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Abstract

This work deals with an experimental study of the flow structure and the local convective exchanges in the air-gap of a rotor–stat
The experimental technique uses infrared thermography to measure the surface temperatures of the rotor and the numerical so
steady state heat equation to determine the local heat transfer coefficients. The analysis of the flow structure between the rotor an
is obtained by PIV (Particle Image Velocimetry). Tests are carried out for rotational Reynolds numbers ranging from 5.87×104 to 1.76×105

and for gap ratios ranging from 0.01 to 0.17. Analysis of the experimental results has determined the influence of the rotational
number and the gap ratio on the flow structure and the convective exchanges in the gap between the rotor and the stator. Some
expressing the local Nusselt number as a function of the rotational Reynolds number and the gap ratio are proposed.
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

Ce travail concerne l’étude expérimentale de la structure d’écoulement et des échanges convectifs locaux dans l’entrefer d’u
rotor/stator. La technique expérimentale employée est basée sur la thermographie infrarouge pour accéder à la mesure des tem
surface, et sur la résolution numérique de l’équation de l’énergie en régime stationnaire, pour évaluer les coefficients convect
L’analyse de la structure de l’écoulement entre le rotor et le stator est obtenue à l’aide de la PIV (Vélocimétrie par Images de P
Les essais sont réalisés pour des nombres de Reynolds rotationnels compris entre 5,87 × 104 et 1,76 × 105, et pour des espacemen
adimensionnés entre le rotor et le stator compris entre 0,01 et 0,17. L’analyse des résultats expérimentaux a permis de mettre
l’influence du nombre de Reynolds rotationnel et de l’espacement adimensionné sur la structure de l’écoulement et sur les échange
dans l’entrefer entre le rotor et le stator. Des corrélations reliant le nombre de Nusselt local au nombre de Reynolds rotatio
l’espacement adimensionné sont proposées.
 2003 Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction

This work is the continuation of the study of loc
convective heat exchanges from a rotating disc with
without a stator [1,2]. These earlier studies presented
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E-mail address:rachid.boutarfa@univ-valenciennes.fr (R. Boutarfa
1290-0729/$ – see front matter 2003 Éditions scientifiques et médicales El
doi:10.1016/S1290-0729(03)00092-9
experimental technique used to determine the local
transfer coefficients on the rotating disc and highlighted
influence of the stator presence on the convective exch
from the rotating disc. The size and the optimization
the cooling systems of the rotating machines requir
good knowledge of the flow structure and local convec
exchanges on their surface. These two elements de
strongly on the machine’s geometry and the tempera
sevier SAS. All rights reserved.
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Nomenclature

c constant
Cm = 2M/ρω2R5

2 moment coefficient for one side
of the rotor

Cw =Qm/µr, mass flow rate coefficient
G = s/R2, gap ratio
h local heat transfer coefficient. . . . . W·m−2·K−1

J radiosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

Qm mass flow rate . . . . . . . . . . . . . . . . . . . . . . . kg·s−1

M moment on one side of the rotor . . . . kg·m2·s−2

n constant
Nu = hr/λa, local Nusselt number on the rotor
Nu mean Nusselt number on the rotor
Nu∞ local Nusselt number on the free disc
Nu∞ mean Nusselt number on the free disc
r radial coordinate on the rotor . . . . . . . . . . . . . . m
R1 inner radius of the study zone . . . . . . . . . . . . . . m
R2 outer radius of the study zone . . . . . . . . . . . . . . m
r∗ = (r −R1)/(R2 −R1) dimensionless radius
Re = ωR2

2/ν, peripheral rotational Reynolds
number

Re∗ = ωr2/ν, local Reynolds number
Res = ωs2/νa, gap Reynolds number
s rotor/stator spacing . . . . . . . . . . . . . . . . . . . . . . . m

T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Ur radial velocity component . . . . . . . . . . . . . m·s−1

Uθ tangential velocity component . . . . . . . . . m·s−1

x = r/R2, dimensionless radius

Greek symbols

ε emissivity
λ thermal conductivity . . . . . . . . . . . . W·m−1·K−1

µ dynamic viscosity . . . . . . . . . . . . . . . kg·m−1·s−1

ν kinematic viscosity . . . . . . . . . . . . . . . . . . m2·s−1

σ Stefan–Boltzmann’s constant . . . . W·m−2·K−4

ϕ heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

ω rotational speed . . . . . . . . . . . . . . . . . . . . . rad·s−1

Subscripts

a air
cd conductive
cv convective
lim limit
ray radiation
r rotor
s stator
∞ value far from the boundary layer
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distribution laws of their surface exposed to air-cooling. T
objective of this work is to study the cooling of a win
turbine discoïdal alternator whose rotating part (rotor)
facing a fixed disk (stator).

The local convective exchanges between the air and
rotor surface, facing an annular stator at a distances from the
rotor (Fig. 1(a) and (b)), are determined on the rotor surf
between the radiiR1 andR2.

In this work, an experimental set-up was used to de
mine the local heat transfer coefficients. This experime
set-up (Fig. 1(a) and (b)) is composed of a rotating and fi
disc and uses infrared thermography to determine the
face temperatures of the rotor. The evaluation of the lo
heat transfer coefficient with the air is carried out on the
tor in thermal steady state. The rotor is facing a stato
inner radiusR1 = 170 mm and outer radiusR2 = 290 mm,
and the gap between the two discs,s, varies from 3 to 50 mm
in all the tests. The experimental set-up was adapted to c
out measurements, by PIV, of the mean field air velocitie
different planes ((a), (b) and (c)) between the rotor and
stator. The tests are carried out for rotational speeds r
ing between 100 and 300 rev·min−1 (5.87× 104 � Re�
1.76× 105), and for different gap ratios(0.01�G� 0.17).

