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This paper will present the results of the experimental investigation of heat transfer
in a non-annular channel between rotor and stator similar to a real generator. Nu-
merous experiments and numerical studies have examined flow and heat transfer
characteristics of a fluid in an annulus with a rotating inner cylinder. In the current
study, turbulent flow region, and heat transfer characteristics have been studied in
the air gap between the rotor and stator of a generator. The test rig has been built in
a way which shows a very good agreement with the geometry of a real generator.
The boundary condition supplies a non-homogenous heat flux through the passing
air channel. The experimental devices and data acquisition method are carefully
described in the paper. Surface-mounted thermocouples are located on the both
stator and rotor surfaces and one slip ring transfers the collected temperature from
rotor to the instrument display. The rotational speed of rotor is fixed at three under:
300 rpm, 900 rpm, and 1500 rpm. Based on these speeds and hydraulic diameter of
the air gap, the Reynolds number has been considered in the range: 4000 < Re, <
< 30000. Heat transfer and pressure drop coefficients are deduced from the ob-
tained data based on a theoretical investigation and are expressed as a formula
containing effective Reynolds number. To confirm the results, a comparison is pre-
sented with Gazley's data report. The presented method and established correla-
tions can be applied to other electric machines having similar heat flow character-
istics.
Key words: heat transfer, turbulent flow, forced convection, effective Reynolds,
number experimental study

Introduction

Taylor [1] investigated stability of static fluid between two concentric cylinders with
rotating inner cylinder. He observed Taylor’s vortex in velocity values more than critical rota-
tional velocity. Instability of laminar flow causes formation of this vortex. Increasing centrifu-
gal force and radius cause this instability. Taylor number for formation of vortex in the annular
flow with two enclosed ends corresponds with Ta_, >41.2 in which Taylor number is defined as
following:
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Ta,, =—V(D°2;Di) /g_h )

The results of Taylor show that getting turbulent flow depends on the ratio of radius of
inner cylinder to width of air gap. Critical rotational Reynolds number in which laminar flow
changes to turbulence flow correspond:

D
Re,, =41,13/D—<i>-1 )

Pia [2] experimented laminar and turbulent annular flow between two concentric cyl-
inders. His results show that rotation of inner cylinder induces vortexes in both laminar and tur-
bulent regions as in the laminar flow region; axis of vortex and axis of rotation are orthogonal
whereas in the turbulent flow region, axis of vortex and axis of rotation are not orthogonal.

Chandrasekhar [3] reported that by adding axial flow to rotational flow, stability of an-
nular flow increases. In this case, when axial Reynolds is small, critical Taylor number increases
according to the following relation:

Ta, =Tay|, _, +265Re2 3)

where

D,-D

L

o i

Re, =U

Combination of axial and rotational flows in the annular air gap resulting from rota-
tion of inner cylinder has been also studied by Kaye et al. [4] experimentally. Their observations
show that there are four flow regions in the air gap for Re, <2000, (a) — laminar flow, (b) —lami-
nar flow with Taylor vortices, (¢) — Turbulent flow, and (d) — Turbulent flow with Taylor.

Gu et al. [5] observations have shown that in the low velocity axial flows, Taylor ker-
nels are generated roundly. Increasing axial velocity destroys vortexes kernel progressively as
vortices kernel has been observed in the very high axial velocity unclearly.

Gazley [6] performed his experiment on the heat transfer in annular flow with 0.43 mm
and 8.1 mm air gaps and 63.5 mm radius of rotor in both case of grooved and no grooved rotor.
Range of the rotor rotational velocity and axial velocity of airare 0 <w <4700 rpmand 0 < U<
<90 m/s, respectively. Results of these experiments the relation of Nusselt number with effec-
tive Reynolds number as following:

Nu ~Re 08 ()]

Where characteristic velocity in Reynolds number is defined as V, ;= (U? + V2/4)12),

Lee [7] has studied heat transfer and pressure loss between two grooved and no
grooved coaxial cylinders with rotating one of cylinder experimentally. In this study rotational
and axial velocity of rotor ranges are 10° <Re, <2-107 and 50 <Re, < 1000, respectively. The
result of this study shows when inner the cylinders are grooved, the increase of Taylor number is
most effective on increase of outer cylinder Nusselt number.

