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Abstract. We present an experimental identification of the local and
mean Nusssit number from a rotating TGV brake disk model in the actual
environment and exposed to an air flow paraflel o the disk surface. This
method is based on the use of a heated thermally thick disk combined
with the technique of temperature measurement by infrared thermogra-
phy. The loca! and mean convective heat transfer coefficient from the
disk surface is identified by solving the steady siaie heat equation by a
finite difference method using the experimental temperature distribution
as boundary conditions, The experimental setup is constituted of a
model disk with ali the representative parts of the actual TGV brake
system. The disk and its aciual environment aré inside a wind tunnel test
section, so that the rotational disk speed and the air flow velocity can be
varied. Tests were carried out for rotational speeds « between 325 and
2000 rpm (rotational Reynolds number Re between 88,500 and
545,000), and for an air flow velocity U ranging between 0 and 12 m-s
{air flow Reynoids number Reg between 0 and 153,000). © 2002 Society of
Photo-Cptical Instrumentation Engineers. DO 10.1117/1.1481896]

Subjact terms: infrared thermography; heat convection; Nusseit number; braks
digk; brake environmeant.
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1 Introduction

High energy train braking implies a significant brake disk
temperature increase (local temperature ranging between
500 and 1000°C) that can damage the disk. The railway
equipment industry is therefore uying to find new TGV
brake disk system cooling strategies, such as a heat pipe
disk.! One solution consists in conceiving a specific design
that directs the air flow produced by the train displacement
toward the disk. The air flow produced by the frain dis-
placement that arrives on the disk is very weak. Conse-
quently, it is necessary to analyze the influence of the air
flow cooling on the convective heat transfer on the TGV
brake disk, This study presents an experimental determina-
tion of the local and mean Nusselt number from a rotating
TGV brake disk medel in the actual environment that is
submitted to an air flow parallel to the disk surface.

The convective heat transfer from a simple disk rotating
in stili air, regardless of whether the temperature is uniform
or not, has been described by many authors. Von Karman®
studied the flux induced by a rotating disk. Rotation trans-
mits tangential and radial velocity components to the fluid
close to the surface. For a disk with a given outer radius,
the fluid is rejected towards its periphery, which causes an
axial fluid flow toward the disk. The movement produced
by a rotating disk is divided into three modes: laminar,
transitional. and turbulent. Gregory, Stuart, and Walker®
songht to establish how laminar flow loses its stability in
the vicinity of a rotating disk. Two critical radii were ob-
tained, separating the three modes of the flow. In the central
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zope to the radius R, the flow is purely laminar, and be-
yond the radial position R, it is entirely turbulent. The ro-
tational Reynolds numbers connected to these two positions
of instability and transition are given by:

Re,=w-R/v,=1.82.10° (instability) (1)
Re,=w R*/v,=2.82.10° (uansition}. (2)

Other authors, like Cobb and Saunders* \?Vag,rie]f,5 Spar-
row and Gseggf Richardson and Saunders,” Oehlbeck and
Erian,® Hartnett,” and Dorfman'® studied the heat transfer
of a roiating disk in still air. Dorfman suggests, for a tem-
perature distribution T=7T.,+ ", a correlation giving the
local Nusselt aumber as function of the rotational Reynolds
nuamber:

Nu=0.22(n+2)"*Re"* (Jaminar flow) (3)
Nu=0.0169(n+2.6)"*Re"® (turbulent flow). 4

Some studies give the evaluation of the heat transfer
coefficient when both rotational and superimposed air oW
parallel to the disk surface are combined. De Verg!! pre-
sents a correlation when air flow veloeity and rotational
speed of the disk are linked by the relation U=wR. Do
Vere showed that the heat transfer on the disk is dominated
by the main flow of air more than by the secondary rota-
donal flow. 1n the case of a rotating TGV brake disk e
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Fig. 1 Schema of the TGV brake disk.

posed o an aiz: flow paratlel to the disk surface, Watel'? put
forward experimental results in concordance with those ob-
tained by De Vere.

2 Experimental Procedure and Apparatus

2.1 Procedu.fe for the Determination of ihe Local
Convective Heat Transfer Coefficient

The local convective heat transfer coefficient measurement
tes:hnique consists of using a thermally thick wall combined
with the surface temperature measurement by infrared ther-
mography and the numerical resclution of the steady state
heat eguation. The thermally thick wall is composed of a
gteel disk and a ceramic coating. The steel part of the disk
is heated by electric resistances and its role is to homog-
enize the temperature inside the thermally thick wail. The
ceramtic coating is cocled by the air flow {Fig. 1). Due to
the low conductivity of ceramics, the variations of the con-
vective heat transfer coefficients & along the disk radius »
are related to the variations of the surface temperature
along the radius, which can be detected by infrared ther-
mography.