Studies of the flow tructure and the convective h
transfer in rotor–stator systems are largely documented
generally concern shrouded geometrical configuration.
local convective heat transfers in the unshrouded rotor–s
systems are less documented. Only the mean convective
-

t

r
t

transfers on a few number of unshrouded systems have
studied. The work presented in this paper is however lin
to the determination of the local convective exchange
an unshrouded rotor–stator system. This work highlights
influence of the dimensionless parameters (Re andG) on
the flow structure and the convective exchanges and
forward some correlations linking the local Nusselt num
to ReandG.

2. Literature review

The convective heat transfer from a rotating disc
been the subject of numerous studies. This convec
heat transfer depends on the system’s geometry and
experimental conditions. For an isothermal disc, sev
correlations of the local Nusselt number as a function of
rotational Reynolds number are written as follows:

Nu∞ = Cf (Pr)Re∗0.5 (1)

The function f (Pr) shows the influence of the Prand
number on the Nusselt number. Values of theCf (Pr),
obtained by many authors, are given in Table 1. Richard
and Sauders [12] propose a correlation including the Pra
number:

Nu∞ = 0.4Pr1/3Re∗0.5 (2)

The convective heat transfer from an isothermal disc rota
in still air has also been studied by Jackson [13] a
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Fig. 1. Experimental set-up.
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Table 1
Cf (Pr) values obtained by different authors

Cf (Pr = 0.72) Cf (Pr = 1)

Oehlbeck [3] 0.341 0.394
Dorfman [4] 0.322/0.343 0.391/0.399
Sparrow–Gregg [5] 0.396
Wagner [6] 0.335
Millsaps [7] 0.280
Hartnett [8] 0.330
Kreith [9] 0.345 0.380
Popiel [10] 0.330
Goldstein [11] 0.380

Cobb [14]. These two authors propose correlations giv
the local Nusselt numberNu∞:
For a laminar flow [13]:

Nu∞ = 0.32Re∗0.5 (3)

For a turbulent flow [14]:

Nu∞ = 0.019Re∗0.8 (4)

Dorfman [4] studied the convective heat transfer from
disc rotating in still air and showed the link betwe
the convective heat transfer on the disc and its sur
law temperature distribution. In the case of a free d
with a power law temperature profileT (r) = T∞ + crn,
Dorfman [4] proposes some correlations giving the lo
Nusselt numberNu∞:

For a laminar flow(Re� 1.82× 105), he suggests:

Nu∞ = 0.308f (Pr)
√
n+ 2(Re∗)0.5 (5)
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Fig. 2. Flow fields in the air gap, Soo [17], (1) small gap ratioG; (2) large gap ratioG, (a) null airflow; (b) weak air outflow; (c) large air outflow.
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wheref (Pr = 0.72)= 0.86.
For a turbulent flow(Re� 2.82× 105):

Nu∞ = 0.0197(n+ 2.6)0.2(Re∗)0.8 (6)

The analysis of results described in the literature sh
that the suggested correlations depend on the experi
tal conditions, the system’s geometry and the law tem
ature distributions. It is the same for theRe value corre-
sponding to the transition between the laminar and turbu
flows.

In the case of rotor–stator systems, we can clas
the geometrical configurations studied in literature i
two categories: a rotor facing a stator without a cen
opening (Figs. 2(1a) and 2(2a)) and a rotor facing a st
with a central opening. The role of the central open
is either to inject an air flow in the gap, or to facilita
free air movement in the space (Figs. 2(1b), 2(1c), 2(
and 2(2c)). In our work, the stator has a central opening
no airflow is injected into the gap between the rotor and
stator.
-

2.1. Stator with a central opening and without an impos
airflow

In this case, many authors [15,16] distinguish four fl
regimes depending on the rotational speed and the ga
tween the rotor and the stator. Regime I, correspondin
laminar boundary layers developed on the two parallel
faces which touch, is obtained for small gap ratios. Regim
is obtained for a highG value when there are two lamin
boundary layers, one on the rotor, another one on the st
separated by a core of fluid rotating at 0.4ω approximatively.
Regime III and IV are respectively equivalent to regime I a
II, but for turbulent boundary layers. Owen [15] studied e
perimentally the mean convective heat transfer in a turbu
flow on a rotating disc facing a stator of the same diame
with a small central opening and with no airflow imposed
the air-gap. Owen’s results [15] are given for a disc wit
quadratic temperature profileT (r)= T∞ + c · r2, parallel to
an isothermal stator atT∞. The author deduced from his r
sults that for low values ofG (corresponding to regime III)
whereG< 0.01, a viscous Couette flow region extends fro
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the rotor to the stator, causing large shear stresses w
consequently give rise to Nusselt numbers in excess o
free disc level. As long asG < 0.01, the Nusselt numbe
is a decreasing function ofG. For the intermediate value
of G(0.01�G< 0.06). Owen [15] showed that when the
are two boundary layers, one on the rotor and anothe
the stator separated by a rotating core of fluid, the rota
core of fluid reduces shear stress on the rotor and thu
value of the mean Nusselt number falls below that of the
disc. For these values ofG, the Nusselt number is an increa
ing function ofG. Furthermore, in his representation ofNu
as a function ofG for fixed Reynolds numbers, Owen [1
showed that there is a gap ratioG (G= 0.01) for which the
mean Nusselt number is the minimum, which correspond
the limit between regime III and regime IV.

When theG value increases again (G� 0.06), Owen [15]
deduces from his results that the core rotation beco
weaker and finally the fluid flow becomes similar to th
obtained near a free disc. This causes an increase in
Nusselt number which is close to that of a free disc.
experimental results are asymptotically near to a cons
value slightly higher than that obtained in the case of
free disc.

Owen [15] put forward an equation giving the bounda
value ofG above which the Nusselt number and the fl
structure in the gap are not affected by the presence o
stator. This boundary value ofG depends on the rotation
Reynolds number:

Glim = 1.05Re−0.2 (7)

2.2. Stator with a central opening and an imposed airflo

Soo [17] studied theoretically the laminar flow structu
in a rotor–stator system with an imposed airflow at the ce
of the stator. He showed that the flow structure for a sm
gap between the two discs depends on the parameterΦ(x):

Φ(x)= G·Cw

2πRe2s

1

x2 (8)

whereCw =Qm/µr, is the mass flow rate coefficient,Res =
ωs2/νa: gap Reynolds number andx = r/R2: dimensionless
radius.