Kuzay [8] has studied heat transfer of turbulent flow in annulus channel between two
coaxial cylinders with rotating inner cylinder experimentally. The surface of inner cylinder is
rather insulated and outer cylinder is static and has uniform heat flux. Axial Reynolds and ratio
of rotational velocity to axial velocity ranges are 15000 < Re, < 65000 and 0 < /U < 2.8, re-
spectively. Results of this research show rotation of inner cylinder increases and decreases tem-
perature of inner and outer cylinder surface respectively, so profile of temperature in radial di-



Nili-Ahmadabadi, M., et al.: Heat Transfer and Flow Region Characteristics Study ...
THERMAL SCIENCE: Year 2012, Vol. 16, No. 2, pp. 593-603 595

rection is uniform sensibly. Therefore Nusselt number of combination flow increases when
rotational velocity of inner cylinder increases.

Effect of rotation each of the cylinders in annular flow between two coaxial cylinders
on distribution of velocity, temperature and heat transfer coefficient of outer cylinder surface
has been reported by Beer [9]. In this report fully developed turbulent flow theorem has investi-
gated using Prandtl corrected mixing length model. The diameter of outer cylinder, ratio of inner
diameter to outer diameter and ratio of length to air gap hydraulic diameter are 180 mm, D/D =
= {08575 and L/D = 60.94, respectively. The inner cylinder is insulated and outer cylinder stem
from uniform heat flux. Axial Reynolds number and ratio of rotational velocity each of the cyl-
inders to axial velocity ranges are 3000 <Re, < 30000 and 0 < F/U < 4, respectively. Result of
this study shows that rotation of inner cylinder affects more than rotation of outer cylinder on
Nusselt number of outer cylinder surface.

Smyth et al. [10] have analyzed axial flow forced convective heat transfer on a rotating
cylinder numerically. This analysis has been performed two dimensionally and Axisymmetri-
cally. The results show Nusselt number depends on power of 0.8 of Reynolds number,

Kendous [11] has presented an approximate solution for calculating the rate of heat
transfer from laminar boundary layer. In this research approximate values quantity of mean
Nusselt number by using of an appropriate velocity in the energy equation using the following
relation has been obtained.

Nu =06366+Re Pr (5)

Boutarfa et al. [12] experimentally have studied flow construction and local heat
transfer coefficient of air stream in the air gap between rotor and stator. Temperature of rotor
surface is measured by thermography of infra-red ray and analysis flow construction between
rotor and stator has performed by particle image velocimetry method. In this study, numerical
solution of steady flow energy equation has been done for determining local heat transfer coeffi-
cient as well. In this research rotational Reynolds number and ratio of air gap width to rotor ra-
dius ranges are 58700 < Re,, < 176000 and 0.005 < Dy/D, < 0.085, respectively.

Ozerdem [13] investigated forced convective heat transfer from a cylinder in the static
air experimentally. In this research, mean heat transfer coefficient has been measured by radia-
tion pyrometer. According to these
results Nu= 0.318 (Re,)**"! which is
valid for rotational Reynolds number
ranges 2000 < Re,, < 4000. These re-
sults are in agreement with previous
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revolution adjustment, two pulleys for convey-
ing power between motor and generator rotor,
data acquisition system, fan for creation of air
Groove suace  flow between rotor and stator, flow meter for
mass flow measurement and 28 thermocouples
for air temperature measurement, rotor and stator
has been shown. In fig. 2, schematic of a genera-
tor including two coaxial cylinders as rotor and
stator has been shown. Each of them has longitu-
dinal groove in which coils for magnetic field
Figure 2. Air gap between rotor and stator with ~ generation have been embedded. The rotor con-
peripheral grooves sists of an inner cylinder of aluminum material,