~ The numerical resolution of the steady state heat equa-
tion gives access to the local convection coefficient on the
disk. The steady state heat equation for the axisymmetric
problem inside the ceramic part of the disk is:

FT 14T T

I ;E—f_c?z?' 0. (5

The boundary conditions in this work are: for z=0,
?‘"( r,'O) is given by the infrared camera and for z=e, T(r,e)
i3 given by the thermocouples. A finite difference method
has been used to solve these equations, The local heat flux
from the disk surface can be deduced by using the thermal
balance on the disk surface:

Peongaction™ Peonvection T Pradiation (6}
with
ar\
Pronduction ™ Mo ‘ E)
' =0

local conductive heat flux

Poonvection— AL T(r,0) T.]

losses by convection

€
P radiation 1—m_€ [o- T4( r0j—J]

losses by radiation.
Then local and mean Nusselt numbers are deduced

s (ar"} € .
h-}" 6‘32/Z$0 i_E[UT (r’o}m‘]] .

N = —_— —
= TG0—T. N )

43

Nu,,

h.Rs 2R, 1 (R
= = f (T—Ta)Nudr. (%)

Ay Ré_R% =T, Rk

The surface temperature gradient (677/8z)._q is given
by the numerical solution of the heat equatién. The disk
surface temperature 7(r,0) and the disk emissivity € are
obtained by infrared thermography, and the temperature of
the flow T, is measured by a thermocouple. The disk radi-
osity J is estimated from the radiative exchange balance
between the disk surface and its surrounding”ﬁ:

T (r0)H(1~€)g0T]
T I—{i-e(l—¢,) ®

65:{}.65'311@ T, are the emissivity and the temperature of
the alaminum wall of the test section located close to the
TGV disk, respectively.

2.2 Experimental Setup

The experimental setup comprises the TGV model disk on
scale 0.617 and its actual environment. The TGV model
disk is made of steel {inner radius &, =51 mm, outer radius
R,=197mm, and thickness ¢’ =26 mm) and covered by a
f:eramic coating obtained by plasma projection (conductiv-
ity Ae=0.65Wm™ ! K™}, and thickness ¢=1.7mm). To
&mullate the energy dissipation by friction, the steel part of
the disk is equipped with eight electric resistances. All the
representative parts of the actual TGV brake system
(flanges, pads, brake lining holders, cylinder, and brake
rods} are found arcund the disk (Figs. 2 and 3).

The TGV maodel disk and its actual environment are in-
stalied mside the wind tunnel test section with aluminum
walls (dimensions 1037X671x225). One of the wind tua-
nel walls is equipped with an observation disk {diameter
470 mun). which comprises two slits (dimensions 10713
mmyj, making it possible to visualize the surface tempera-
ture by infrared thermography in line scanning mode. The
rota_tional disk speed varies from 300 to 2000 rpm using an
engine at variable speeds, and the relative error on the 1o-
tational speed measurement is 0.5%. The air flow velocity
varies from 0 to 12 ms™ " using a blower and is measurad
by a Pitot tube placed in the test section casing. A conve-
nient velocity distribution is ohained thanks to a honey-
comb at the inlet of the wind mnnel. ’
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Fig. 2 Experimental setup.

To determine the local Nusselt number, the temperature
of the flow, the temperature at the ceramic/steel ir;te;fgce,
the temperature of the aluminum wall of the test section,
and the disk temperature surface, are measured. The tem-
perature of the flow 7. is measured by a K-type thermo-
couple placed inside the test section, and the absolute error
on T, can be estimated at AT = *0.3XK. The tempe_;uture
at the ceramic/steel interface is measured by two K-type
thermocouples placed at 70 and 170 mm, respectively, fro;p
the disk axis, and the absolute error on this temperature is
AT=+0.3K. The temperature of the aluminum wall of the
test section T, is measured by a K-type thermocouple and
the absolute etror on this temperature is AT, =203 K.
The disk surface temperature is obtained by infrared ther-
mography.

2.3 Disk Surface Temperature Measurements Using
Infrared Thermography

The TGV disk surface temperature T is obtained from the
thermal fevel measured by a short wave wide band infrared
thermography camerd {AGEMA 900 SW/IL, AZ%—S:—’L
pm). The infrared camera equipped with a 20X 1.2.5 %ens
is installed in front of the TGV brake disk so that its optical
axis is merged with the disk rotational axis. In thls way the
temperature distribution is obtained along a radius of the
disk sinface with a line acquisition frequency of 3472 Hz
{Fig. 2).

