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Abstract

This article presents an experimental study of the local heat transfer on the rotor surface in a discoidal rotor–stator system air-gap in
which an air jet comes through the stator and impinges the rotor. To determine the surface temperatures, measurements were taken on
the rotor, using an experimental technique based on infrared thermography. A thermal balance was used to identify the local convective
heat transfer coefficient. The influence of the dimensionless spacing interval G between the disks and of the rotational Reynolds number
Re was measured and compared with the data available in bibliography. Local convective heat transfer coefficients were obtained for an
axial Reynolds number Rej = 41.6 � 103, a rotational Reynolds number Re between 0.2 � 105 and 5.16 � 105, and a dimensionless spac-
ing interval G ranging from 0.01 to 0.16.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Nowadays, the power production industry is confronted
with new challenges due to the need for sustainable devel-
opment. For example, studies about wind generators have
become more and more numerous. In fact, industry has
worked to increase power production by attempting to
increase generator efficiency. Industrialists (e.g., the Areva
Group) have gotten involved in the development of discoi-
dal rotor–stator systems. These systems do not use gears in
order to avoid altering the system’s mechanical efficiency,
and are thus able to produce a lot of power at low rota-
tional speeds. However, the increased production leads to
inefficient cooling, generally due to the effect of rotation,
making it imperative to improve cooling techniques in
order to preserve the stability and reliability of many rotat-
ing systems. Knowledge of the parameters that influence
the convective heat transfer in the air-gap can help manu-
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facturers to better design their discoidal generators in order
to avoid overheating. This particular industrial problem
serves to underscore the importance of the more general
problem of convective heat transfer and the flow structure
in the air-gap of a discoidal system. In our study of this
general problem, an impinging jet, passing through the cen-
ter of the stator and coming into direct contact with rotor,
was added in order to improve the motor’s cooling method.
2. Bibliography review

2.1. Generalities about rotating disks

Von Karman [1] was the first author to describe the air
flow around a rotating disk and to identify the boundary
layer that develops near such a disk. There are two signif-
icant velocity components inside that boundary layer: the
first one is radial, highlighting the effect of inertia due to
the rotation, and the second is tangential, highlighting
the effect of air viscosity. The convective heat transfer on
a rotating disk have also been studied by Goldstein [2],
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Nomenclature

D pipe diameter, m
e spacing between the two disks, m
F view factor
Jr rotor radiosity, W m�2

r radius, m
R outer radius of rotor, m
h convective heat transfer coefficient, W m�2 K�1

h mean convective heat transfer coefficient,
W m�2 K�1

qv flow rate, m3 s�1

T temperature, K
T(r,x) temperature inside zircon, K
T1 atmospheric temperature, K
V velocity, m s�1

x axial position, m

Greek symbols

DH height read on manometer, mm
� emissivity
s air transmission coefficient
m kinematic viscosity, m2 s�1

x rotational velocity, rad s�1

k thermal conductivity, W m�1 K�1

j flow parameter
/ heat flux, W
u heat flux density, W m�2

q density, kg m�3

Subscripts and superscripts

air air
cv convection
cd conduction
env environment
H2O water
j jet
lam laminar flow
mmH2O millimeter of water
pitot Pitot tube
rad radiation
stator stator
h tangential
tur turbulent flow
zir zircone

Dimensionless numbers

CW flow rate coefficient = qv/mairr
G dimensionless spacing = e/R
~r dimensionless radius = r/R
Rer local Reynolds number = xr2/mair

Re rotational Reynolds number = xR2/mair

Rej jet Reynolds number = VjD/mair

Nur local Nusselt number = hr/kair

Nu global Nusselt number ¼ hR=kair
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Cobb and Saunders [3] and Richardson and Saunders [4]
and Dorfman [5]. Dorfman [5] has suggested many correla-
tions for both local and global Nusselt numbers, taking the
radial temperature profile of the disk surface into account.
More recently, Cardone [6] has proposed a correlation for
when the flow is in transition between the laminar and the
turbulent flow.

To improve surface cooling, several authors have stud-
ied the influence of jet impingement, for example, Huang
[7], or Fenot [8]. Angioletti et al. [9] have concluded that
heat transfer increases when the boundary layer near the
surface is perturbed and the air is renewed. Other authors
have studied mass and heat transfer changes in a single
rotating disk configuration. Chen et al. [10] and Owen
and Rogers [11] have examined the sensitivity of Nusselt
numbers to jet diameter D, to the jet’s Reynolds number
Rej, and to the distance between the jet outlet and the disk
e/D.