with length of 340 mm, diameter of 198.2 mm
and inclusion of 4 symmetrical triangular grooves with depth of 26 mm (fig. 2). Stator composed
of an outer cylinder of aluminum material, with length of rotor, inner diameter of 214 mm and
outer diameter of 300 mm. The air gap between two cylinders, ratio of two diameters and ratio of
length to the thickness of air gap are 8 mm, D/D, = 0.92 and L/b = 42.5, respectively. For simu-
lation of generator performance, thermal elements through holes which have been designed
symmetrically and longitudinally with heated electrically have been used. Electrical current
transformation to thermal elements is done by slip ring. Generative heat in rotor and stator is ad-
justed by voltage adjustment apparatus with capacities of 2 and 6 kW, respectively. For prevent-
ing heat loss, two ends of cylinders and outer surface of stator are insulated by glass wool. Mea-
surement of temperature axial distribution and heat flux of cylinders surface has been done by
thermecouple of type K and with precision of £1 °C have been installed which at 3 longitudinal
positions and two angular positions of cylinder. For preventing air contact with superficial
thermocouples, the outer surface of thermocouple is covered by epoxi gum. Generative voltages
in thermocouples of inner cylinder connect to monitoring apparatus by means of a temperature
slipring. The air flow in air gap between two cylinders is supported by centrifugal fan which is
before the channel. Air mass is controlled by a dimer that changes fan revolution. Temperature
of inlet and outlet air and air mean velocity at outlet section in 25 locations are measured by ther-
mocouple and pitot tube respectively. The passing air pressure drop is measured by differential
pressure gauge that connects to both ends of the channel. The inner cylinder connects variable
revolution speed electrical motor by means of conveyor and pulley and variation of its revolu-
tion is adjusted by control apparatus. Motor revolution range is 50 < @ < 1500 rpm.The
Reynolds number range of air axial flow between two cylinders based on hydraulic diameter of
air gap is 4000 < Re, < 30000.

Uncertainty

Measurement instruments used in this experiment consist of digital Pitot tube with ac-
curacy of 0.1 m/s, 28 thermocouples, wattmeter for measurement of thermal elements Power
and rotor and stator electrical power. Uncertainly of thermocouples, temperature indicator, and
Pitot tube are +1 °C, £ 0.1 °C and 1%, respectively. Inaccuracy related to the calculation of heat
transfer coefficient always stems from measured parameters such as temperature, velocity and
heat flux.

Experiments has been performed at three revolution speeds of 300, 900, 1500 rpm and
eight axial Reynolds numbers of 4000, 60060, 9500, 14500, 18000, 22000, 25000, and 30000.
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Generative heat by means of thermal elements in rotor and stator is 400 and 1200 W, respec-
tively. By measuring mean velocity at exit section, mass flow and Reynolds number are ob-
tained as:

= pAU 6)
Re, __mDy )
paAgapUa

Rate of rotor and stator surface heat flux are obtained using temperature gradient at
each of surfaces as follows:

q-'; =— ai ~ ﬂ , J=rs ®)
or |, Ar |

where j =r, s are indicator of rotor and stator, respectively, and R is the indicator of surface ra-
dius.

For calculating the accuracy of air flow mass in air gap, air mass flow again is calcu-
lated by calculation of surfaces total heat transfer rate and measurement of inlet and outlet air
temperature:

Jg'd4

(T —Ty) ©

where 4 =4, = A, and 4, and 4, are area of rotor and stator surface, respectively.
The difference between two mass flows given by relation (6) and (9) is almost 5 percent.
By calculating the rate of rotor and stator surface heat transfer between inlet and each
section of length of generator, air mean temperature is obtained as:

fqrad
T, =T, + 10
a ai mcp ( )
Relation (11) is derived by substituting from relation (9) into relation (10):
[
Ta=Tai=(Tao_Tai)I(j (11)
‘[ q"dA
0
Finally local and mean heat transfer coefficients of rotor surface are given by:
q”
=_1r 12
b= (12)
— 1 L
hr ==|hdz 13
7 { (13)

For determining inaccuracy of rotor surface heat transfer coefficient, first by substitut-
ing relation (11) into relation (12) and result of it into relation (13):

i,,=l]’ A (14)
Tr _Tai _(Tao _Tai)g

J-qndA
0
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Relation (14) is simplified to relation (15) by assumption of unvarying rotor and stator

heat transfer rate:
z
_ L d(z]
he=qi (15)

Z
OTrTai _(Tao _Tai)i

Method of uncertainty estimation is calculated by Kline [15] due to characteristics of
initial measurement inaccuracy as:

Y (ArY [ om ‘[ em ’
[A_ r] =[ qr] +|: I d(Tr_Tm)] +|:—d(Tm—Tai):| (16)

hr q: a(Tr _Tai) a(Tao_Ta.i)

e . {;)

0T, Ty — Ty _Tui)é

In these experiments, calculated uncertainty of his nearly 18%.
Results and discussion

The axial Nusselt number of rotor surface at four Reynolds and revolution of 900 rpm
has been shown in fig. 3. As shown in fig. 3, Nusselt number of rotor surface at axis direction has
declined logarithmically and approaches uniform state at the end. The reason that boundary

layer thickness is small at the beginning of air

e x 900 pm | 88p and increases at axis direction until it meets
1001 . to boundary layer of stator surface and flow be-

