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1. ABSTRACT

The mding system of ABB Low Voltage Motors
wind turbine eledricd generator utilises a fan that
drags the anbient air through a counter flow unmixed
strean hea exchanger, to extrad hea from hot air
circulating in a dosed loop around the rotor and the
stator by internal fan.

As an optimisation to the system, a seandary cooling
unit is to be added: A hea pipe hea exchanger will be
used to remove & least 1 kW from the drculating hot
strean, and driveit to a hea sink placed in the outlet of
coding air duct. This paper focuses on the design
procedure of the hea pipe evaporator and hea sink at
certain ambient temperature.

Key words: ABB, Hea Pipe, Wind Turbine Generator,
optimisation of coding unit.

2. INTRODUCTION

An 85) kW wind turbine generator disdpates 22.3
kW hea as a lost energy. The generator is equipped
with a woling unit: interna closed cycle, in which air
is circulating through holes in the rotor and is dragged
and distributed around the stator using interna
centrifugal fan. The dr returns badk and enters the
holes again. The rotor emits 8.3 kW of energy while
the stator emits 14.0 kW. The dr strean provides
coding effed by extrading hea from both the rotor
and the stator. In order to repea the oscle, the hea
absorbed should be transported to a clder air stream.
The old air strean is the anbient air being dragged by
an externa fan through hdes at the drcumference of
the generator closure, where the hea transport occurs
through aradiator shaped surface, as sown in Figurel.

Incressing the woling effea by post-coding the
internal ar stream before it enters the rotor haes again
is the principal idea of the projed. Instaling a hea
pipe hea exchanger with its evaporator sedion locaed
in the grey shaded area, figure 1, and the condenser,
hea sink, in the faceof the wld air stream coming aut
of the duct, will paost-cod the ar stream before it enters
therotor holes.

Installing a new coding unit or enlarging the original
one are not valid solutions becaise of the space
limitations. The internal circulating air should be kept
closed protecting it from dust and moisture. Heda in
this stuation, needs to be rejeded from the outside of
the seded enclosure.

We can summarize the reasons of choasing a hea pipe
thermal solution for this thermal design problem in the
following points:

1. A hea pipe will transport the hea to a locéaion
where it can be effedively dissipated by natural or
forced convedion.

2. The hea pipe provides a therma path through the
enclosure wall, while the interna air cycle is kept
close.

3. There will be no neal for extra mding fan that
would consume extra power; since the origina
coding fan used to drag cooling air for the
primary coding unit is the one to be used in the
coding o the hea sink by forced convedion.

2.1 Problem Specifications:

Based on previousy messured data, the problem

spedficaions were taken as foll ows:

e Thehot air stream is leaving the counter flow heat
exchanger at flow rate equal to 0.15 m’/s, and a a
temperature ranging tetween 80 and 9GC.
(Average of 85°C will be mnsidered).
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Figure 1, cross section of the generator showing the mechanism of the original cooling unit; hot air
circulating in the closed cycleis being cooled by cold ambient air dragged by external fan.

e The cooling air stream is flowing at the duct & a
rate of 2.1 m’/s, and a temperature 34.2 °C.

e Thehot air stream is being heated further, because
it passes by the rotor winding which is a a
temperature of 122°C.

e The pressure everywhere is close to the
atmospheric pressure and it will be assumed as
that.

In addition, the rotor is rotating at 1500 rpm causing a

remarkable tangential air velocity component of 20m/s

a average, at the inlet to the inner cooling holes. They

are 24 holes each with 25 mm diameter. See figure 2

for further clarification. The reguirement was to

remove, at least, 1kW of heat from the hot air streamin
theinternal air cycle. The design proposed theoretically
removes more than 1.5kW.

Inlet of Coolifjg air stream:
T(OC) =342 —
D(m) = 0.47 -
V'(mg/s) =21
—
etof i .
stream:
—
Inlet of Heating-air-st-eam: s
T(°C) = 80-96 —
L(m) =0.045

v (m®s) =0.15

% of Heating air
stream:

|

Figure 2, summary of problem specifications

2.2 Design Considerations:

A heat pipe consists of: evaporator, adiabatic link and a
heat sink or a condenser. From the manufacturer
viewpoint, it is a container that contains a working
fluid. In addition to the porous wick structure, which is
beyond the scope of this research since the heat pipe
mechanism in our case will be gravity aided
(thermosyphone heat pipe). Additiona information
about heat pipesisfound in References 2, 3, 9, and 12.

