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Test Results of Water and Methanol High-Speed Rotating
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and
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The existing rotating heat pipe (RHP) technology was examined and further developed for possible
cooling applications in high-speed rotating electrical machines required for future designs of more-electric
aircraft. Several technical papers covering the results of the design, fabrication, and testing of the RHP
hardware in the low-to-intermediate rotational speeds from 500 to 7500 rpm have been published in
recent years. In this investigation, performance results are presented for stainless steel 316—methanol
and stainless-steel 316—water high-speed rotating heat pipes (HSRHPs) that were tested at speeds up to
30,000 rpm for the � rst time in the history of RHP research. The HSRHPs were cooled by air and oil
jets in separate tests to compare their relative performances. Interesting temperature pro� les and test
results are presented for the HSRHPs that were heated by an induction heater and tested in the temper-
ature range of 20 – 2508C for power inputs from 250 to 1300 W.

Nomenclature
Ac = condenser area, cm2

a = centrifugal acceleration, m/s2

D = outer diameter of the RHP, cm
hc = heat transfer coef� cient, W/m2 K
G = ratio of induced acceleration to gravitational

acceleration (a/g), nondimensional
g = acceleration from gravity, m/s2

Lc = condenser length, m
N = rotational speed, rpm
Q = heat transport, W
Qcal = heat removed by oil or air, W
Q in = heat input to the HSRHP, W
Q loss = heat loss to the ambient, W
Qms = heat generated by magnetic seals, W
Q tran = heat transported from evaporator to condenser,

W
R = inner radius of RHP, cm
Tav = average temperature, 7C
Te, Ta, Tc = evaporator, adiabatic, condenser temperature, 7C
Ts, Tv = saturation, vapor core temperature, 7C
DT = temperature difference, 7C
DTfc = temperature difference across the condensate

� lm in condenser, 7C
v = angular velocity, rad/s

Introduction

D ESIGNERS are beginning to realize the severity of the
thermal problems in advanced rotating electrical ma-

chines. Ef� cient, lightweight, and fault-tolerant high-speed
electrical machines such as alternators, generators, actuator-
motors, integral starter/generators, etc., are required for ad-
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vanced military and commercial aircraft and machine tool ap-
plications. These machines are built using state-of-the-art
technologies that focus on shrinking the size and increasing
the power-to-weight ratio. Of particular interest here are the
permanent magnet and the switched reluctance types of rotor
technologies that are improvements over traditional wound-
rotor technology of the past. Because of the dual-use (com-
mercial as well as military) potential of these machines, the
government agencies are promoting increased attention in per-
fecting these technologies through their more-electric aircraft
(MEA) initiatives.1–3 Thermal management of the rotors in
these machines has been a challenging problem for the heat
transfer experts. There are a variety of parameters such as high
speed, windage loss, high acceleration loadings, dif� culty in
measuring temperature in rotation, lack of a proper thermal
coupling between the rotor and stator, etc., which in� uence the
thermal characteristics of the rotor in an electrical machine.
For example, power densities of 4.4– 11.0 kW/kg and rotor tip
velocities up to 313.9 m/s are not uncommon, and nearly 20%
of the rated power capacity is dissipated as waste heat within
the machine.

In the present research, a rotating heat pipe (RHP) design
problem was conceived based on the requirement of cooling a
developmental switched reluctance machine (SRM) type inte-
grated power unit (IPU) whose rotor generates about 2000 W
as core losses. The rotor’s safe operating temperature is to be
kept below 3887C. The rotor can operate at 40,000 rpm and
has a 2.54-cm o.d. and a 12.3-cm long shaft that houses the
RHP.

Background History

A vast majority of studies found in the literature have been
performed for speeds of less than 3000 rpm.4 One of the sig-
ni� cant contributors to the RHP literature experimentally and
analytically studied a tapered rotating noncapillary-driven heat
pipe.5 A stainless-steel pipe was fabricated for testing and re-
sults were presented for water, ethyl alcohol, and Freon-113.
The analytical results were obtained by an extended version
of the Nusselt � lm condensation method. Experimental results
were obtained for rotational speeds of 700 and 2800 rpm. The
agreement between the experimental and analytical results
were within 620%.
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Fig. 1 a) Overall details and b) photographic view of the
HSRHP.