' comes fully developed. Because of inverse rela-

\\ Re, = 25000 tion of Nusselt number with boundary layer
= thickness, at the beginning of air gap that

80

60

S — 18000, boundary layer thickness be minimum, Nusselt
s \ 15000 . number would be maximum and concurrent
201 e 900 . with fully developing of flow at the end of air

0 0.2 0.4 0.6 08 , 1  gap, Nusselt number approaches to uniform

state. Also, as shown in the figure, Nusselt
Figure 3. Variations of axial Nusselt number number approaches to uniform state carlier at
over curve part of anr at different Reynolds 1gwer Reynolds. In other words, flow ap-
number and revolution of 900 rpm proaches fully developed region earlier. The

reason is the decrement of Reynolds causes ax-
ial momentum to decrease compared to radial momentum, so boundary layer grows earlier at
width of air gap and flow approaches the fully developed region earlier.

In fig. 4, the axial Nusselt number distribution of rotor surface has been shown at three
revolutions and Reynolds of 18000. As shown in fig. 4, the Nusselt number at revolutions of 300
rpm and 900 rpm in axis direction first decreases and at end approaches to uniform state which
indicates flow is fully developed at end of air gap. At rotational speed of 1500 rpm, pressure de-
creases near the rotor surface at the end of it. This effect causes outside cold air to flow within
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the rotor-stator gap and reverse flow is gener-
ated as a consequence. This cold flow within
the gap increases the heat transfer ratio and
Nusselt Number.

Molki et al. [16] also observed this phenom-
enon in his experiments.

In fig. 5, axial Nusselt number distribution
of stator surface has been shown at three revolu-
tions and Reynolds of 18000. As shown in fig.
5, by revolution increment, Nusselt number ap-
proaches uniform state at the end earlier. The
reason is that by revolution increment, centrifii-
gal force of flow increases versus axial momen-
tum and boundary layer thickness increases
faster at radial direction and flow approaches to
fully developed region earlier. Comparison of
this with fig. 4 show that axial distribution of
Nusselt number of stator surface is more uni-
form.

Relation of Nusselt number with Reynolds
number in annulus flow between two coaxial
cylinders is:

Nu = Re 08 (17)
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Figure 4. Variations of axial Nusselt number
over curve part of rotor at different revolutions
and Reynolds number of 18000
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Figure 5. Axial Nusselt number variations of
stator surface at different revolutions and
Reynolds number of 18000

Gazley presented relation of Nusselt num-
ber in flow between two coaxial cylinders with
rotating inner cylinder as:

Nu =0022(Re 4 )%8 Pro03 (18)
In this relation, effective Reynolds number is obtained based on effective velocity:

Ve=VF,.[1+ Yo 2
of —7Z W,

(19)

and relation (19) is derived:

2 2 2
vV V V
Vg =V2+| 2| =V, 1+[l 2| =V 1+ =
2 4\ 7, 2w,

Actually, effective velocity is relative velocity of fluid into surface. By assumption of
linear air tangential velocity distribution in width of air gap, mean tangential velocity of air is
half tangential velocity of rotor. In fig, 6, mean Nusselt number distribution of stator surface
versus effective Reynolds has presented and compared with Gazley,s results. As seen in figure,
Nusselt number of stator surface at different revolutions nearly lies on one curve. The compari-
son between results of present research with results of Gazley indicates Nusselt number in pres-
ent research is more, because in this research surface of rotor is with groove.
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Figure 6. Comparison of stator surface mean Nusselt
number distribution vs. effective Reynolds number
and Gazley's results
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Figure 7. Mean Nusselt number distribution of
stator surface versus effective Reynolds number
based on 2/3 of tangential velocity of rotor
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Figure 8. Comparison of rotor total surface means
Nusselt number distribution vs. effective Reynolds
and Gazley results

Rey; =

In fig. 7 Nusselt number distribution of
stator surface versus effective Reynolds has
been presented but effective velocity has
been defined 2/3 based on tangential veloc-
ity of rotor. As cleared in this figure, experi-
mental data coincide on a curve better than
fig. 6. So it can be said, fluid relative veloce-
ity with respect to surface is most important
agent in increment of Nusselt number of
stator and corresponds with vector addition
of axial velocity and 2/3 of rotor tangential
velocity.