Popiel and Boguslawski [12] have distinguished three
flow zones on a rotating disk. The first one is the area of
the disk where the jet’s influence on the heat transfer is
greatest. The second one is the area where rotation has
the greatest effect. The third is a mixture of the first two.
Chen et al. [10] concluded that the location of these zones
depends on the ratio of the jet and rotation mass flow rates.
They also note that the heat transfer on a rotating disk is
modified by the jet when Rer < 200,000. For greater values,
the jet does not affect the local heat transfer. Axcell [13] has
studied the influence of rugosity in a rotating disk configu-
ration subjected to jet impingement. His use of a modified
Reynolds number Rem to take the effects of the jet and the

rotation into account, such that Rem ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Re2

r þ Re2
j

r
D

� �2
q

,
seems to be appropriate.

Iacovides and Chew [14] have numerically studied three
configurations of rotating cavity: with flow entering axially
at the center and leaving radially through the outer shroud,
with central axial throughflow, and a rotor–stator system
with axial flow injection through the stator center and out-
flow through the annulus formed between the rotor disc
and the outer shroud. More recently, Djaoui et al. [15] used
a theoritcal and experimental approaches to produce a bet-
ter understanding of the flow and heat transfer process
occuring in a rotor–stator system subjected to a superposed
radial inflow. They have studied the local Nusselt number
on the stator. They mainly noticed a sudden decrease in
the local Nusselt number when reaching the air-gap outet,
which was explained by peripheral effects. They conclude
that the main effect of the radial superimposed inflow is
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to enhance the level of the core swirl ratio near the axis
and, at the same time, to increase the heat transfer coeffi-
cient on the stator. Also, in 2007, Poncet and Shiestel
[16] have numerically studied three configurations of
rotor–stator cavities with throughflow. None of these stud-
ied cases focused on the convective heat transfer on the
rotor. One of them allowed the author to compare their
results to [15]. They also try to compare their results to
those obtained by Sparrow and Goldstein [17].

Absent from this general information is any reference to
a study of the influence of jet impingement on the heat
transfers on the rotor of a discoidal rotor–stator system.
We decided to examine the effect of an air jet on the cooling
of a rotating disk in a discoidal rotor–stator system. We
chose to position the jet in our experiment so that it would
impinge at the center of the rotor, because it is the position
which allows the best cooling [10]. Owen and Rogers [11]
have studied the air flows in such a configuration and the
next section provides a brief description of their research.
2.2. Rotor–stator configuration with an axial flow

Owen and Rogers [11] identify four possible flow config-
urations, depending on the Reynolds number and on the
dimensionless spacing interval G.
2.2.1. Configuration I

In the case of a narrow dimensionless spacing interval and
a laminar flow, the flow structure depends on the diameter of
the opening and the injected mass flow rate. Soo [18] has
solved Navier–Stokes equations theoretically and showed
that the flow structure depends on a parameter, such as

Uð~rÞ ¼ GCW

2p� ðReG~rÞ2
ð1Þ

If there is no opening in the center of the stator, this
parameter is null, and the flow is centrifugal near the rotor
and centripetal near the stator. The boundary layers are
merged, and the flow is a Couette-type flow. For Soo
[18], when Uð~rÞ < 0:01, the flow conforms to the above
description. In the other cases, the flow is centrifugal across
the entire width of the air-gap. When a flow enters the air-
gap via the opening in the stator, the appearance radius of
the centripetal flow increases. In fact, given a significant
injected mass flow rate, this centripetal flow can be totally
absent from the air-gap.
2.2.2. Configuration III

For a narrow spacing interval between the two disks and
a turbulent flow, the flow structure is identical to the lam-
inar case. When the injected flow rate is very high and the
rotational velocity of the rotor relatively low, the flow
parameter k0 = CWRe�0.75 tends toward infinity. Conse-
quently, the local and mean heat transfers tend toward a
limit, which is determined using the moment coefficient
and shear stresses, such that:
sh ¼ �0:0288½GReð~rð1� bÞÞ�7��0:25F qairx
2R2 ð2Þ

CM ¼ 0:0707ðGReÞ�0:25 ð3Þ

where b ¼ V h;median

xr .
However, for a high Reynolds number and a low

injected flow rate (k0 ? 0), the following result is obtained:

CM ¼ 0:021ðGReÞ�0:25 ð4Þ
2.2.3. Configuration II

In this configuration, the spacing interval G is wide and
the flow is laminar. A rotating core of fluid can appear
inside the air-gap between the two boundary layers. The
flow structure depends on Rer and CW, which are repre-
sented by the flow parameter j. For a laminar flow, this
parameter is defined as

jlam ¼ CWRe�0:5 ð5Þ
Soo [18] has shown that the tangential velocity of the

rotating core of fluid is a function of ~r. If ~r < ~r0, where
~r0 ¼ jlam

p

� �0:5
, the rotating core of fluid does not appear in

the air-gap, and the flow near the rotor is similar to the
one obtained for a single rotating disk. Soo [18] has fur-
thermore said that:

� If jlam

p

� �0:5
< 1, the flow is a Batchelor-type flow.

� If jlam

p

� �0:5
> 1, the flow is a Stewartson-type flow.

In a Batchelor-type flow [19], two boundary layers
develop near each disk, separated by a rotating core of
fluid. On the other hand, in a Stewartson-type flow [20],
there is only a single boundary layer for the rotating disk,
and the flow is very similar to the flow observed in the case
of a disk rotating in still air.

2.2.4. Configuration IV

In this configuration, the spacing interval G is again
wide, but the flow is turbulent. The structure of the turbu-
lent flow is similar to the previous case. Some authors have
defined the flow parameter as

jtur ¼ CWRe�0:8 ð6Þ

In order to characterize the flow, Owen [11], like Soo
[18] for configuration II, has defined a parameter, such that

~r1 ¼ jtur

0:219

� �5=13
. When ~r < ~r1, the rotation of the fluid core

becomes negligible, and the flow is a Stewartson-type flow
[20].

3. Experimental study

3.1. Apparatus

In order to determine the heat fluxes on the rotating
disk, we use infrared thermography and a thick wall
method, which has been described in detail in [21]. In our
experiments, the diameter of the rotating disk was
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620 mm. Using a frequency regulator, its rotational veloc-
ity can range between 30 and 1000 rpm, which produced a
rotational Reynolds number between 20,000 and 645,000.
The thermocouples were connected to the rotating collector
via a hollow 1 m shaft. Four infrared emitters with a short
response time and a total power of 12 kW were placed on
the bottom of the disk. As shown in Fig. 1, a polished
box was placed to concentrate the maximum amount of
radiative energy on the disk. In our experiments, a highly
conductive material had to be used on the bottom of the
rotating disk to homogeneize the heat power. We chose
aluminum for its high thermal conductivity (200
W m�1 K�1), but also for its density (2700 kg m�3) and
its mechanical properties, including an elastic modulus of
67,000 Pa. For the insulating material, we decided to use
a layer of zircon, deposited on the aluminum via plasma
projection. Plasma projection offers two essential features:
a homogeneous depth and high temperatures to insure that
the two materials adhere properly. In order to obtain the
most homogeneous temperature at the zircon/aluminum
interface and the highest radial gradient on the cooled sur-
face, we estimated the thicknesses of the two materials: the
aluminum was set at 43 mm and the zircon was set at
2.5 mm.

An aluminum disk measuring 620 mm in diameter was
chosen for the stator. It was placed at distances ranging
from 3 to 50 mm, far from the rotor. During testing, the
stator was subjected to the radiative heat flux coming from
the rotating disk. The stator was thus painted with a grey
paint, whose emissivity was estimated to be �s = 0.65 ±
0.03.

Because of the method used, the rotor had to be visible
through the stator. Therefore, an observation window in
fluorspar is chosen for its high transmission coefficient of
Fig. 1. Experim
infrared waves. The fluorspar has a dimension of 290 �
20 mm. The rotor radii, which could be observed through
this fluorspar window, ranged from 0.02 to 0.31 m. A hole
(D = 26 mm) was pierced at the center of the stator to
allow the passage of a pipe linked to a centrifugal blower.
One diffuser and two pressure taps were placed between the
blower and that pipe. The injected mass flow rate was reg-
ulated by creating a pressure loss at the blower suction
chamber. Consequently, the imposed axial Reynolds num-
bers ranged from 8.3 � 103 to 41.6 � 103.
3.2. Procedure