Daniels and Al-Jumaily6 experimentally studied a rotating
tapered heat pipe at speeds of 600, 800, 1000, and 1200 rpm.
An analytical model was presented in which expressions for
the � lm thickness distribution, � lm velocity, and local heat � ux
along the condenser were developed. The heat pipe was fab-
ricated out of solid copper and three different working � uids
were examined: Arcton 113, Arcton 21, and water. The ex-
perimental and analytical results were in good agreement for
Arcton 113 and Arcton 21. However, there was no agreement
for water.

Vasiliev and Krolenek7 analytically and experimentally stud-
ied the use of longitudinal grooves in the condenser as a mech-
anism to enhance heat transfer. Results were presented for
1000– 2000 rpm and the agreement between the experimental
and analytical results was good. Peterson and Wu8 reviewed
RHP literature published from 1964 to 1990 and compiled in-
teresting results from authors of three different experimental
studies on horizontal RHPs without internal taper. They noted
that the evaporation and condensation heat transfer coef� cients
varied with G in a hysteresis fashion for the on-axis rotation
acceleration ranging from G = 0 to 65.7. The destruction and
critical acceleration levels referring to the collapse and for-
mation of liquid annulus occurred at G = 10 and 20, respec-
tively.

Harley and Faghri9 numerically solved the Navier– Stokes
equations for a rotating tapered heat pipe that was modeled
after the hardware tested by Daniels and Al-Jumaily. But Har-
ley and Faghri could not compare and validate their results
with the experimental results obtained by Daniels and Al-Ju-
maily because of the latter’s assumption of the outer wall heat
transfer coef� cient. It may be noted that the G levels reported
in all the previously mentioned studies are two orders of mag-
nitude smaller than the levels studied in the present work.

Initially, a low-speed, stainless-steel-water version of an
RHP that was 2.54-cm o.d., and 45.6-cm long, was designed,
fabricated, and tested up to 3500 rpm. A radiatively coupled
nichrome heater and air– water mist cooling arrangement to-
gether with infrared temperature measurement were employed
in testing this RHP up to 2257C and 1500 W.10 The thermal
management issues and problems relating to the advanced
electrical machines were identi� ed and compiled including a
literature search on this topic.4,11 Additional tests and improve-
ments were made to boost the speed to 7000 rpm and the
power to 2250 W using a better mechanical support system
and induction heating, respectively.12 A high-speed RHP design
involving a shorter length (30 cm nominal) and ceramic ball-
bearing supports with critical speeds higher than 40,000 rpm
was undertaken. The dynamic balancing and dynamic shaft
seal problems were overcome with the successful spinning of
this high-speed rotating heat pipe (HSRHP) up to 32,000 rpm
in a test rig developed for this purpose.11,13 The low-speed RHP
was reprocessed and � lled with methanol working � uid and
tested to compare the results with the water-� lled RHP. Sig-
ni� cant differences in heat transport capacities, 2250 W for the
water-RHP vs 1200 W for the methanol-RHP, and symptoms
of noncondensible gas generation in the water-RHP were ob-
served. The water-RHP showed a large DT of ;807C across
the evaporator and condenser, whereas the methanol-RHP per-
formed in near-isothermal conditions.14

Scope

The scope of the present study was to extend the design,
fabrication, and performance evaluation of the RHP into the
more dif� cult speed regime of 5000– 30,000 rpm in the hori-
zontal on-axis mode of testing and using air and oil cooling
arrangements that are preferred over the air– water mist cooling
for aircraft applications. The goal was to demonstrate the suc-
cessful functioning of the various elements such as spray-noz-
zles, magnetic seals, calorimetric measurements, and dynamics
at high speeds. Also, it was the aim of this study to evaluate
the performance characteristics of the two different working

� uids, water and methanol, in the container metal, stainless-
steel 316, with respect to noncondensible gas generation, heat
transport capacity, and axial temperature pro� le and corrobo-
rate with the theoretical predictions made based on the Nusselt
condensation model of Daniels and Al-Jumaily.6