Fig. 2(1) shows the typical streamline patterns of
laminar flow for a small air gap and for different values
Φ(x) [17]. If there is no airflow from the stator (Φ(x)= 0),
the flow structure is of the Couette type with an outflow
the rotor and an inflow on the stator (Fig. 2(1a)). For a sm
air flow (Φ(x)= 1/180), the flow structure is outward on th
rotor, whereas on the stator periphery there is a separati
the flow with an inflow zone (Fig. 2(1b)). When the flu
flow entering the air-gap increases (Φ(x)= 1/90), the flow
becomes gradually inward in the whole gap (Fig. 2(1c)).

Soo [17] also presents the typical streamline pattern
the laminar flow for large gaps between the rotor and
stator, and for different airflows injected at the stator open
f

(Fig. 2(2)). The author shows that in this case, the fl
structure depends on the parameterX0:

X0 =
(
CwRe−1/2

π

)1/2

(9)

When X0 < 1 (Figs. 2(2a) and (2b)), the flow is o
the Batchelor type [18] with a radial outflow on the rot
and a radial inflow on the stator, separated by a cor
fluid rotating at approximatively 0.38ω. The radial velocity
component is null in this core of fluid. WhenX0 > 1
(Fig. 2(2c)), the flow is of the Stewartson type [19], w
an outflow on the rotor and without a formation of a rotat
core of fluid.

2.3. Stator without a central opening

Daily and Nece [16] studied theoretically and experim
tally the flow structure in the case of a shrouded rotor–st
system and a stator without central opening. Tests were
ried out for rotational Reynolds numbers ranging from 13

to 107 and for gap ratiosG= 0.0127, 0.0255, 0.0637, 0.11
and 0.217. Daily and Nece [16] showed that there w
also four flow regimes depending on the rotational Reyno
number and the gap ratio. These authors propose some
pirical equations giving the moment coefficient for one s
of the rotor, valid for a laminar flow:

Cm = πG−1Re−1 (small gap, regime I) (10

Cm = 1.85G1/10Re−1/2 (large gap, regime II) (11

These results (Eqs. (10) and (11)) were also obta
theoretically by Owen [15], in the case of a shroud
rotor–stator system, a stator without a central opening
a laminar flow. Owen [15] uses the Reynolds analogy
establish correlations expressing the mean Nusselt nu
on the rotor as a function of the dimensionless parameterRe
andCm (Nu= ReCm/π), valid for a Prandtl number equa
to 1, a quadratic temperature profile of the rotor surf
T (r)= T∞ + c · r2 and a laminar flow:

Nu=G−1 (small gap, regime I) (12

Nu= 1.85

π
G1/10Re1/2 (large gap, regime II) (13

In conclusion, the studies described in literature show
importance of the following on the convective heat trans
from the rotor: the system’s geometry, the gap between
two discs, the existence of a central opening in the stator
flow crossing the air gap, the rotational speed of the rotor
the law of the temperature distribution on the discs surfa

3. Tests description

3.1. Experimental set-up

The experimental study of the local convective trans
is carried out on a rotor facing an isothermal crown sta
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(Fig. 1 (a) and (b)). The two discs are spaced froms = 3 to
50 mm. The study zone of the convective transfer on the
tor lies between the radiiR1 = 170 mm andR2 = 290 mm.
In the literature we have not found a study on a similar ge
etry that is to say with a large central opening of the s
tor. The most commonly used experimental method to
termine local convective exchanges is that of the therm
thin wall which allows one to impose temperature distrib
tions of the studied surface. In practice, the thermally t
wall is a metal foil and its application on rotating surfac
can be delicate. In order to cope with this difficulty, w
used an experimental technique based on the use of a
mally thick wall and the numerical resolution of the stea
state heat equation to determine the local heat transfer
ficient. In the experimental set-up (Fig. 1), the rotor is ma
of a highly conductive part (aluminium 43 mm thick a
230 W·m−1·K−1 thermal conductivity) and a less condu
tive part modified by additives (Polyethersulfone: PES 2 m
thick and 0.36 W·m−1·K−1 thermal conductivity). The PES
part is stuck on the aluminium disc (Fig. 1(b)) with an epo
adhesive with a high conductivity. Two peripheral lines
screws surrounding the study zone reinforce the fixing of
two parts. This assembly copes with the problems of c
tact resistance between the two materials. The high valu
aluminium conductivity and the disc thickness homogen
the temperature at the aluminum/PES interface, wherea
low values of PES conductivity and thickness represent
perimentally the variations of the local convective exchan
These variations are highlighted by differences in temp
ture on the rotor surface subjected to cooling. During a t
the rotor is heated by infrared emitters and cooled on
covered face turned towards the clearance by the flow
duced by the rotation of the disc. The rotor rotational sp
ω varies from 100 to 300 rev·min−1. When there is a stead
thermal state, the PES surface temperature is determ
by infrared camera through a fluorspar window (Fig. 1(b
The fluorspar transmission coefficient obtained by calib
tion, is τf = 0.95 ± 0.03 in the camera wavelength ra
(2 µm< λ< 5 µm). The temperatures at the PES/alumin
interface are measured by three thermocouples bound t
acquisition system with a mercury ring rotating collect
The precisions on the rotor temperature and the temper
at the PES/aluminum interface are estimated respective
$T = ±0.9 K and±0.3 K. The air reference temperatu
T∞ is measured by a thermocouple in the test room. The
solute error onT∞ is estimated at$T∞ = ±0.3 K. The sta-
tor temperature is measured by twoK type thermocouple
located at two different radii on its surface parallel to the
tor. The absolute error on the stator temperature is estim
at$T = ±0.4 K. For all the tests, the stator temperature
quasi-uniform and the stator is considered isothermal.
numerical resolution of the energy equation in the PES
ing the experimental temperature distributions as boun
conditions, gives the local conductive heat flux on the ro
surface subjected to cooling. The difference in calcula
between the conductive heat flux and the radiative heat
-

-

t

gives rise to the convective heat flux and the local heat tr
fer coefficient on the rotor surface.