3.2.1. Local Nusselt number calculation
To determine the local convective coefficients and the

local Nusselt numbers, the parietal heat flux on the rotating
surface can be obtained by solving the Laplace equation.
Taking into account the axisymmetry of the problem, it
can be written:

o
2T ðr; xÞ
or2

þ 1

r
� oT ðr; xÞ

or
þ o

2T ðr; xÞ
ox2

¼ 0 ð7Þ

The zircon is meshed, and a difference-finite method is
used. The boundary conditions applied are the surface tem-
peratures recorded by the infrared camera and the interface
temperatures recorded by the thermocouples. The axisym-
metry of the problem allows us to impose the heat flux to
zero on the boundary situated at r = 0 m. At r = Rext, it
is verified that the results are not influenced by the chosen
boundary condition, due to a nearly monodimensional
transfer. It is thus supposed that the temperature variation
is linear from the aluminum/zircon interface to the cooled
surface. In our tests, we observed 150 points with the
ental set-up.
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infrared camera. Because the results were independent of
the mesh if the number of cells was equal to 30 or more,
we chose a mesh with 30 cells in the x-direction.

The conductive heat flux is calculated based on the ther-
mal gradient on the surface of the zircon, such that:

ucd ¼ kzir

oT ðr; xÞ
ox

� �
x¼0

ð8Þ

The radiative heat flux is considered to be the radiative
heat flux exchanged between two parallel disks and is cal-
culated using Ritoux’s form factor F [22]:

urad ¼ r
F eres

1� F 2ð1� erÞð1� esÞ
T ðr; x ¼ 0Þ4 � T 4

stator

� �
ð9Þ

where F is a function of the dimensionless spacing interval
between disks, denoted G:

F ¼ 1þ G2

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G4

4
þ G2 � 1

s
ð10Þ

The convective heat flux can be deduced by solving a
thermal balance equation for each point on the disk sur-
face, and the local Nusselt number is obtained:

Nur ¼
kzir

oT ðr;xÞ
ox

� �
x¼0
� r F eres

1�F 2ð1�erÞð1�esÞ
T ðr; x ¼ 0Þ4 � T 4

stator

� �
T ðr; x ¼ 0Þ � T1

� r
kair

ð11Þ

This formulation of the local Nusselt number is based
on the ambient temperature. Owen and Rogers [11]
observed that using this formulation is quite natural for
discoidal systems with an inlet flow (imposed or not). How-
ever, they also proposed the use of the adiabatic surface
temperature, defined as

T ad ¼ T j þ
Pr1=3x2r2

2Cp

ð12Þ

The temperature Tj is the temperature of the injected air,
which in our tests was equal to the ambient temperature
T1. The estimated maximum that can be attained with
[Tad � T1]max, for the maximal radius and velocity in our
parameter range, is 0.5 K. The maximum relative difference
between the local Nusselt numbers using T1 and Tad can
also be calculated, yielding:

0 <
NurðT adÞ � NurðT1Þ

NurðT1Þ
< 2:5% ð13Þ

As this result shows, the maximal difference is very low.
Based on these observations, we chose the ambient temper-
ature as the ‘‘reference” value for this study.

3.2.2. Global Nusselt number calculation
Several authors have defined the global Nusselt number

as Nu ¼ hR
kair

. In our experiments, the mean heat transfer
coefficient for the disk was calculated by integrating the
local heat flux on the rotating surface. The following
expression could be used to obtain the global Nusselt
number:

Nu ¼ 2

R
�
R R

0 Nu� ðT ðr; x ¼ 0Þ � T1Þdr

T ðr; x ¼ 0Þ � T1
ð14Þ
3.2.3. Temperature measurements on the rotor surface

Rotor temperatures were obtained using an AGEMA
900 infrared camera, situated one meter away from the
disk. The camera observed the disk surface normally, with
a measuring frequency of 35 Hz. To increase the impor-
tance of the infrared radiative flux emitted by the rotating
disk, the disk surface was painted with a high emissivity
black paint,whose emissivity was estimated such that
er = 0.93 ± 0.01. During a test run, the infrared camera
recorded the following flux Ir:

I r ¼ sfsaJ r þ ð1� saÞIðT1Þ þ sas
2
f ð1� �rÞIenv ð15Þ

The term Jr is the rotor radiosity, which includes all the
signals emitted by the rotor and all reflections coming off it.
The camera also recorded this rotor radiosity, altered by
the air and fluorine transmission coefficients, plus an atmo-
spheric term I(T1) and an environmental term Ienv. The
atmospheric term, I(T1), was estimated by measuring T1
using a thermocouple and the calibration law. The environ-
mental term, Ienv, was estimated by positioning a reflecting
aluminum sheet in proximity to the surface. The rotor radi-
osity was estimated by solving a radiosity system equation,
considering the air-gap as a closed system whose bound-
aries are the rotor, the stator and the fluorspar window,
and the crown shaped by the air. All boundaries were con-
sidered to be grey surfaces. The rotor and the stator tem-
peratures were measured with thermocouples and
presumed uniform. The highest temperature on each sur-
face was used in the calculations in order to maximize
the calculated radiative heat flux. The temperature of the
fluorspar window and the air in the air-gap were also pre-
sumed uniform and equal to the ambient temperature.