2.2.1 Container: The container should isolate the
working fluid from the outside environment. This
implies that the container has to be leak-proof,
maintain the pressure drop across its wadls and its
materia should be non-porous to prevent the diffusion
of vapor. The container should aso enable heat transfer
to take place from and into the working fluid. This
means that the container materia should have high
thermal conductivity. The container material should be
compatible with both the working fluid and external
environment. A materiad with good fabrication
properties including weldability, machineability and
ductility, is preferable (ref 8).

2.2.2 Working Fluid: The vapor temperature a the
operating pressure of the working fluid should be less
than the temperature of the hot stream flowing across
the evaporator section, and higher than the temperature
of the cold stream flowing across the condenser.
Within the approximate temperature band, severd
possible working fluids may exist, and a variety of
characteristics must be examined, including:

a.  Compatibility of the working fluid with the
container wall material.

b. Thethermal stahility of the working fluid.

c. High latent heat of vaporization is desirable in
order to transfer large amounts of heat with
minimum fluid flow.

d. The therma conductivity of the working fluid
should preferably be high in order to minimize the



radia temperature gradient and to reduce the
posshility of nucleae boiling at container wall.

e. Low vaues of vapar and liquid viscosities to
minimizethe resistanceto fluid flow.

f. Accetable freeing point in comparison to the
operating temperature range.

The properties mentioned above ae those significant
for the cae gravity-aided operations and don't involve
fadors affeding the operation of hea pipes ading
against the gravity. (Example: High surfacetension.)

A particular working fluid can only be functional at
cetain  temperature ranges. Also, the particular
working fluid needs a mmpatible vessl materia to
prevent corrosion or chemicd reaction between the
fluid and the ves=l. Seetable 1 for the seledion of the
suitable working fluid at a given range of temperature,
and the selection of the compatible vessl materia
compatible with the hea pipe working fluid (ref 6).

Temperature Working Vessl Material
Range Fluid
-70to 60 Liquid Nickel, Aluminum,
Amnmonia StainlessSted
-45t0 120 Methand Copyer, Nickel,
StainlessSted
5to 230 Water Copper, Nicke

Table 1, seledion of working fluid, and the suitable
vessEl materia, for a given range of temperature

3.3 Limitations to Hea Pipe operation

The most important hea pipe design parameter is the
amount of power the hea pipe is cgable of
transferring. The maximum hed transport capability of
the heat pipe is governed by severa limiting fadors,
which must be kept into acount when designing a hea
pipe. There ae five primary hea pipe hea transport
limitations, which are a function of the hea pipe
operating temperature, viscosity, sonic, capillary
pumping, entrainment or flooding, and boiling.

As far as a hea pipe is operating below the
recommended operating temperature, higher viscous
forces may develop hindering the vapor flow to the
hea sink. The operating temperature should therefore
be raised to match the recommended range.

If the evaporator is extrading too much power relative
to the operating temperature, which isthe cae & start-
up when the hea pipe is cold, the eiting vapor would
reat sonic velocity resulting in a onstant hea pipe
transport power and large temperature gradients. Asthe
hea pipe warms up, the temperature gradient will be
reduced.

Another consequence of working at low temperature
ranges, or above the designed power input, is the
entrainment or flooding due to the fad that the high
velocity vapor will prevent the @ndensate from
returning badk to the evgporator. Incressing the
operating temperature and having large enough hea
pipe diameter to dlow for the aossflow of vapor and
condensate inside the pipe would account for this
limitation.

High radia hea flux through the evgporator wall will
initiate film boiling. Thiswould result in hea pipe dry-
out and large thermal resistances. Using a higher
thermal  conductivity working fluid and vessl
materials, and redesign the hea pipe wall structure to
spread the hea load would aid in solving the problem
(ref 4).

3. DESIGN PROCEDURES:

3.1 Materids Seledion:

Based on the hea pipe working fluid seledion criteria
and the operating range of temperature, Methanol was
flud o choice It would provide a temperature
patential cgpable of driving the required amount of
hea becaise of itslow vaue of bailing pant Tg:. Since
methanol freezes at a very low temperature, -97C, it is
useful in gravity-aided, pod bailing applications where
water hea pipes would be subjed to freeing. Table 2
shows the methanol properties of direa effed on hea
pipe operation. It is highly recommended to chedk a
sofety data shed or a hazad shed that provides
information about safety about deding with methanol.
Evaporator tubes will be made of copper. Hed sink,
will be made of aluminium.