Experimental Work
Test Hardware

Two identical sets of HSRHP hardware shown in Fig. 1a
were fabricated, one for water and the other for methanol � ll-
ing. The physical details are listed in Table 1. The dimensional
parameters are as follows: material = stainless-steel 316, length
of overall/bearing centers = 37.2/26.67 cm, active length (va-
por space) = 22.89 cm, o.d. = 2.54 cm, condenser i.d. = 1.46/
1.91 cm, evaporator i.d. = 1.91 cm, internal surface area =
132.63 cm2, internal volume = 57.44 cm3, effective lengths
(evaporator/adiabatic/condenser) = 7.6/2.8/8.9 cm, adiabatic
length at each end = 2.8 cm, condenser taper (half-cone) = 1.0
deg, evaporator internal surface = v-threads, 40/cm, and ex-
ternal surface � nish = black paint; « = 0.9. Each set of HSRHP
was made of a main tubular body, two end caps and, a � ll
tube that were joined by electron beam welding. The design
of the main tube with open ends facilitated easy machining of
the internal taper and v-threads. Before welding the end caps
to the tube, the machined parts were thoroughly cleaned as per
heat-pipe cleaning and conditioning procedures that included
placement of the main tube in an electric furnace and heating
in air at 4007C for 1 h, which supposedly inhibited noncon-
densible gas generation.15 A � nal � nish-machining and dy-
namic balancing operation preceded the � lling and sealing pro-
cesses. The HSRHP test hardware were individually vacuum
baked at 3 3 102 7 torr and 3407C for over 72 h and then � lled
with the appropriate � uid by the vacuum suction transfer
method. The � ll tube was crimped in situ and sealed by weld-
ing. A photographic view of one of the HSRHPs is shown in
Fig. 1b. A complete description of the design and fabrication
can be seen in Ref. 11.

Test Setup
The experimental test setup consisted of the following sub-

systems: 1) ball-bearing support system with precision align-
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Table 1 HSRHP test parameters

Water RHP Methanol RHP

Working � uid (type/quality) Water (degassed deionized;
resistance = 18 MV-cm)

Methanol (analytical grade;
99.99% pure)

Quantity � lled 0.0105 kg 0.0057 kg
Weight of � lled RHP 0.627 kg 0.620 kg
Liquid � ll-to-internal volume ratio

at 257C
18.3% 12.6%

Temperature range 20– 2507C 20 – 1507C
Design heat transport capacity:

(refer to Figs. 6 and 7)
2000 W (at 30,000 rpm;

Tav = 1407C; DTfc = 107C)
1000 W (at 30,000 rpm;

Tav = 1407C; DTfc = 207C)

Fig. 2 Schematic diagram of the HSRHP test setup.

ment; 2) high-speed drive spindle and speed control with dy-
namic braking; 3) noncontact induction heating coil for
supplying calibrated heat input to the RHP; 4) spray-cooling
chamber with magnetically attached rotary seals for the con-
denser cooling and calorimetry; 5) noncontact infrared tem-
perature measuring system with programmable actuator and
control; 6) shaft vibration and displacement monitoring sensors
with safety interlocks; and 7) Keithley’s Viewdac data acqui-
sition and control system interfaced with a Keithley model
500A measurement unit.

Figure 2 shows a schematic diagram of the setup. The
HSRHP could be spun about its longitudinal axis at any speed
from 5000 to 30,000 rpm, which is below the estimated � rst
critical speed of 37,500 rpm. The angular-contact ball bearings
were able to be preloaded with a predetermined axial thrust to
keep the radial stiffness of the bearings above 17,512.8 kN/m.
Oil-jet and air-jet cooling of the RHP condenser were possible
with the same fan-type nozzles, except that the condenser
chamber was not necessary for the air-jet cooling mode. Two
unavoidable drawbacks were present in the oil-jet cooling ar-
rangement. These were the parasitic heat addition by the mag-
netic seals and the inability to measure the condenser temper-
atures using the infrared (IR) temperature sensor.

Measurement Uncertainty

The estimated systematic uncertainties of the radio fre-
quency (RF) power input measurement varied from 24.1 to
5.4% for the power level variation from 500 to 2500 W, re-
spectively. The uncertainties for the oil-jet cooled condenser
calorimetry output between 250 and 2000 W varied from 12
to 6.1%, respectively. The temperature measurement accura-
cies were within 60.57C for the IR sensors and 60.37C for
the thermocouples.