The temperature measurements with this method are not
only dependent on the calibration law, the emissivity of the
black paint, the air temperature and the air transmission
coefficient, but also on the emissivity of the grey paint es

and the fluorspar transmission coefficient sf, set by the sup-
plier at sf = 0.95 ± 0.01. In our temperature range,
323 < T < 353 K, the absolute error is estimated to be 1 K.
3.2.4. Temperature measurements at the zircon/aluminium

interface

As shown in Fig. 1, two thermocouples (denoted 1 and
2) – situated inside the two holes (D = 3 mm) at the bottom
of the disk at the aluminium/zircon interface – were linked
to an acquisition system by a four-channel rotating mer-
cury ring collector. They were placed at two different radii:
r = 0 and 0.3 m. The absolute error for the aluminium/zir-
con interface temperature is estimated at ±0.3 K. As said
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previously, the disk has been made with two different mate-
rials and their thicknesses have been calculated in order to
get the most homogeneous temperature at the considered
interface. Moreover, it has been checked that this temper-
ature is constant and that a number of two thermocouples
is enough to allow a reliable calculation, namely during the
validation tests presented in the Section 3.2.8.

3.2.5. Ambiant temperature measurement

The reference air temperature T1 was measured by a
type K thermocouple placed outside the test-rig, far
enough from the rotating system. The absolute error for
the air temperature is estimated at ±0.3 K and was directly
connected to the acquisition system.
Fig. 2. Experimental results concerning the local Nusselt numbers with Rej

G = 0.16 (e). (. . . . . .) Re = 0.2 � 105; (——) Re = 1.29 � 105; (—–) Re = 2.58
3.2.6. Temperature measurement in the stator

Two T-type thermocouples were directly linked to the
acquisition system (numbers 3 and 4 in Fig. 1). They were
placed at radii of 0.05 and 0.3 cm. The absolute error for
the stator temperature is estimated at ±0.3 K.

3.2.7. Flow rate measurement

To determine how the impinging jet modifies the local
and mean heat transfers, the flow rate was estimated by
measuring the pressure drop through the diffuser with a
micro-manometer according to DH mmH2O. At the same
time, velocities were measured at the different radius of
the outlet section using a Pitot tube, which gives the pres-
sure drop according to DHpitot:
= 41.6 � 103 and G = 0.01 (a), G = 0.02 (b), G = 0.04 (c), G = 0.08 (d),
� 105; - - - Re = 3.87 � 105; (d) Re = 5.16 � 105.
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V ðrÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qH2OgDHpitot

qair

s
ð16Þ

By integrating these velocity profiles, the mass flow rate
and the mean velocity Vj in the pipe can be deduced:
Fig. 3. Experimental results concerning the local Nusselt numbers;
Rej = 41.6 � 103; Re = 3.87 � 105. (. . . . . .) G = 0.01; (——) G = 0.02;
(—–) G = 0.04; (- - -) G = 0.08; (d) G = 0.16.
V j ðm s�1Þ ¼ 2:881�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DH mmH2O

p
ð17Þ

During experimentation, the desired pressure drop
could be selected by adjusting the valve near the blower.

3.2.8. Error analysis and validation

By taking into account all the uncertainties mentioned
above, the mean relative uncertainty for the local Nusselt
number is estimated to 12%. The same uncertainty can also
be calculated for the global Nusselt numbers. For the rota-
tional velocity, the absolute error according to the supplier
is 2 rpm in the range 0–1000 rpm, which means a maximal
value of 7% for the relative uncertainty of Re. The method
used to link the mean velocity in the jet to the pressure drop
through the diffuser yields a maximal relative error of 10%
for the jet Reynolds number. To insure that the experimen-
tal set-up would produce reliable results, a preliminary
study was conducted on a single rotating disk configura-
tion. This is a well-known problem and results compare
favorably to those of Dorfman [5] and Cardone [6] for lam-
inar and turbulent flows.