Brake lining

Brake rogs holders

Cylinder

Fig. 3 View of the experimental setup.
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Fig. 4 Black paint emissivity.

The thermal level /,,, determined thanks to the infrared
camera, takes the thermal level of the brake disk sarface
I(T), the thermal level of the environment 7( Te.n\,), the at-
mospheric transmission 7, elxgl?& thermal level of the atmo-
sphere [(T,y,) 1to account ™

Iy= T'E'I(T)_i-'r'{l—E}'I(Tenv)"%(lfT)‘I(Tafm)- (]O)

_ The thermal level of the brake disk surface I(1) is a
function of the disk surface temperature 7 through the cali-
bration curve [{Ty=f(T} obtained by using a black body
(AGEMA BB 400-3) of emissivity equal to 0.99=0.01. To
maximize the disk thermal emission, when compared to the
thermal level of the environment {7}, the disk surface
was covered with a high emissivity black paint supp_oscd 0
be an opaque, lambertian, and gray surface in emission and

reflection. _ o :
To determine the black paint emissivity, two measure-

ments of I are carried out: the first one on the black pqini
disk surface (giving 7,,) and the second one on a lambertian

aluminum surface {giving [,,):
1= TH{T o)+ (1= TH (T (11}

The black paint emissivity is deduced by using Eqs. {10}
and (11}

(L~ 1) )
e(T)= < . (12
TI(T)—1,+ (1= T)I(Tatm)

While the disk swface temperature T and atmosphegc
temperature 7, are measured by thermocouples, the cali-
bration curve leads to the ideatification of the thermal Jev-
els 7(T) and I( Ty, It is then possible to identify t}f’}e ?ﬂuck
painl emissivity in the spectral band of the camera, _P: e
4 shows the black paint emissivity values obtained for sev-
eral different temperatures. It can be seen that for a tem-
perature ranging between 30 and 80°C (whic}q is tije tem-
perature range used for the tests), the black paint emissivity

is €=0.93=0.02. Equations (10} and (11) are thercfore used:

to deduce the disk thermal level I{T):
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Fig. 5 Experimental temperature evolution as a function of the dimensionless radius: {z) Re=88,500

and (b} Re=545,000. :

Ln= (1=, — (1~ TH(T )
€ :

(T)=

(13)

The calibration curve is then wsed to ohtain the disk
surface temperature. The uncertainty obtained on the disk
temperature 7 is AT=+0.90K.

3 Hesults of the Test on the Convective Heat
Transfer '

The convective heat transfer experiments were carried out
for rotational speeds @ between 325 and 2000 rpm (rota-
tioral Reynolds number Re=wR%/1, between 88,500 and
545,000), so as to obtain laminar and tarbulent flow on the
disk, and for air fiow velocity U ranging between 0 and 12
ms ! {air flow Reynolds number Re=UR/y, between 0 and
153,000}, These measurements aim to show the influence
of the air flow cooling on the convective heat transfer on
the TGV brake disk.

3.1 Temperature Profiles

Dorfman'® showed that it is essential to take the influence
of a radial temperature distribution on the disk into account
when evaluating the local heat transfer coefficient. This is
why the experimental temperature evolution T— T, is pre-
sented as a function of the dimensionless disk radius r#
={r—Ry)/(R;—R)). Figure 5{a) shows the experimental
temperature evolution for rotational speed w=325 rpm (Re
=88,500) and Fig. 5(b) shows the experimental tempera-
fure evolution for rotational speed @=2000 pm (Re
=545,000). The experimental temperature evolution on the
disk surface is represented by a power law of the type T
—Ty=c¢r**, where exponent » is a function of the experi-
mental conditions. In our case, » varies between —(.066
and —0.385.

It can be seen [Figs. 5(a) and 3(b)] that the disk tem-
perature decreases with the dimensionless radius . This
reduction is due % the increase of the convective heat trans-
fer for large dimensionless radius »* values. A shght fail in
temperature profile arcund the dimensionless radius #* 0.8
0 0.9 is also noticed. For these values of the radius F¥, the

brake shoe print can be observed on the disk surface. These
frictions damaged the black painting that cover the disk and
led to a reduction of the disk emissivity surface and thus of
the measured surface temperature.