Test Procedure

All of the performance tests on both water and methanol
HSRHPs were conducted in horizontal orientation and on-axis
rotation mode under steady-state conditions of the test param-
eters. Typically, the tests were started by � owing the cooling
medium, air or oil, � rst and then spinning the pipe at 5000
rpm followed by the application of the heat input to the evap-
orator. After allowing the system to attain steady state, which
usually took about 30 min, the temperature, � ow rate, and
power input were recorded. The speed was increased in steps
of 5000 rpm until the maximum of 30,000 rpm for the chosen
power input and steady-state data were recorded. The con-
denser cooling rate was varied as desired by adjusting the oil
or air � ow rate. The spread of the present test parameters were
as follows:

1) Power input: 250, 500, 750 W (air-cooled mode); and
250, 500, 750, 1000, 1250, and 1300 W (oil-cooled mode).

2) Speed: 5000– 30,000 rpm in steps of 5000 rpm.
3) Flow rate: 14.87 standard m3/h air at 257C; and 0.87,

1.89, 2.84, and 3.26 lpm oil.
4) Oil temperature: 30– 607C.
5) Jet cooling nozzle arrangement: three nozzles mode (air

and oil); and one nozzle mode (oil only).
A total of 35 different test runs covering the preceding set-

tings were performed on the HSRHPs. The cumulative hours
of test logged were 34.5 for the methanol pipe and 56 for the
water pipe. Axial preloading applied on the bearings was 5.17
N. The vibration levels at the bearing supports measured as
velocity varied from 0.0254 to 0.3048 cm/s and the displace-
ment at the midpoint of the pipe remained within 60.0254 cm.

Results and Discussion
Calorimetry

A schematic diagram of the heat balance model for the
HSRHP is shown in Fig. 3. Calorimetric measurement was
possible with the oil-jet cooling over the condenser length.
Under steady-state conditions, the heat balance can be written
as

Q 2 Q 1 Q 2 Q = 0 (1)in loss ms cal

Q = Q 2 Q (2)tran in loss

Combining Eqs. (1) and (2), experimental Q tran can be obtained
as

Q = Q 2 Q (3)tran cal ms

The experimental data output from Viewdac for both HSRHPs
were processed to obtain the various terms in the heat-balance
equations. Figures 4 and 5 show these details for water and
methanol HSRHPs, respectively. The data variation in the y
axis for any given heat input re� ects the variation in operating
speed in the range of 5000 and 30,000 rpm. It can be observed
from these � gures that roughly 70– 80% of the Q in is trans-
ported by the HSRHPs.
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Fig. 3 Heat balance model.

Fig. 4 Steady-state heat balance data, water HSRHP.

Fig. 5 Steady-state heat balance data, methanol HSRHP.

Fig. 7 Heat transport capacity, methanol HSRHP.

Fig. 6 Heat transport capacity, water HSRHP.

Heat Transport and Comparison with Theory

The heat transport capacity of a conventional RHP is shown
in Ref. 6 to be a function of a group of thermophysical prop-
erties of the working � uid and some mechanical parameters
associated with the design and on-axis rotation. The group of
� uid properties is called the liquid transport factor comprising
the density, latent heat, conductivity, and dynamic viscosity.
The transport capacity is also a strong function of speed, tem-
perature difference across the condenser liquid � lm, taper an-
gle, length, and radius of the condenser.

The theoretical and experimental transport capacities of the
water and methanol HSRHPs are plotted in Figs. 6 and 7,
respectively. The theoretical estimates correspond to an aver-

age operating temperature of 1407C, whereas those of the ex-
perimental data correspond to a range of operating tempera-
tures that were the result of the actual test conditions imposed
on the test. As the vapor-core temperature and DTfc could not
be measured, the following approximations were used in de-
ducing the experimental data assuming near-saturation condi-
tion of operation and constant wall thickness:

T = 1/3(T 1 T 1 T ) (4)av e a c

T = T = 1/2(T 1 T ) (5)v s e c

DT = 1/2(T 1 T ) 2 T (6)fc e c a

where Te, Ta, and Tc are measured data. It may be noted that
there was no noncondensible gas blockage in the condenser
during the present experiments to seriously affect this approx-
imation. And also, the wall-temperature differences at these
measurement spots were assumed to be very small because of
the near-adiabatic conditions. This assumption was justi� ed
because the calculated convection and radiation heat losses
from each of the RHP sections exposed to the ambient showed
only less than 11% of Qin.