3.2. Determination of the local heat transfer coefficient

In the case of the rotor rotating in still air and facing t
stator, the local heat transfer coefficient,h, is independen
from the angular position because the system is suppos
be axisymetrical. During a test the disc is heated on one
and cooled on the other. When there is a thermal steady s
the energy equation in the PES is written:

∂2T

∂r2
+ 1

r

∂T

∂r
+ ∂2T

∂z2
= 0 (14)

The boundary conditions known in the study are (Fig. 1(
for z = 0, T0(r) is obtained by infrared thermograph
and for z = e, Te(r) is given by the thermocouple
For the boundary conditions on surfaces (r = R1; z) and
(r = R2; z), the influence of insulation conditions and
linear temperature variation calculated from the surf
temperature measurements have been studied. Thus,
been deduced that the influence of these two diffe
boundary conditions on the results is limited to very sm
peripheral zones (near radiiR1 andR2). Eq. (14) is solved
by a finite difference method which gives the temperat
field T (r, z). The density of the local conductive heat fl
on the rotor’s surface subjected to cooling can be calcul
by:

ϕcd = λr

(
∂T

∂z

)
z=0

= ϕcv + ϕray (15)

Whereϕcv = h(T0(r)− T∞) represents the convective he
flux from the rotor to the air andϕray = εr

1−εr
(σT 4

0 (r)− Jr)

the radiative heat flux from the rotor towards its enviro
ment. Estimation of the rotor’s radiosityJr is based on an
enclosure constituted of the rotor surface of emissivityεr =
0.93±0.02, the stator surface of emissivityεs = 0.65±0.03,
the fluorspar window, the stator central opening and the
ripheral crow between the rotor and the stator which beh
like gray surfaces atT∞. The radiosity is expressed by th
following equation:

Ji = εiσT
4
i + (1− εi)

5∑
j=1

fij Jj (16)

where εi and Ti are respectively the emissivity and t
temperature of side(i), andfij : the form factor of side(i)
towards the side(j).

In the range of rotational Reynolds numbersRe= 5.87×
104 to 1.76 × 105, the ratioϕray/ϕcv varies between 42
and 50%. The radiative heat flux from the rotor represe
an important part of the whole heat flux and must be ta
into consideration when computingh.

The local heat transfer coefficient and local Nuss
number are then deduced:

h= λr(
∂T
∂Z
)z=0 − εr

1−εr
(σT 4

0 (r)− Jr)
et Nu= hr

(17)

T0(r)− T∞ λa



R. Boutarfa, S. Harmand / International Journal of Thermal Sciences 42 (2003) 1129–1143 1135

tion

st
r
res
h of
loca
lds

d

ge
tor

to
r
ter
t in
The
4

is

city,
d is

ging
s
ates

he
ral

re
e to

the
ging
y
s are

and

the
ally

and

ges
ator,

flow
for
The mean Nusselt number is obtained from the integra
of the convective heat flux in the study zone:

Nu= hR2

λa
= 2R2

R2
2 −R2

1

1

T0(r)− T∞

×
R2∫

R1

Nu · (T0(r)− T∞
)
dr (18)

In these equationsT∞ is the air temperature of the te
room. The relative error$h/h on the local heat transfe
coefficient is due to the uncertainty of different temperatu
and radiative heat flux. The use of uncertainties on eac
these variables deduces the total relative error on the
heat transfer coefficient. In the range of rotational Reyno
numbers(5.87 × 104 � Re� 1.76 × 105) studied where
the ratio ϕray/ϕcv is higher, this uncertainty is estimate
at 10% [1].

3.3. Mean flow fields

The mean flow fields are obtained by Particle Ima
Velocimetry (PIV) in different planes between the ro
and the stator. The two discs are spaced similarly
the thermal tests wheres = 3 to 50 mm. The fluorspa
window is replaced by a 5 mm thick glass plate. A wa
spray, generated by an excited piezoelectric elemen
the ultrasound band frequency, is added to the flow.
dimensions of the field covered by the objective are 11×
110 mm2. The cross-correlation between two images
carried out on an 850×150 pixels zone. The time interval$t
between images, regulated as a function of the air velo
ranges between 30 and 400 µs. The mean flow fiel
calculated with 32 instantaneous fields.

4. Results and analysis

The tests are carried out for rotational speeds ran
from 100 to 300 rev·min−1. Taking into account the value
of inner and outer radii of the rotor study zone, this gener
a variation of the local Reynolds numberRe∗ between
2× 104 and 1.76× 105.

4.1. Flow structure

The study of the flow field in the air gap between t
rotor and the stator is carried out by PIV, for two periphe
Reynolds numbersRe= 1.17 × 105 and 1.76 × 105, and
for gap ratiosG ranging from 0.01 to 0.06. These tests a
carried out with an unheated rotor. Only the tests relativ
Re= 1.17× 105 are presented here.

The mean flow fields in different planes between
rotor and the stator are obtained in the air gap zone ran
between the radiiR1 andR2, corresponding to the stud
zone of the convective exchange. These mean flow field
l

Fig. 3. Flow fields near rotor (a), in the mid-plane between the rotor
the stator (b) and near the stator (c), obtained by PIVRe= 1.17 × 105,
(1)G= 0.01, (2)G= 0.02.

presented for three axial positions: near the rotor (a), in
mid-plane between the rotor and the stator (b) and fin
near the stator (c) (Fig. 1(b)).