In fig. 8, mean Nusselt number distribu-
tion of rotor surface based on effective
Reynolds has been compared with Gazley
results. As seen in this figure, experimental
data related to different revolutions does not
coincide on a curve. For that reason in fig. 9
effective velocities according to vector ad-
dition of axial velocity and tangential veloc-
ity of rotor has been defined which with this
definition proper agreement has been ob-
tained. This shows that fluid relative veloc-
ity surface of rotor is more than stator and
consequently revolution increment of rotor
increases surface heat transfer coefficient of
rotor more than stator.
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Fignre 9. Mean Nusselt number of retor total
surface vs. effective Reynolds number

In fig. 10 mean Nusselt number distribution of rotor curve surface has been presented
due to effective Reynolds based on tangential velocity of rotor that experimental data have been

coincided on a curve properly.
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nu e c=1 In fig. 11 mean Nusselt number distribution

2 | of rotor grooved surface has been presented ef-
1004 Nu, = 0.0038Re "7 fective Reynolds based on 1/2 of rotor tangential

o0 w':-,’(w velocity. A multiple 1/2 of rotor tangential ve-
601 = " -s00pm | locity in effective velocity shows that increment
01— :$50d7m  of revolution noticeably result in increment of
2000 tsooo | 20000 25000 aoose  relative velocity and increment of rotor grooved
Voo e surface heat transfer coefficient. The reason is

Reen=—57 ‘[‘ +c Vz] that by rotation of rotor, air impacts grooved sur-

face and slides into grooved surface and as a re-

Figure 10. Mean Nusselt number distribution of sult air relative velocity in addition to compo-
rotor curve surface vs. effective Reynolds number nents of tangential and axial velocity has radial

component as well.
In fig. 12 the air pressure loss variations has been presented due to effective Reynolds

as passing from air gap between rotor and stator. The pressure loss in the annulus flow without
rotation is given by Reynolds number of power 2 whereas in this figure by Reynolds number of
power 2.5. This shows effect of rotor rotation on increment of pressure loss.
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Figure 11. Mean Nusselt number distribution of Figure 12. Variations of air pressure loss ws.
rotor grooved surface vs. effective Reymolds efective Reynolds number
number

Conclusions

The important results of this research include:
by increment of rotor revolution from 300 rpm until 1500 rpm, heat transfer coefficient of
rotor and stator increases 45 and 30%, respectively, and this rate of increment is more at
lower Reynolds number,
by increment of velocity ratio V,/V,, air flow approaches to fully developed state earlier,
heat transfer coefficient axial distribution of stator surface is more uniform than Heat
transfer coefficient axial distribution of rotor surface,
by increment of velocity ratio Vq,/ V. probability of inverse flow increases at outlet air gap,
the effective velocity for stator is defined as V= [V 2+H2V/3 12 and, ¥V, = rw,
the effective velocity for rotor curve surface is defined as V= (2 +¥2)(12),
the effective velocity for rotor grooved surface is defined as Vg = (Vz2 + (1 27 22142, and
the relation of pressure drop due to effective Reynolds number between rotor and stator is

Ap = (Req)?%2,
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Nomenclature u  —velocity, [ms™]
Greek symbols

A — area, [m’] .

b  — radial distance between rotor and stator, [m] A  — difference

C, - specific heat at constant pressure, EJK’I] 6 - non-dimensional temperature, [-]

h  — heat transfer coefficient, [Wm=K™] v — kinematic viscosity, [m’s ™"

D - diameter, [m] p  — density, [kgs™]

dy  — hydraulic diameter, [m] ¢ — tangential direction, [-]

k  — thermal conductivity coefficient, [Wm™'k™] ¢  _ rotational velocity, [s™]

L - length, [m] .

m  — mass flow, [kes™] Subscripts

Nuy; — Nusselt number (= hl/k), [-] a  — air

p.  — pressure, [Pa] cr  — critical

Q  — total heat rate, [W] eff — effective

q" — heat transfer rate, [Wm™] h - hydraulic

Re —Reynolds number (= UD/v), [-] i - inner

r  — radial direction, [-] o — outer

T  — temperature, [K] r  — rotor

Ta — Teylor number, s — stator
~ (=[V(D, - D)20)(DyDy) %, [-] z - axial

U — mean axial velocity, [ms™] .

V  — tangential velocit;zl [ms™] Superscript

z  — axial direction, [-] ~ — mean
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