Boiling Hed of Liquid Vapor
Temp. vaporizaion density Density
Tea(°C) hrg(kJ'kg) pkgm’) | pkg/m’)

64.5 1100 792 11

Thermal Thermal Dynamic Surface
Capacity Conductivity | Viscosity | Tension
Cp(Jkg.’C) KIKkg°C) | wkg/m.s) | o(N/m)

2510 0.2 0.000817 0.023

Table2, methanol properties of direct effect on the
operation of the heat pipe.

3.2 Evaporator design

We will assume that the air temperature T, is the
average between the inlet and the outlet streams
temperatures. To obtain Ty, we first need to evaluate
the temperature at the outlet of the air stream.

The design assumes that the evaporator should absorb
1500 W from the hot air stream. The rotor is a a



temperature of 122°C, which causes heat transfer from
the rotor surface subjected to the air stream. The heat
transfer coefficient h is assumed to be equa to 36
W/m2.°C, the outlet air temperature is found from the
relation:

+ rotor- ~<cooling
pairulcpair

T N

airout —  airin

where U istheair velocity,

Qrotor = Avotor-N.(Trotor-Tair) Where Aigror = 0.085 m2’
Arotor 1S the global rotor area subjected to air flow
causing a convection heat transfer component.

and

Tair = (Tair in + Tairouw) / 2 2

Manipulating (1) and (2) gives:

A\otor h (Trotor _Tair )_ Qevaporator

T = o pairu.Cpair (3)
aro Arotorr hD

1+
2pairu.Cpair

T

Heat transferred to the evaporator by radiation will not
be considered. Evaluate T o from (3), using
approximated values for the air properties, and useit to
find T4, from (2). Using the air properties a Tair, Tair out
is computed again from (2) Repesat, until no significant
change occurs on T,. Ty, isfound to be= 81°C. Thisis
an approximate value since it is based on approximate
value for the heat transfer coefficient h.

This discusdon asumes dealy state hea transfer,
where the temperature of air remains a T, and it does
not cover the period during which the ar temperature
rises to this value.

The evaporator wall temperature T, Cen be
approximated to be equal to the boiling temperature of
the working fluid T, aresult of the huge value of the
balling heat transfer coefficient, reducing the thermal
resistance between the working fluid and the wall
surface to negligible value. The thermal resistance
aqoss the wall was aso negleded because of the thin
wall made of high conductive material. Thus the
temperatures on the inner and the outer surfaces of the
wall are asumed to be equal, and have avalue of Tg.

To find more acarate value for the temperature
difference between the cding liquid and air we'll use
the oncept of the logarithmic mean temperature
difference LMTD, repladng Tya by Ts: based on the
asumptions gated above, where:

LMTD = T - ATln - ATout (@)
air out ATI )
In—™
ATout
where

ATin = Tajr in~ Tsat

ATout = Tairout - Tsat

Evaporation will not start, until the temperature of the
working fluid rises from its initia vaue T, to the
saturation temperature T . The time until this hgppens
At is estimated from the heat transfer relationship as
follows:

At=mGC, (Tat—To)/ Q ‘evaparator 6)

An evaporator design that that can provide maximum
heat transfer area within the constrain of space
limitation, see figure 3, is a bundle of 18 tubes, each
with 22mm diameter, that go around the end winding
space of the generator in the shape of a ring of
diameter 475mm.
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Figure 3, dimensions of space where evaporator will be
placed.

In a case of atube bundle, an average value for the heat
transfer coefficient for each tube will be determined
and used to calculate the rate of heat flow to the
bundle. The heat transfer coefficient associated with a
tube is determined according to its pasition in the tube
bank. The coefficient for a tube in the first row is
approximately equal to that for a single tube in cross
flow, whereas larger heat transfer coefficients are
associated with tubes of the of the inner rows. The
tubes of the first few rows act as a turbulence grid,
which increases the heat transfer coefficient for tubes
in the following rows. This would result in a value of
the average heat transfer coefficient tha is larger than
that in the case of air flowing across a single pipe
(ref7).