The agreement between the theory of Ref. 6 and the present
results is poor for both HSRHPs. The deviation is greater in
the case of water HSRHP. There are two reasons attributable
to this discrepancy. One is experimental limitation caused by
the poor external condenser cooling arrangement of the oil
cooling that does not match with the design heat transport of
the HSRHPs. Air– water mist cooling might have provided bet-
ter cooling but it was not used because of mission restrictions
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Fig. 10 Steady-state temperature, Qin = 750 W; oil cooling; water
HSRHP.

Fig. 9 Steady-state temperature, Qin = 750 W; air cooling; meth-
anol HSRHP.

Fig. 8 Steady-state temperature, Qin = 750 W; air cooling; water
HSRHP.

for aircraft applications. The second reason is the questionable
applicability of the Nusselt-type condensation theory of Ref.
6 for the high-speed regime of the present experiment. It may
be noted here that centrifugal acceleration levels from G =
1000 to 9000, where G = a /g = v2R /g and v = 2pN/60, are
induced at the inner walls of the HSRHPs with 1.905 cm i.d.
for speeds from 10,000 to 30,000 rpm. The effects of the high
values of G on the hydrodynamics and condensation/evapo-
ration heat transfer of the liquid � lm inside these HSRHPs are
completely unknown in the context of the RHP research and
forms an exploratory area. It appears that the favorable feature
of the high speed on the condensate pumping action has the
detrimental effect of reducing the evaporative and condensa-
tion heat transfer at high values of G. A more rigorous theory
from a fundamental approach is needed.

The highest heat transport capacity demonstrated in the pres-
ent tests for the water HSRHP was 1033 W at Tav = 1977C

and DTfc = 62.57C and for the methanol HSRHP was 644 W
at Tav = 1707C and DTfc = 39.67C. This shortfall in performance
compared to the design values in Table 1 is attributed to the
poor ef� ciency of the present external condenser cooling.

Axial Temperature Pro� le

Air Cooling Mode

External surface temperatures of the HSRHPs measured at
seven spots along the length of the pipes when subjected to a
heat load of 750 W and rotation are plotted in Figs. 8 and 9.
It may be observed that the temperatures decreased as the
speed increased in both heat pipes, which is the expected trend.
The air cooling was applied over the condenser through three
air nozzles kept 120-deg apart around the pipe and the total
air� ow rate was 14.87 standard m3/h. The temperature gradi-
ents from the midsection to the evaporator and condenser ends
signify the gradual change of condensate � lm thickness oc-
curring inside the pipe. The lowest temperature location is at
the middle where the high � lm thickness is expected. The
evaporator to condenser DT variation ranges from 15 to 267C.

Oil Cooling Mode

Figures 10 and 11 show the axial temperature pro� les of the
HSRHPs measured at three spots for the condenser cooling
with the MIL-STD-7808 oil using the fan-type jets kept 120-
deg apart and heating the evaporator with 750 W. The trend
of temperature gradients from the midsection to the ends is
similar to the one observed in the air-cooling mode. However,
there is an unexpected behavior of increasing temperature with
increasing speed. This anomaly can be attributed to two rea-
sons. One is that the inlet temperature of the oil to the con-
denser was not constant and the other is the poor contact of
the coolant oil with the HSRHP condenser at higher speeds.
The latter reason is conceivable as the velocity of the imping-
ing oil-jet is not high enough to overcome the increasing pe-
ripheral velocity of the HSRHP with increasing rotational
speed. The evaporator to condenser DT variation ranges from
5 to 197C.

Effect of Single-Jet Oil-Cooling

In the interest of improving the transport capacity of the
HSRHP, several operational parameters such as increased cool-
ant � ow rate, lower coolant inlet temperature, coolant jet ve-
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Fig. 11 Steady-state temperature, Qin = 750 W; oil cooling; meth-
anol HSRHP.

Fig. 12 Steady-state temperature, Qin = 1300 W; water HSRHP;
single-jet-oil cooling.

Fig. 14 Condensate � lm DT vs average operating temperature,
oil cooling.