4. Results

This section reports the results for the convective heat
transfer on the rotor. The jet diameter was set at
d = 26 mm. The jet Reynolds number Rej formulae was
set to 41.6 � 103, the rotational Reynolds number Re ran-
ged from Re = 0.2 � 105 to 5.16 � 105. The dimensionless
spacing interval G varied between 0.01 and 0.16.

4.1. Local Nusselt numbers

Fig. 2a–e show the local Nusselt numbers Nur versus the
dimensionless position r/D. Each of the charts represents
one dimensionless spacing interval G, and each curve
represents a fixed rotational Reynolds number Re. A peak
in the local Nusselt numbers can be seen at the lowest
dimensionless radii. Indeed, for G = 0.01 on Fig. 2a and
for r/D = 1.3, the local Nusselt numbers reach a local max-
ima, whatever the rotational speed. The same observation
can be made for G = 0.02 and 0.04 (Fig. 2b and c). For
the two greatest spacing intervals G = 0.08 and 0.16
(Fig. 2d and e), the value no longer peaks, but instead
increases, then remains quite constant, before diminishing.
In addition, the radial position, where the local maximum
is situated, depends on G. In fact, for G = 0.02, the local
maximum is reached when r/D is about 1.5 and for
G = 0.04 when r/D is about 2. For G = 0.08 and 0.16,
Nur also increases with r/D until r/D = 2. When the r/D
is high enough, the curves separate, demonstrating that
Nur is a function of Re. In addition, when the space
between the curves widens, the local convective heat trans-
fer is an increasing function of Re, whatever G. With low
Re values, Nur decreases with r/D, whereas it increases with
higher Re values. Furthermore, for a fixed G, varying the
rotational Reynolds number does not cause any change
in Nur at low radii. When G is constant, the results are
independent of Re in the central area of the disk. This phe-
nomenon is more obvious when G is low than when it is
high. However, when comparing the local Nusselt numbers
attained in the zone independent of Re, it is obvious that
this local maxima depends on G.

As shown in Fig. 3, when Re is set to 3.87 � 105, the
results can be divided into two groups. For G = 0.01 and
0.02, the local Nusselt numbers for most of the disk surface
remain quite constant at about Nur = 300. At higher radii,
Nur increase with r/D. Moreover, for these two values of G,
the local Nusselt numbers are nearly identical for the entire
disk surface. However, for the three highest G values, the
evolution of the Nur values is more pronounced, with a sig-
nificant increase at lower radii. The three profiles come
together again at high radii, but the values are lower than
for G = 0.01 or 0.02. So, depending on G, Nur evolve differ-
ently. The chart in Fig. 3 also demonstrates that the size of
the area that is clearly influenced by the impinging jet is an
increasing function with G. The local maxima reached with
narrow spacing intervals are lower than those reached for
wider intervals, although at the outer radii the values can
be higher for narrow intervals.

For the five tested dimensionless spacings, the experi-
mental temperature profiles are given on Fig. 4. The dotted
lines show the aluminum/zircon interface temperatures
which are measured by the thermocouples. Values are
interpolated and it can be seen that the temperature is con-
stant at this location. The surface temperatures, determined
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with the infrared camera, are also plotted. Those results
show that the apparatus allow to directly have an idea of
the heat transfer coefficient by observing the surface tem-
peratures. In fact, their evolution are the opposite of the
heat transfer coefficient evolution.

4.2. Global Nusselt numbers

The evolution of the global Nusselt numbers was stud-
ied by varying the two parameters: Re and G. The experi-
mental results are presented in Fig. 5, where Nu is plotted
versus the dimensionless spacing interval G for each rota-
tional velocity studied.

4.2.1. Influence of the dimensionless spacing

As shown in Fig. 5, for Re = 0.2 � 105, Nu increases
between G = 0.01 and 0.02, while for the other rotational
Fig. 4. Temperature (�C) profiles measured on the rotor for Re = 3.87 � 105 an
interface temperatures.
velocities Nu decrease with G. As G increases, the global
Nusselt number decreases, until G reaches between 0.04
and 0.08, whatever the value of Re. At this point, Nu begins
to increase with G. For the local Nusselt numbers shown in
Fig. 3, the results could be divided into two groups, whose
transition boundary was associated to a critical G, corre-
sponding to the minima of the global Nusselt numbers.
For small dimensionless spacing intervals, an increase in
G clearly causes an increase in the local maxima attained
at the low radii, but also leads to a very significant decrease
in the convective heat transfer at outer radii, which in turn
causes the global Nusselt numbers to decrease too. On the
other hand, at higher G values, an increase in G leads to an
increase in the size of the jet-dominated area, near the stag-
nation point. The local Nusselt numbers are thus enhanced
in this area, resulting in an increase in the global Nusselt
number.
d Rej = 41.7 � 103; (——) surface temperatures; (. . . . . .) aluminum/zircon