The average heat transfer coefficient for airflow across
tube bundles h can be obtained from the modified
Grimison correlation (ref 7)

Nup = 1.13C,C, Re™y Pr 13 (6)

This corrdlation assumes that the bundle at least
consists of 10 rows, the maximum Reynolds number
Rewx value is between 2000 and 40,000 and the
minimum value for Pr of the fluid passing across the
bundleis0.7

All air properties are evaluated at the film temperature
Trim, Which is average between the air temperatures,
evaluated to be 81°C in previous analysis, and the
temperature of the tube wal, which can be
approximated as the saturation temperature T Of the
working fluid as mentioned previously. Tgim = 72.5°C.

The characteristic dimensions of the tube bundle will
be set as follows: The diameter D of each tube will be
22 mm. The torus diameter D+ will be 475 mm. Also,
the number of tubes N will be 18, distributed in a
staggered configuration in 6 rows ( N.=6 ) such that the
transverse pitch Sy will be taken to be 37.5 mm while
the Longitudinal pitch § will be taken to be 25 mm.
The constants in equation (6) can be obtained from (ref
7), were the nearest values of the constants are chosen
in a rough approximation to be C; = 0.478 and m =
0.565

C, isacorrection factor for atube bundle with N <10.
It can betaken to be 0.95 (ref 7).

The design procedure followed in (ref7) assumes that
the velocity of the air, before inserting the tube bundle
is constant. The air velocity at the leading edge, first
row of tubes, is the same everywhere in the
configuration. However, in our system, the air velocity
isincreasing as the air is flowing radialy from around
the stator and through the space, where the heat pipeis
going to be instaled, to the holes through the rotor.
Flowing across the tubes, the minimum vel ocity will be
a the leading edge, while a maximum will be attained
a the last row. A reasonable approximation is to make
the calculations based on the velocity of the air when it
reaches the centre of the configuration, in other words,
a distance egua to the torus radius r. from the axis of
the generator.

The maximum velocity a the centre of the
configuration V¢ max , based on the chosen
configuration, is obtained from the following
relationship

v = u S @
M " 2 (01315)(S, - D)

to be equal to 1.85 nVs. Re; mx Can be obtained from
thereation

Rec max = Ve maxD/Vair

Re: max = 1980, notice the error arising from using
equation (7) since Re; max IS NOt laying in the range of
validity.

h = Nup D/ksir, h can be eval uated to be 45 W/m’.°C.
This value can be improved by using it in the analysis
described previoudly to obtain Tar, and thus, more
accurate values for the air properties can be got.

The temperature of the ar a the outlet of the
evaporator tube bank Tar ot CaN Now be evaluated
using equation (3) to be 76.2°C and used to evaluate
the log mean temperature difference LMTD, equation
(4), to giveavaue of 15.7°C.

The rate of heat transfer to the tube bundle is evaluated
asfollows

Qwaporator = N=°D Drh(LMTD) (8
which gives about 1308W convection power.

The weigh of the liquid inside the evaporator m, can be
computed to be 6.68kg. The weight of the empty tubes
is equa to about 0.0020 kg, where p is the density of
the materiad to be used in manufacturing the
evaporator. The time required for the operation of the
heat pipe to begin can be estimated using equation (5)
to be 8.76 minutes. Methanol vapor will be formed on
the inner wals of the evaporator tubes at a rate equal to
Qevaporator/Nig = 1.30 g/sec or 4.65 kg/hr

The pressure drop associated with flow across a tube
bank should be recognised, as the power required to
move the fluid across the bank could be a mgor
operating expense. This power is directly proportional
to the pressure drop, which may be expressed as

AP=Nyx(pairVed 2)f 9)

where f is the friction factor and y is the correction
factor. Values of f and y are obtained from ref7] for the
case of staggered arrangement of tubes in the form of
an equilateral triangle. The anaysis will give a
pressure drop AP of no more than 5 Pa, which is less
than 1% of the total pressure drop in the internal air
flow.

3.3 Condenser design:

The objective now is to remove the heat absorbed by
the evaporator and transferred by the adiabatic section
to the condenser. It is important to state our design
assumptions that will essentially simplify the problem:
1. heat transfer inside the duct was assumed to be
totally due to forced convection of air driven by the
duct fan and affect of natural convection was
disregarded. Effect of radiation was disregarded too
due to low emissivity of wall surface subjected to
flowing air. 2. Heat transfer to the ambient



environment is assumed to be due to natura convection
and radiation. 3. Steady operating conditions exist. 4.
Condensation of working fluid on the surface of the
heat sink will provide a uniform surface heat flux, 5.
The surface of the heat sink is smooth. 6. Air is an
ideal gas.