Fig. 13 Condensate � lm DT vs average operating temperature,
air cooling.

locity, etc., were explored. By using only one of the three jets
with full � ow of oil (3.22 lpm that the pump could deliver),
the water HSRHP could be operated up to an input power of
1300 W. A surprising development observed in this test was
the expected trend of performance, namely, decreasing tem-
perature with increasing speed. Figure 12 shows the details of
this test. Similar results were obtained at a lower heat input.
It is clear from this result that the impinging oil-jet velocity is
a critical factor in enhancing the external cooling of the con-
denser.

Effect of Coolant Flow Rate

The cooling oil-� ow rates were varied from 0.87 to 3.22
lpm for a given heat input and several speeds. It was observed
that the temperatures decreased with increase in � ow rates for
both single and three jet cases.

Condensate Film DT

The variations of DTfc, calculated using Eq. (6), for all of
the experimental data available for water HSRHP are plotted
as a function of Tav as shown in Fig. 13 for air cooling and in
Fig. 14 for oil cooling. It is interesting to note that the DTfc

increases with increasing speed and decreasing Tav for Q in up
to 500 W in the air-cooling mode. In contrast DTfc decreases
with increasing speed and decreasing Tav for Qin = 750 W. In
the case of oil cooling, two distinctly different trends are seen
for the single- and three-jet cases, as is evident from Fig. 14.
The overall trend of increasing Tav with increasing Qin is also
clear from these graphs.

Condenser hc

An average convective heat transfer coef� cient for the ex-
ternal cooling of the condenser was calculated for all of the
test data available for the water HSRHP using the equation

Q = h A (T 2 T ) (7)cal c c c,av f

where Tc,av = (Ta 1 Tc)/2 for oil cooling or (Tc1 1 Tc2 . . . Tc5)/5
for air cooling, Tf = oil inlet or ambient air temperature, and
Ac = pDL c = 71 cm2. For air cooling, Qcal is assumed to be
equal to 0.77 Q in. The hc values for various test situations are
plotted in Fig. 15. As noted earlier, the single oil-jet cool-
ing provided the highest hc compared to the three-jet mode or
the air cooling. The highest hc obtained in these tests is 1230
W/m2 K compared to the range of literature values, 60– 1800
W/m2 K, given for convective oil cooling.
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Fig. 15 External condenser heat transfer coef� cient.

Material Compatibility

It is generally known in the heat pipe industry that stainless-
steel-water, to a large extent, and stainless-steel-methanol, to
a small extent, are incompatible envelope-� uid combinations.
Experimental results demonstrating this fact have been previ-
ously published by the authors.11,14 Chemical passivation and
copper deposition or copper sleeving of the wetted surfaces
are methods that could be employed to minimize or eliminate
the noncondensible gas-generation problem for producing heat
pipes with a long service life in the commercial arena. How-
ever, these expensive procedures were believed unnecessary
for the present experimental hardware because the high-speed
performance could be accomplished with in a short duration
of less than 100 h of testing.

Conclusions
The following are the summary and conclusions of the pres-

ent research:
1) Two high-speed rotating heat pipes made of stainless-steel

316 and � lled with water and methanol working � uids have
been designed, fabricated, and tested.

2) These HSRHPs with potential future application in cool-
ing of high-speed rotating electrical machines were tested suc-
cessfully up to 30,000 rpm for the � rst time.

3) The single-jet, oil-cooling mode produced the best results
in terms of the heat transport capacity, heat transfer coef� cient,
and temperature difference across the condensate � lm because
of the high velocity of the impinging oil jet.

4) The highest performance numbers demonstrated in the
present tests are water HSRHP: Q tran = 1033 W at Tav = 1977C
and DTfc = 62.57C and methanol HSRHP: Q tran = 644 W at Tav

= 1707C and DTfc = 39.67C.
5) The agreement between the existing Nusselt-type con-

densation model-based theory and the experimental results is
poor. A few plausible reasons for this discrepancy are ex-
plained. A new model for heat transfer in high G is necessary.

6) The air cooling offers a simple but limited-capacity
HSRHP condenser-cooling alternative to the troublesome oil
cooling and potential dynamic oil-seal problems.

7) Both working � uids, water and methanol, are bene� cial
to the RHP application. The stainless-steel 316-water and
stainless-steel 316-methanol envelope material—working � uid
combinations worked well in the present study. However, fur-
ther studies and life tests are suggested to assess the effects of
noncondensible gas generation on the useful life of a rotating
heat pipe.
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