average values of the last four speed steps are 
λeff = 7,439 W/(m∙K) and λeff = 10,273 W/(m∙K), respectively. 
Such an approximation of the thermal conductivity to a cer-
tain value was also observed in [Liang 2020]. The reason 
for this is the flattening of the fluid film that occurs under fast 
rotation (see Fig. 4). Above a certain speed of rotation, this 
flattening is entirely developed. The heat transport is then 
primarily determined by the axial component of the flatten-
ing. The higher thermal conductivities of type 1 are again 
due to the additional surface area resulting from the sinter 
structure. This correlation has already been stated in other 
work such as [Niekawa 1981] or [Reay 2014]. The approxi-
mation to certain values indicates that the heat transport is 
limited by the condensation resistance. However, no verifi-
cation of this is given in the context of this study. 

At a heat flow rate of 15 W, a value for λeff of 18,266 W/(m∙K) 
for type 1 is determined at standstill. In the case of a heat 
flow rate of 25 W, the value determined at standstill is sig-
nificantly higher (32,774 W/(m∙K)). For type 2, the values 
for heat flow rates of 15 W and 25 W at standstill are 15,390 
W/(m∙K) and 22,678 W/(m∙K) respectively. The observed 
lower conductivities at low heat flow rates are consistent 
with the findings of current research (e.g. [Song 2008]). As 
a result of higher temperatures due to the greater heat in-
put, a faster and more intensive evaporation of the working 
fluid occurs. This also increases the pressure gradient be-
tween the evaporator and condensation zones, which 
drives the mass transport within the HP. The lower values 
of type 2 at standstill can be explained by the lower capillary 
force effect in axial structures in the direction of the tube 
circumference. As a result, less working fluid is distributed 
along the circumference of the tube. A higher fluid film thick-
ness as well as drying-out of the upper tube area is the con-
sequence. In addition, type 2 has a smaller capillary surface 
available for evaporation and condensation.  

Fig. 7 : Procedure for thermal conductivity determination 

Fig. 8 : Effective thermal conductivities λeff of heat pipe 
type 1 (top) and type 2 (bottom) for αHP-S = 0° 
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For the case of αHP-S = 0°, it is to be expected that the values 
for λeff will correspond to the values that the curves ap-
proaches from n = 3,000 min-1 even for significantly higher 
speeds than n > 8,000 min-1. There is currently no evidence 
in the state of the art to contradict this assumption. Further-
more, it should be noted that the presence of a fine-pored 
capillary structure promotes heat conductivity, especially at 
lower speeds. This relativizes the statement in [Asias 2007] 
(see Section 2.1), according to which the centrifugal force 
effect dominates the heat transport. The results also indi-
cate that type 1 is preferable to type 2 for implementation in 
the motor spindle due to the higher conductivities, espe-
cially at high speeds. 

In Fig. 9, the evaluation of the experiments at a tilt angle of 
αHP-S = 1° is shown. The determined courses differ qualita-
tively clearly from the results of the experiments with αHP-S 
= 0°. With both HP types, lower thermal conductivities can 
be determined in the lower speed range than for αHP-S = 0°. 
The identified higher conductivity of HP with αHP-S = 0° com-
pared to tilted HP at low speeds is confirmed by the findings 
in [Yau 2011]. This can be explained by the effect of gravity. 
The working fluid accumulates in the lower area of the con-

densation zone. Until g ≤ ω²∙r applies, the fluid must be re-
turned against gravity by capillary force.  

The thermal conductivity of type 1 is generally higher than 
that of type 2 at lower speeds up to 3,000 min-1. Between 0 
min-1 and 3,000 min-1, as also observed for αHP-S = 1°, a 
slight decrease in thermal conductivity λeff occurs for both 
types. In this speed range, values between 10,637 W/(m∙K) 
and 8,081 W/(m∙K) can be determined for type 1 at Q̇T = 15 
W. For Q̇T = 25 W, the determined values for λeff vary be-
tween 10,581 W/(m∙K) and 8,108 W/(m∙K). For type 1, val-
ues between 8,279 W/(m∙K) and 5,686 W/(m∙K) can be de-
termined for Q̇T = 15 W. For Q̇T = 25 W, the values deter-
mined for λeff in this speed range are between 10,945 
W/(m∙K) and 8,088 W/(m∙K). 

The significant increase in thermal conductivity of type 1 is 
noticeable between 3,000 min-1 and 5,000 min-1 (Q̇T = 25 
W) and between 5,000 min-1 and 6,500 min-1 (Q̇T = 15 W), 

respectively (Fig. 9 top). The higher thermal conductivity at 
Q̇T = 25 W can again be attributed to the higher evaporation 

rate at higher temperatures. An increase in thermal conduc-
tivity is also noticeable for type 2 after 3,000 min-1. How-
ever, this effect is much smaller than in the case of type 1. 
The comparatively low thermal conductivities of type 2 indi-
cate that tilting results in a significant accumulation of fluid 
in the vaporization zone of this type, which in turn acts as 
thermal resistance. In the case of type 2 such an accumu-
lation is prevented by the significantly larger evaporator sur-
face. The heat is conducted through the sintered structure 
inside the pipe and can therefore evaporate the fluid more 
effectively. The large surface of the sintered capillary struc-
ture of type 1 thus makes a significant contribution to in-
creasing the evaporation and condensation rate.  

Based on the spindle simulation model (see Section 1), it 
could be shown that thermal conductivities above approxi-
mately 8,500 W/(m∙K) do not lead to a further significant 
decrease of the shaft temperature. Here, it is shown that, 
when using HP type 1 at an angle of αHP-S = 0°, a minimal 
conductivity of about 12,000 W/(m∙K) can be expected at 
higher speeds as well. In addition to the dynamic problems 
described above, this fact is a further reason why no exper-
iments were carried out at larger tilt angles αHP-S. Conse-
quently, type 1 HP was implemented at an angle of αHP-S = 
0° in a preliminary spindle prototype (see [Denkena 2018]). 

5 SUMMARY 

In this paper, the procedure for the determination of thermal 
conductivities of eccentrically rotating heat pipes was pre-
sented. Using a test rig, two different types of heat pipes 
were investigated. The heat flow rates were varied in two 
steps (15 W and 25 W) and the angle between heat pipe 
and shaft axis was varied between 0° and 1°. The tests 
were initially performed up to a centrifugal acceleration of 
2,862∙g m/s². It was shown that the heat conductivity is sig-
nificantly increased by the presence of a sintered structure. 
The reason for this is the significantly higher surface area 
available for evaporation and condensation. At high 
speeds, the values of thermal conductivity approach con-
stant values at an angle of 0°. At an angle of 1°, a sudden 
and significant increase in conductivity is observed for the 
heat pipe with sintered structure. It is also shown that the 
thermal conductivity increases with increasing heat flow 
rate. Using a spindle simulation model, which is not pre-
sented in this paper, it was shown that thermal conductivi-
ties above 8,500 W/(m∙K) do not lead to a further significant 
reduction of the shaft temperature. This finding also con-
firms the work of [Groll 1978]. Based on these findings, heat 
pipes with sintered structure parallel to the axis of rotation 
were used for an initial spindle prototype. The metrological 
evaluation of this prototype is presented in [Denkena 2018]. 
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