The evaporated methanol will pass through seven
separated 22 mm circular tubes that represent the
surface of the heat sink. The tubes will bearranged in a
staggered configuraion in which the perpendicular
distance between two following tubes is 30 mm. Four
tubes will have a diameter of 440 mm while three tubes
will have a 420 mm diameter. The configuration will
be constrained by a length of 200 mm due to the
existence of 11 radial wings that are used to direct the
ar, as shown in figure 4. Notice how the wings can
work as extended surfaces that will improve the
convection inside the duct. This research will spot the
light on the rate of heat removed by the tube bundle,
the heat removed by forced convection of air driven by
the fan, and will not consider the other modes of heat
transfer to the outside of the duct.

Figure 4, duct with internal air directing wings

A value for the air temperature inside the duct Ty, is
needed for the design. The air properties are function
of this unknown temperature but since it is predicted
that the rise in temperature due to the hesat rejected by
the heat sink will be so small, because of the relatively
high value air velocity, the air properties will be taken

at temperature of air leaving the fan, Ty in = 34.2°C.
An average vdue for the heat transfer coefficient h
needs to be evaluated. The previous process used to
calculate the heat asorbed by the evaporator will be
used again. The air velocity, required to evaluate Re, is
not the same al the way. It has a maximum value of
14.8m/s before the air faces a sudden expansion then a
gradua decrease in the cross sectiona area of the duct
until it reaches a velocity of 12.1 nvs at the duct outlet.
A simplified profile for the velocity distribution inside
the duct is shown in figure 5.
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Figure 5, ssimple velocity profile for air inside the duct

The velocity that is going to be used in the computation
is the average between the velocities at the inlet and the
outlet of our system. The average value of the velocity
is evaluated to be 13.4 m/s which gives Re = 13050
satisfying the condition of the validity of equation (6).
his evaluated to be 155.5W/n".°C.

The corresponding air properties are v = 0. 206 x 10™
m?s, k= 0.03W/m.°C and Pr = 0.706. Equation 6, and
using the appropriate constants from [7], well lead to a
rough approximation for the value of h equa to 164
W/m’.C. Tea-Tair= 64.5-34.5= 30°C, the total heat sink
surface area is 0.651 m? and the rate of heat transfer,
provided by the effort of the condenser tubes only, is
approxi mately 3200W. The final design drawing of the
heat pipeisfound in the conclusion.
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4. DESIGN SUMMARY:

Two-dimensional design drawings, of the eveporator
and the condenser are shown in this section, figures 6.
Dimensions are provided in millimetres.

The total heat transfer to the evaporator tubes is equal
to 1308W. The total amount of heat that can be emitted
by the heat sink is equal to 3200W.

When monitoring heat pipe performance, the key
parameter is the temperature difference between the
surfaces of the evaporator and the condenser. It can be
measured by attaching thermocouples to both parts and
reading the temperatures measurements periodically. A
similar evaporator-to-condenser temperature difference
ATy should be measured at the beginning of the system
life and throughout the duration of the test, providing
equal heat input rates. If A7}, is increasing as the test
proceeds, this is then typicaly due to the non-
condensable gas NCG collecting in the condenser
region of the heat pipe. The NCG is swept there by
flowing vapour. The region that contains the NCG is
not an active part of the heat transfer mechanism;
consequently, it shows up as a cold region. As time
moves on and more gas collects this region, the heat
pipe, as determined by the attached thermocouple will
be colder at that region (ref 6).

Ethanol, with boiling temperature 78 °C can be used as
an dternative working fluid, if extreme conditions
were assumed and the ambient temperature was taken
to be about 40°C. Ignoring unlinearities that are hard to
be figured out in measurements, the rise in the ambient
temperature will correspond to an equa rise in the
temperature of each point inside the generator. This
includes the temperature of air surrounding both the
evaporator and the condenser. The will provide a
temperature differences in the two parts, capable of
driving the operation of the heat pipe.
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Figure 6, undetailed full heat pipe drawing
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