3.2 Contribution of the Radiative Losses Compared
to the Convective Losses

Figures 6(a) and 6(b} show the contribution of the radiative
losses compared to the convective losses [Eq. (6)] For a
weak rotational speed value [Fig. 6(a): w=325 rpm, Re
=88,500], the radiative losses are very significant {on av-
erage 44%) if the rotating disk is in still air (/=0, Re,
=0). Tt is thus necessary to take them into account in the
calculation of the heat transfer coefficient, However, for a
rotating disk exposed to an air flow, these losses decrease
considerably (they are about 6% for U=12ms™' Re,
=153,000). For a high rotational speed value [Fig. 6(b):
w=200¢ rpm, Re=545,000], the radiative losses are very
weak (in the order of 6%) and thus it is less important to
take them into accouat.

3.3 Local Nusselt Number

The local Nasselt aumber is plotted as a function of the
dimensionless radius »* [Figs. 7(a) and 7{b)]. Figure 7(a}
shows the local Nusselt number for rotational speed w=325
rpm (Re=88,500} and for air flow velocity U ranging from
0to 12m s~ (0=Rey<153,000). Figure 7(b) presents the
local Nusselt number for rotational speed @=2000 rpm (Re
=545,000) and for air flow velocity I/ ranging from 0 to 12
m s~ (0<<Rey=153,000). Dorfman’s resuits on the rotat-
ing disk in still air {U=0ms™") are also plotted.

For a laminar fow on the rotating disk in still afr, our
experimental results are-in concordance with Dorfman’s
correlations [Fig. 7{a)]. For a higher rotational Reynolds
number, corresponding to a turbulent flow on the rotating
disk in still air [Fig. 7(b)]. our results are in good agree-
ment with Dorfman’s correlations for a dimensionless ra-
dius fower than r*=0.3. For values over r*=0.3, corre-
sponding to the friction zone, our experimental results are
higher than Dorfman’s predictions. The actual environment
of the brake disk probably modifies significantly the flow

Optical Engineering, Vol. 41 No, 7, July 2002 1561




Sirpux, Harmand, and Desmet: Experimental study . . .

e

1y

(a) Re=B8500
& Reg

£OnY

=0 - Re~43500

© Re=77700 & Re, =133000
G887

0 02 04 06 08 1

Fig. 6 Contribution of the radiative losses compared to the convective losses: (a) Re=88,500 and {b)
Re=545,000.

structure by increasing turbulence and thus heat _tyansfer
from the disk. When rotation and air flow velocities are
combined, one notices that for a low rotatio.r;al speed
w=325 rpm (Re=88,500), the influence of the air fow ve-
locity on the convective exchange is significant !_;ﬁlg. T(a)].
Indeed, the passage of Rey=43.500 (U=3ms™ '} to .Reg
=77.700 (U=6 ms~}) involves an increase of the periph-
eral Nusselt number of 33%. In the same way, the passage
of Rep=77700 (U=6ms™') to Rey=153,000 (U
=12ms !) involves an increase of the peripheral Nusselt
number of 40%. .

In Fig. 7(b), when rotation and air flow velocity are
combined for a high rotational speed w=2000 rpm {Re
=545,000), it can be seen that the influence of the air flow
on the Nusselt number becomes less significant. The pas-
sage of Reg=43,500 (U=3ms !} to Re=77,700 (U
=6ms” 1) involves an increase of the peripheral Nusselt
number of 16.7%, whereas the passage of Req=77,700
(U=6ms™ 1) to Rep=153,000 (/=12ms™ ") involves an
increase of the peripheral Nusselt number of anly 25%.

N
1600 T—
(a) Re = 88500
- Dorfman
12005 Rey=0
- Re=43500 Py
O Rey=77700
800 T A Reg=153000 b

400

0 02 04 06 08 1

Fig. 7 The local Nusselt number as a function of the dimensionless radius: (a) Re=88,500 and (b}

Re=545,000.
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3.4 Mean Nusselt Number

The evolution of the mean Nusselt number %n the stu@y*
zone as a function of the Reynolds gamber is plptted in
Figs. 8(a) and 8(b). For a rotating disk in still air [Fig. 8(&)},‘
the mean of our experimental results is higher than thgt of
Dorfman {19% higher for a laminar flow and. 17% higher
for a turbulent flow), This increase can be attributed to the
presence of the actual disk environment. When both rota-
tional and superimposed air flows are combined [Fig. 8(0)1,
one notices that the air flow velocity 1nﬁue§ce on the mean
Nusselt number is significant for low rotational speeds and
decreases for high rotational speeds. This shows tl}at for a
low rotational speed, the convective he?lt excha;_xga is domi-
nated by the air flow, and that for a high rota{mnai. speed,
the convective heat exchange is dominated by rotation.