For a gap ratioG = 0.01, Fig. 3(1) shows that the flow
is outward in the whole study zone between the rotor
the stator. The same flow structure was observed forRe=
1.76× 105. The estimation from Eq. (7) of theGlim value
at which the flow structure and the convective exchan
on the rotor are not affected by the presence of a st
shows that in our case (5.87× 104 � Re� 1.76× 105), this
Glim value varies between 0.09 and 0.11. ForG= 0.01, we
can expect the stator to have a strong influence on the
structure, which remains close to the Couette-type flow
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is of
which the viscous region fills the whole space between
rotor and the stator. The section of the stator central ope
(0.09 m2)is much larger than the peripheral section of
air gap (0.0055 m2),and the fluid aspirated by the rotor flow
from the stator opening to the rotor periphery and all the fl
is outward in the air gap. Moreover, the measurements o
airflow rateQm, induced by the rotation of the rotor, we
carried out for gap ratiosG ranging from 0.01 to 0.06. Th
velocity of the air aspirated into the inlet pipe is measured
a Pitot tube connected to a micro manometer and the rel
error on the velocity is estimated at±5%. The aspirated
airflow is then determined using the air velocity profi
measured in the pipe. ForG= 0.01, the aspirated mass flo
rate varies from 2.6 × 10−3 to 9.1 × 10−3 kg·s−1 with the

Fig. 4. Ratial evolution ofΦ(x) for Re= 1.17× 105 andG= 0.01.
increase in the rotational speed from 100(Re= 5.87× 104)

to 300 rev·min−1 (Re= 1.76× 105). In Fig. 4 the paramete
Φ(x) given by Eq. (8)(Φ(x)= G·Cw

2πRe2s

1
x2 ), is represented a

a function of the dimensionless radiusx. In our case, this
parameterΦ(x) depends on the air flow aspirated by t
stator central opening. TheΦ(x) boundary valuesΦ(x) =
1/90 given by Soo [17] are also plotted. The author show
that starting fromΦ(x)= 1/90, in other words, for large a
flows, the flow remains outward in all the air gap betwe
the rotor and the stator. Fig. 4 shows that theΦ(x) values
obtained in our study forRe= 1.17× 105 andG= 0.01 are
higher than 1/90, which explains the presence of an outfl
in all the air gap, presented in Fig. 3(1).

In Figs. 3(2), 5(1) and 5(2) the mean flow fields obtain
for gap ratiosG ranging from 0.02 to 0.06 are represen
for a rotational Reynolds numberRe= 1.17× 105. ForG=
0.02 (Fig. 3(2)), the flow is outward near the rotor(a), where
the fluid particles are mainly pushed by the rotation of
rotor. In the mid-plane between the rotor and the stator(b),
the flow is radial at the entry(r∗ < 0.6) then becomes
tangential towards the disc periphery(r∗ > 0.6). Indeed,
the thickness of the boundary layers and the interactio
boundary layers built up on the rotor and the stator incre
in the flow direction, i.e., towards the disc periphery. T
therefore favors a flow in the tangential direction at the h
radii. Near the stator periphery(c) (r∗ > 0.6), an inflow
zone can be seen. We find the same characteristics o
flow as those obtained by Soo [17] for a laminar flow a
a large gap between a rotor and a stator (Fig. 2(2b)).

author showed that forX0 = (CwRe−1/2

π
)1/2 < 1, the flow

structure in the air gap between the rotor and the stator
Fig. 5. Flow fields near rotor (a) and in the mid-plane between the rotor and the stator (b), obtained by PIV forRe= 1.17× 105, (1)G= 0.04, (2)G= 0.06.
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the Batchelor type [18]. In our case,X0 varies from 0.72 to
0.86 for dimensionless radiir∗ ranging from 0.6 and 1, an
for Re= 1.17× 105 andQm = 3.18× 10−3 kg·s−1, which
is in agreement with the presence of an outflow on the r
and an inflow on the stator. The flow structure observed
G= 0.02 seems to be similar to the Batchelor solution [1
When theG value increases,G= 0.04 (Fig. 5(1)), the flow
is outward near the rotor (a). In the mid-plane betwe
the rotor and the stator (b), we can distinguish swirl
structures at the entry of the air gap(r∗ < 0.25). Beyond
this zone(r∗ > 0.25), there is a radial inflow. For gap rat
G = 0.06 (Fig. 5(2)), the flow is outward near the rotor (
and in the mid-plane between the rotor and the stator
we can distinguish swirling structures at the entry of the
gap forr∗ � 0.4. In both Figs. 5 (1) and (2), we notice th
absence of fluid particles near the stator. The measure
technique used did not let us obtain the mean flow fi
near the stator because of the very low velocity values.
flow structure in these two cases is probably similar to
Stewartson type flow [19], where there is only one outw
boundary layer on the rotor.

4.2. Velocity profiles

From the mean flow fields (Fig. 6), we illustrate the ev
lutions of the dimensionless radial and tangential com
nents of air velocity between the rotor(z′/s = 0) and the
stator(z′/s = 1) for the Reynolds numberRe= 1.17× 105

andG = 0.01. Fig. 6 (a) and (b) show the results for g
ratio G = 0.01. For these figures it can be seen that
0.16< z′/s < 0.83, the radial velocity component isz′ and
r∗ decreasing function, and the tangential velocity com
nent isz′ decreasing andr∗ increasing function. The tan
gential component values are high near the rotor where
flow is mainly pushed by the rotation. They then decre
when we move away from the rotor in its normal directionz′
to become very weak near the stator surface. The flow s
ture obtained forG= 0.01 is close to the Couette-type flow
This flow type, where the viscous effects are significan
obtained for gap Reynolds numbers (Res = ωs2/νa) lower
than 100 [21]. In our caseRes = 12.5 and the velocity pro
files obtained confirm Jacques’ observations [21].