Fig. 5. Experimental results concerning the global Nusselt numbers for
G = 0.01. (s) Re = 0.19 � 105; (w) Re = 1.29 � 105; (M) Re = 2.58 � 105;
(d) Re = 3.87 � 105; (*) Re = 5.16 � 105.
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4.2.2. Influence of the rotational velocity

As shown in Fig. 5, the global Nusselt number for the
entire disk surface seems to be an increasing function of
Re, whatever the dimensionless spacing interval, although
inversions are sometimes produced on Nur at the outer
radii by increasing the rotational velocity values.
Fig. 6. Illustrations of the flow structure inside the air-gap for a narrow
intervals (a) and wide intervals (b).
4.3. Interpretation

Owen [11] has summarized the results of several authors
concerning the flow structure in a discoidal system’s air-
gap. His summary highlights the fact that three parameters
are needed to characterize the flow: /ð~rÞ for small dimen-
sionless spacing intervals G, and ~r0 and ~r1 for large inter-
vals. The problem is determining the boundary between
the small and large G values. Several authors have
described a transition for a dimensionless spacing interval
of about G = 0.02. The three parameters mentioned above
can be expressed as follows:

/ð~rÞ ¼ GCW

2p� ðReG~rÞ2
ð18Þ

~r0 ¼
jlam

p

� �0:5

ð19Þ

~r1 ¼
jtur

0:219

� �5=13

ð20Þ

In order to emphasize the following discussion, Fig. 6a
and b show how the flow develops inside the air-gap for
two cases. On the one hand, Fig. 6a gives an idea of the
flow in the air-gap when the spacing and the rotation are
relatively low compared to the jet mass flow rate. The flow
is thus totally centrifugal in the air-gap. On the other hand,
Fig. 6b shows the flow when the rotation has a more pro-
nounced effect than the jet in the air-gap. This can be the
case when the spacing and the rotational speed are high.
The flow is firstly centrifugal in the whole thickness of
the air-gap until a critical radius. Then an inlet centripetal
flow develops near the stator. Also, the rotational effects
are more pronounced near the rotor. The two previous
flows are delimited with one of the criteria (18)–(20) in
order to calculate the critical radii, depending on the kind
of flow which is encountered in the air-gap. For a relatively
narrow spacing interval, the Soo criterion (18) [18] is used
to know when the flow changes from centrifugal to centrip-
etal near the stator. And for a relatively wide interval, the
parameters (19) and (20) are used when the flow is respec-
tively laminar or turbulent.
4.3.1. Narrow dimensionless spacing intervals

In our parameter range, /ð~rÞ was calculated for narrow
dimensionless spacing intervals, such as 0.01 < G < 0.02.
The minimum value for /ð~rÞ was thus estimated to be 0.3
for the chosen axial Reynolds number. However, according
to Soo [18], an inlet flow from the outside of the air-gap
only occurs when / < 0.1. So, in this configuration, the
flow appears to be centrifugal throughout the air-gap for
G = 0.01 and 0.02. The rotational velocity is not high
enough to permit an inlet flow at the outer radii for that
injected mass flow rate. Clearly, the local Nusselt number
profiles do not vary as much as for higher G values, and
there are no significant changes in the curve slope, except
in the central area, where the changes are due to the pres-
ence of the jet.
4.3.2. Wide dimensionless spacing intervals

For wide dimensionless spacing intervals, the following
equations ~r ¼ ~r0 and ~r ¼ ~r1 were solved for each configura-
tion. In our range of parameters, the first equation does not
lead to any real physical solution because the calculated
critical radii fall outside of the disk surface. However, the



Fig. 7. Comparison between local Nusselt numbers and bibliography data
about the flow [11]; Rej = 41.6 � 103 and G = 0.16; (. . . . . .)
Re = 0.2 � 105; (——) Re = 1.29 � 105; (—–) Re = 2.58 � 105; (- - -)
Re = 3.87 � 105; (d) Re = 5.16 � 105.
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second equation does provide a set of critical values which
are shown in Table 1.