When theG value increases, the boundary layers on
two discs are separated. Indeed, forG = 0.02 andRe=
1.17× 105 (Fig. 6 (c) and (d)), we distinguish two field
a field near the rotor where the fluid is ejected towards
outside and the flow is outward on all the rotor surfa
and a zone on the stator periphery where the flow is inw
and the radial velocity component is very weak. When
value ofG increases further, only one boundary layer
the rotor is privileged and outside this boundary layer
radial and tangential velocity components are practic
null. Thus, for our study, whenG = 0.04 or 0.06, and
Re= 1.17× 105 (Figs. 6(e)–(h)), the values of the rad
and tangential velocity are very high near the rotor. Th
velocity values decrease quickly when we move away in
t

normal direction of the rotor, to become quasi-null in t
median plane between the two discs.

4.3. Experimental temperature profiles

At the PES crown/aluminum disc interface, the variat
of the temperatures recorded by the thermocouples
not exceed 0.3 K. Thus, the aluminum disc plays
role correctly by homogenizing the temperature at
PES/aluminum interface between the two materials. Fi
corresponds to the temperature variationT−T∞ of the
surface subjected to cooling, as a function of a radius,
Re= 1.17× 105 and two gap ratiosG= 0.01 and 0.02. The
surface temperature of the rotor is an increasing functio
the radius. The temperature variation (T−T∞) is between
39.5 and 42.5 K, whenG= 0.01 and between 34 and 35.5
whenG = 0.02. The same type of distribution is observ
for G � 0.04 as long as the rotating speed remains lo
than 300 rev·min−1 (Re= 1.76× 105). For all these tests
the reference temperature of the air,T∞ (air of the test room)
is about 293 K. The stator is isothermal at a temperatur
about 303 K.

4.4. Local Nusselt number

Fig. 8 shows the radial variation of the local Nuss
number on the rotor for peripheral rotational Reyno
numbers(5.87× 104 � Re� 1.76× 105) and for gap ratios
ranging from 0.01 to 0.17. The results relative to the sin
rotating disc without stator and Dorfman’s results [4] on
free disc (Eqs. (5) and (6)) with a power law temperat
profileT = T∞ + c · rn, are also plotted on the same grap
The exponent of this power law is obtained by interpolat
of experimental temperature profiles. In our tests the va
of n are low: 0.05� n � 0.11, we are therefore very clos
to the case of an isothermal disc. In the case of the
disc andRe= 1.17× 105 (Fig. 8(g)) which corresponds t
a laminar flow on the single rotating disc [1], the Nuss
number is proportional to the radius, and the local h
transfer coefficient(h = Nu · λa/r = cst) is independen
from the radius. The comparison of our experimental res
for the free disc with those of Dorfman [4] shows the sa
tendencies for the evolutions of the local Nusselt num
(Fig. 8(g)). The average relative difference between
experimental values ofNu and those of Dorfman [4] is
about 49%. This difference can partly be explained by
presence of the heads of the screws on the rotor sur
which are not perfectly leveled and likely to disturb the flo
and increase the convective heat transfer on its surface. I
case of the rotor facing the stator and a gap ratioG = 0.01
(Fig. 8(a)), the Nusselt number is approximately cons
on all the study zone and the relative gap in compari
with an average value is 6%. The local convective exchan
decrease towards the rotor periphery. On the other h
for values ofG ranging from 0.02 to 0.17 (Figs. 8(b)–(f)
the local Nusselt number is an increasing function of
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Fig. 6. Evolutions of radial and tangential velocity components measured by PIV,Re= 1.17×105,G= 0.01 (a, b),G= 0.02 (c, d),G= 0.04 (e, f),G= 0.06
(g, h).� r = 0.18,� r = 0.22,• r = 0.28.
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Fig. 7. Temperature profiles on the rotor surface in the study z
(R1 < r < R2) Re= 1.17× 105.

dimensionless radiusr∗ and is proportional torm. The
exponentm remains approximately constant and equal t
for all our tests corresponding to 0.02�G� 0.17. The local
heat transfer coefficient(h= Nu · λa/r) is then independen
from the radius for this range ofG values. ForG = 0.02,
the Nusselt number values are lower than those obtaine
G= 0.01. These values of the local Nusselt number incre
with the increasing function gap ratioG and approach thos
obtained on the free disc forG� 0.04.

According to our experimental results, the distribution
the local Nusselt number and local heat transfer coeffic
as a function of the radius for a gap ratioG = 0.01
differs from that obtained forG= 0.02 to 0.17. This radial
evolution ofNu andh can also be explained by the therm
boundary layer thickness on the rotor. ForG = 0.01, the
flow structure is closer to the Couette-type flow for wh
the viscous region fills the whole space between the r
and the stator [15]. The airflow induced by the rotat
of the rotor and imposed by the stator central openin
rejected towards the rotor periphery (Fig. 3(1)). The fr
air supply comes through the stator opening and the flui
the air gap heats in the flow direction. This correspond
an increase in the thermal boundary layer thickness bec
in the air-gap there is no fresh fluid supply to the ro
facing the stator, contrary to the case of the free disc. Th
temperature was measured by thermocouples at the ai
entrance (Te) and exit (Tp). For the test atRe= 1.17× 105,
the measurements are:Te = 314 K andTp = 317 K. These
values confirm the fluid heating in the flow direction. T
fluid temperature towards the periphery approaches th
the rotor, causing the decrease in the convective heat tra
on the rotor. ForG = 0.02 and fixedRe, the airflow rate
induced by the rotation of the rotor decreases and the
structure is closer to the Batchelor type flow (Fig. 3(2)). T
fresh air supply comes through the stator central ope
and the discs’ periphery. When theG value increases aga
G > 0.02, the airflow rate induced by the rotor and aspi
r

e

p

r

by the stator central opening becomes very low. In this c
the flow structure approaches those obtained on the free
when the local Nusselt number and the local heat tran
coefficient are proportional to the radius.

Fig. 8(h) illustrates the experimental results forRe=
1.76 × 105 (ω = 300 rev·min−1). The results relative to
the single rotating disc are now compared to Dorfman’s
sults [4] corresponding to laminar (Eq. (5)) and turbul
(Eq. (6)) flows on the free disc with a power law tempe
ture profileT = T∞ + c · rn. Although Reynolds number
on the free disc correspond to the laminar flow (acco
ing to Dorfman [4]) our experimental results are closer
Dorfman’s results [4] obtained for a turbulent flow. Ave
age relative differences between Dorfman’s results (Eqs
and (6)) and our results are 82 and 28%, correspondin
laminar and turbulent flow respectively. In our case, t
Reynolds number range probably corresponds to the l
nar/turbulent transition. This transition depends primarily
the experimental conditions under which the tests are ca
out. In our case, the rotation shaft exceeds the rotor sur
on which the local heat transfer coefficient is evaluated.
deed, if the disc surface is not entirely flat, the laminar fl
loses its stability starting from a rotational Reynolds nu
ber weaker than that for the flat disc. In the same way,
can obtain the turbulent flow on the disc for Reynolds nu
bers lower than 2.8 × 105. Particularly, in the case of fre
disc, Northrop [20] deduced from his experimental stu
that the flow is turbulent on the disc and that there is no s
of the passage of the laminar to the turbulent flow, even
Reynolds numbers lower than 2×105. He attributes this lam
inar flow instability to an early transition due to the prese
of the rotation shaft.

In the case of the rotor facing the stator, the variation
the local Nusselt number and local heat transfer coeffic
as a radius function remains similar to that obtained
Re= 1.17× 105 (Figs. 8(a)–(e)).

4.5. Mean Nusselt number

The evolution of the mean Nusselt number given
Eq. (18) as a function of the gap ratio is plotted in Fig.
for different peripheral rotational Reynolds numbers. T
results relative to the single rotating disc are also plotted

In the range of Reynolds numbers studied and forG =
0.01, the mean Nusselt number on the rotor is higher t
Nusselt numbers obtained for various gap ratiosG and on
the free disc. The flow structure obtained forG= 0.01 is of
a Couette-type flow (Figs. 3(1), 6(a) and 6(b)) correspond
to large shear stresses in the fluid compared with th
obtained on the free disc. This leads therefore to an incr
in the Nusselt number compared to that obtained in
case of a single rotating disc. ForG = 0.02, the mean
Nusselt number obtained is minimal. The flow struct
obtained in this case (Figs. 3(2), 6(c) and 6(d)) is clos
the Batchelor-type flow. The rotating core of fluid reduc
shear stress on the rotor and the value ofNu therefore falls
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Fig. 8. Local Nusselt number, (a)G= 0.01, (b)G= 0.02, (c)G= 0.04, (d)G= 0.06, (e)G= 0.1, (f) G= 0.17, (g and h) free disc.
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Fig. 9. Mean Nusselt number as a functions ofG.

below that of the free disc. For gap ratios higher than 0
the mean Nusselt number increases with the increase i
gap between the two discs and is nearer to those obta
on the free disc. The flow structure obtained in this c
(Figs. 5(1), 5(2), 6(e)–(h)) is closer to the Stewartson-t
flow, where there is only one outward flow on the rot
Moreover, regardless of the size of the gap between the
discs, the mean Nusselt number increases with the incr
in the rotational Reynolds number. This increase of
convective heat transfer on the rotor is due to the reduc
in the thickness of the boundary layer. We deduce from
study that forG < 0.02 we have an example of a sm
clearance (regime I), where the mean Nusselt number
G decreasing function. On the other hand, forG � 0.02,
an increase of the gap between the two discs involve
increase in the mean Nusselt on the rotor (regime II).
value of G = 0.02, for which the mean Nusselt numb
is minimal, corresponds to the transition between regim
and II. These results show the agreement between the
structure and the convective exchange.

In Figs. 10(a) and (b), we compared our experime
results obtained for gap ratios ranging fromG= 0.01 to 0.17
with the correlations of Owen [15], Daily and Nece [16
These correlations (Eqs. (12) and (13)) are obtained
laminar flow for the small and large gaps between the
discs corresponding to regime I and II, respectively. For
gap ratioG = 0.01 (Fig. 10(a)), our experimental resu
are higher than those of Owen [15], Daily and Nece [1
For large gapsG= 0.02 (Fig. 10(b)) the results of our tes
are slightly higher than those of these authors. The ave
relative difference in this case is of about 25%. For g
ratiosG = 0.06, our experimental values ofNu are 60%
higher than those given by Owen [15], Daily and Nec
correlations [16]. These experimental values ofNu decrease
with the increase in gap ratio and are near to those obta
on the free disc forG� 0.17. ForG= 0.01 (regime I), the
mean Nusselt number is proportional toRe0.32 in our case,
whereas it is independent fromRein the case of Owen [15]
Daily and Nece [16] (Fig. 10(a)). On the other hand,
e

Fig. 10. Comparison of our experimental results with the literature.

G � 0.02 (regime II), the comparison of our experimen
results with those of Owen [15], Daily and Nece [1
shows the same tendencies for the evolutions of the m
Nusselt number (Fig. 10(b)). In addition, this comparis
also shows that the Nusselt number increases with the
ratio G for a large gap, whereas it decreases as a func
of G for a small gap. The differences observed between
experimental results and those given by these three au
could be justified by the influence of the system’s geom
and the thermal limit conditions of different surfaces on
convective exchange. For Owen [15], Daily and Nece [1
the rotor is placed facing a closed stationary plane sur
and thus without a central opening. In these authors’ stud
the Prandtl number(Pr = 1) is different from ourPr = 0.72.
This difference in the Prandtl number slightly increases
relative difference of the Nusselt numbers correspondin
different gap ratios. The rotor temperature distribution is a
different for our tests and those of Owen [15], Daily a
Nece [16]. This comparison determines the influence of
aspirated axial airflow and the stator central opening on
convective heat transfer. This airflow is null in the case
Owen [15], Daily and Nece [16] (entirely closed stator) a
higher in our case (aspiration air flow by the stator openi
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Generally speaking, the convective exchange increases
the aspirated axial airflow increases. The results of Fig. 1
show that the influence of the stator central opening is al
more important since the gap between the two discs is sm