The lowest Rej at the center of the stator is 8,3 � 104 and
corresponds to a turbulent flow inside the supply pipe.
Consequently, the flow inside the rotor’s boundary layer
is turbulent, whatever the value of G. For a turbulent flow,
the radii (r/D)1 correspond to noticeable changes in our
experimental results. As shown in Fig. 7, these radii can
be used to divide our profiles into two groups. As shown
in our profiles, the limit between the zones is situated just
after the significant increase in Nur due to the added jet
in the central area and just before the increase due to the
rotation at outer radii. According to Owen’s definition of
(r/D)1 [11], the flow is at first totally centrifugal in the cen-
tral area of the disk; only when (r/D) > (r/D)1 does a rotat-
ing core of fluid and an inlet flow appear near the stator.

Since our results for convective heat transfers on a rotat-
ing disk are strongly connected to the flow pattern, it is
interesting to look at how these two elements are
correlated.
4.3.3. Correlation between heat transfer and flow

Compared to the no-jet configuration [21] where there is
no real flow near the stagnation point, a mass flow rate
imposed in the air-gap leads to a totally centrifugal flow
at this location and to a significant increase in the convec-
tive heat transfer, whatever the G or Re values. Some
authors [9] have demonstrated that the vortices generated
at the pipe outlet break up the boundary layer near the
rotor and accelerate the air renewal, thus enhancing the
heat transfer. Modifying the rotational velocity has no
influence on convective heat transfer because tangential
velocity is very low near the center. The size of that jet-
dominated area near the stagnation point also strongly
depends on G, essentially because the width of the air jet
is more significant as the spacing between the pipe outlet
and the rotor gets larger.

In all cases, as r increases, the air gradually begins to
rotate, which helps to explain why Re has an influence on
Nur at higher radii. But in our case, the evolution of the
flow structure and the heat transfer is not the same what-
ever G. For G = 0.01 and 0.02, the flow is totally centrifu-
gal throughout the air-gap. Soo’s observations [18] are
confirmed by our results. For wider intervals, the centrifu-
gal flow imposed by the jet is confined near the rotor, with
an inlet flow occurring near the stator. The rotation of the
rotor causes a rotating core of fluid to appear in the air-gap
when the rotational speed is high enough. This flow is a
Batchelor-type flow [19], as has been observed in the air-
Table 1
Critical radii (r/D)1 for the flow change in the turbulent case [11]

Rej (�10�3) Re (�10�5)

0.2 1.29 2.58 3.87 5.16

41.6 10.4 9.2 8.8
gap without any jet impingement. In this area, the parietal
stress decreases, which explains why the local Nusselt num-
bers at high radii are lower in wide spacing configurations
(Fig. 3). When G increases once again, the convective heat
transfer also increases, and the flow becomes a Stewartson-
type flow [20]. In this flow, the boundary layers are dis-
jointed, and the rotating core of fluid progressively
disappears.

The global Nusselt number increases with Re, whatever
the value of G, essentially due to the local increases
observed at outer radii. The global Nusselt numbers first
decrease as G increases, until Nur value reaches its mini-
mum value. This decrease is caused by the appearance of
a rotating core of fluid at outer radii, thus diminishing
the local heat transfer. Of course, increasing G values lead
to a larger jet-dominated area. However, when calculating
the global Nusselt number, the higher the radius, the
greater the effect of a Nur modification. Clearly, events near
the center do not have a very significant effect on the global
Nusselt number.

5. Conclusion

This research was part of a general study about the con-
vective heat transfers on a rotor surface in different config-
urations of a discoidal system. We chose to vary the
spacing interval and the rotational velocity in order to
examine the influence of a jet on the local and global con-
vective heat transfers on a rotor in such a system. Our heat
transfer measurements confirm the data about flow struc-
ture found in the bibliography. The local convective heat
transfer was enhanced near the stagnation point at low
rotational velocities, where the influence of the jet is pre-
ponderant. At high radii, the local Nusselt numbers were
shown to depend on both jet and rotation. The influence
of the spacing interval on global Nusselt numbers was also
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highlighted by our results, with these numbers reaching a
minimum value depending on the rotational velocity and
on the spacing interval. In our parameter range, adding a
jet is always advantageous for the heat transfer, as con-
firmed by the global Nusselt numbers. Our results under-
line the importance of the influence of the rotational
speed and the dimensionless spacing interval between the
two disks for a fixed injected mass flow rate. The addition
of a jet impinging the center of the rotor is advantageous
for the heat transfers, primarily near the stagnation point.
In order to complete this research and to improve the cool-
ing at outer radii, a study will determine velocities in the
air-gap with the use of PIV and another work with several
impinging jets added at positive radii could be done.
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