4.6. Correlation of the experimental results

4.6.1. Local convective exchanges on the rotor
The analysis of our experimental results shows that

can correlate all our tests by an equation expressing the
Nusselt number on the rotor as a function of the gap r
G and of the local rotational Reynolds numberRe∗. This
equation can be written in the form:

Nu= CXRe∗m (19)

C andm are constant andX is a function ofG.
For G = 0.01, the exponent m is almost null(m = 0)

regardless of what the rotational Reynolds number ma
since the local Nusselt number is almost constant in all
study zone. For values ofG ranging from 0.02 to∞ (∞
corresponding to the tests carried out with the free di
where the local Nusselt number is an increasing func
of the radius, the exponent m remains almost constant
equal to 0.5. Thus, for values ofG ranging from 0.02 to
0.06, our experimental results are accurately correlated
Eq. (19), by fixing the followingC, X andm values:

0.02�G� 0.06

C = 0.50, X = 1+ 5.47× 10−4 exp(112·G)
and m= 0.5

Nu= 0.50
(
1+ 5.47× 10−4 exp(112·G))Re∗0.5 (20)

For a gap ratioG� 0.06, the local Nusselt numbers obtain
on the rotor decrease with the increase inG and are near to
those obtained on the free disc. Our experimental resul
this case can be correlated with the following equation:

G� 0.06

C = 0.55, X = 1+ 0.462 exp

(−13·G
3

)

and m= 0.5

Nu= 0.55

(
1+ 0.462 exp

(−13·G
3

))
Re∗0.5 (21)

In the case of the single disc, the values of the local Nus
number are correlated with an equation which correspo
to Eq. (21) whenG is near to the infinite:

Nu= 0.55Re∗0.5 (22)

Our tests, correlated with Eqs. (20), (21) and (22)
represented on Fig. 8 in the form ofNu = f (r∗) (in these
equations we replaceRe∗ by ωr∗2/νa), for Re= 1.17× 105

and 1.76 × 105 and for the different values ofG. The
relative difference between the experimental values of
local Nusselt number and the calculated values by (20),
and (22) is lower than 5%.
n

l

It can be noticed however that forRe= 1.76 × 105

(Fig. 8(h)), our experimental results on the free disc
higher than the predictions of the correlation (22). T
Reynolds numberRe= 1.76× 105 could correspond to
laminar/turbulent transition on the free disc in our case [

4.6.2. Mean convective exchanges
For Reynolds numbers(5.87× 104 < Re< 1.76× 105)

and a gap ratioG = 0.01, the values of mean Nusse
number were correctly correlated with the power law:Nu=
A′Rem. For this weak gap ratioG = 0.01, the exponen
m is worth 0.32. ForG ranging from 0.02 to∞, the
correlations of the mean Nusselt number were obta
from the integration of the local Nusselt number correlati
(Eqs. (20), (21) and (22)) by using Eq. (18).

G= 0.01

Nu= 7.46Re0.32 (23)

0.02�G� 0.06

Nu= 0.50
(
1+ 5.47× 10−4 exp(112·G))Re0.5 (24)

G� 0.06

Nu= 0.55

(
1+ 0.462 exp

(−13·G
3

))
Re0.5 (25)

In the case of the free disc, our experimental results
correlated by the following equation:

Nu= 0.55Re0.5 (26)

Our tests, correlated with Eqs. (23)–(25) are shown
Fig. 9 in the form of Nu = f (G). In the case of the
free disc, average relative differences between Jackson
and Dorfman’s equations [4] (Eqs. (3) and (5)) and
(correlation (26)) are about 70 and 44%, respectiv
Eqs. (23)–(26) coincide with our tests with a relat
difference of less than 5%.

5. Conclusion

The experimental study of the local convective exchan
between the air and surface of a rotating disc facing a s
has given rise to the following conclusions:

For a given rotational Reynolds number and a weak
ratio G = 0.01, the flow is outward in all the air gap. Th
flow structure is of the Couette-type, corresponding to la
shear stresses in the fluid compared to those obtained
free disc. This leads to an increase of the Nusselt num
when compared to the case of a large gap.

For G = 0.02, the flow is outward on the rotor an
inward on the stator with the formation of a core of flu
rotating between the two discs. This causes a reductio
the tangential shear stresses on the rotor and consequ
the Nusselt number becomes minimal and weaker than
obtained in the case of the free disc. When theG value
increases further the interaction of the boundary layers b



R. Boutarfa, S. Harmand / International Journal of Thermal Sciences 42 (2003) 1129–1143 1143

nea
the

ilt up
ber

c.
the
ose
or
us

ning

p is

sing
s a

tor
out
e

s on

ctifs
. 87

eat
i. 39

s at
978)

tat-
ted

ids

48)

a

still

eat

the
67–

sfer
36–

sfer
rm
isa,

Roy.

isc
1989.

flow
. 82

ns.

kes
rt. J.

roc.

disc
88).
ls et
t de
up on the two discs decreases and the flow structure is
to that obtained on the free disc, involving an increase in
tangential shear stresses inside the boundary layer bu
on the rotor. This leads to the increase in the Nusselt num
on the rotor which is near to that obtained on the free dis

Our experimental results obtained on the rotor facing
stator with a central opening were compared with th
of Owen [15], Daily and Nece [16], for which the stat
is without a central opening. This comparison allowed
to deduce that the presence of a stator central ope
increases the Nusselt number, whateverG andRemay be.
This increase is all the more important since the air ga
weak and the stator opening is large.

In this article we propose some correlations expres
the local and mean Nusselt numbers on the rotor a
function of the rotational Reynolds numberRe and of gap
ratio G. Our results are valid in the case of a rotor/sta
system with a central opening in the stator and with
an imposed airflow. This work is still underway for th
analysis of the influence of other stator central opening
the convective exchange on the rotor.
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