3.5 Comparison with the Correlation Given by De
Verre for U= R o Configuration

When a TGV brakes, rotational speed and air flow velocity

are connected by the relation U=R w, where R,, is the

1600 0 Yy
O
{b) Re =545000 A@
— Dortman A
1200 1 ¢ gep=0 %M
- Re=43500 f oy
© Rey=77700 &
800 T 4 Rep=153000
T
400G
0 } } f f ™

0 02 04 06 08 1
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Fig. 8 The mean Nusselt number as a function of

rotating disk submitted to an air fow.

wheel radius. This is why our results and the correlation
given by De Vere!! for a U=Rw configuration are com-
pared in Fig. 9 (rotational speed e ranging between 386 to
560 and air flow velocity U/ ranging between 8 and 12
ms"l}‘ For a weak dimensionless radius <04, our test
results are close to those given by De Vere. On the contrary,
for significant dimensionless disk radius r*>0.4, our val-
ues are much higher than those of De Vere. This difference

«can be explained by the infiuence of the TGV disk’s actual

environment {our experimental configuration includes the
TGV disk actual environment, which is not the case for the
study undertaken by De Vere) associated with the nature of
temperature distribution {De Vere’s tests were carried out
on an isothermal disk, whereas in our case the disk tem-
perature distribution is similar to a power law 7T=T7,
+eorEy,

4 Conclusion

This work describes an experimental study used to deter-
mine the local and mean Nusselt number from a thermaily
thick TGV brake disk placed in its actual environment. The

Nu
¢ Re=105100, Re,=105300
& Re=131200, Re,=131700
0 Re=152150, Re.=153000
———DeVere :Re=105100, Re,=105300
150() o messesem o\ are | Re=131200, Re,=131700
s DeVere 1 Re=152150, Re,=153000 &

2000

T*

0 0.2 0.4 0.6 0.8 1

Fig‘. % The local Nussslt number as a function of the dimensionlass
radius for a U= Aw configuration.

Na,
1200 =
(b} rotating dise g
submitted to an air flow
O
8O0 -
& &
=
5
§
400} {)i)( ¢ Re =88500
+ O Re=136160
K Re=204100
X Re=408200
o , , A Re=f4>000 Re,

0 50000 100000 150008 200000

the Reynolds number: (a) rotating disk and (b

experimental method uses a thermally thick wall combined
with the temperature measurement by infrared thermogra-
phy. The local convective heat transfer coefficient from the
disk surface is identified by solving the steady state heag
equation by the finite difference methed using the experi-
mental temperatare distribution for boundary conditions.

The experimental setup is constituted of a mode] disk
with all the representative parts of the actual TGV brake
system. The model disk and its actual environment are in-
side the wind tunnel test section, so that the rotational disk
speed and air flow velocity can be varied. The brake disk
surface temperature is identified thanks to a short wave
infrared thermography camera. Tests are carried out for ro-
tational speeds @ from 323 to 2000 rpm (rotational Rey-
nolds number Re between 88 500 and 545,000} so as to
obtain laminar and turbulent fiow on the disk, and for air
flow velocity U ranging from 0 to 12 ms™! (air flow Rey-
nolds number Rey between 0 and 153,000).

For a rotating disk in still air, the comparison of our

experimental results with those of the bibliography shows
that the presence of the actual environment Ieads to an in-
crease of the mean heat transfer coefficient. When both
rotational and superimposed air flow parallel to the disk
surface are combined, the experimental results give rise to
the following conclusion: the convective heat exchange is
dominated by the air flow if the rotational speed is low, and
the convective heat exchange is dominated by the rotation
if the rotational speed is high,
" When a TGV brakes, rotational speed and air flow ve-
locity are connected by the relation U7 =R, . Our experi-
mental results for this configuration show that it would be
interesting to direct the air flow produced by the train dis-
placement toward the disk. However, the air flow velocity
range tested for this configuration is limited (U ranging
between 8 and 12 ms™ ). In the future, the air flow velocity
range will be increased to obtain correlations between the
local Nusselt number Nu, the rotational Reynolds namber
Re, and the air flow Reynolds number Reg.
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1 Introduction

There are many classical algorithms for wavefront fiiting of
interferograms using Zernike polynomiais’s the least-
squares method, the Gram-Schmidt method, and the cova-
riance matrix method. We introduce an algorithm with sin-
gular value decomposition (SVD). The stability of SVD is
very good when there are more testing data than the un-
known coefficients, or the matrix is singular; with SVD a
sf“a{isfactory solution is always obtained. Solving the coeffi-
cients of Zernike polynomials aveids the computational er-
ror introduced by direct constructing normal equation
groups. And it works well when the noise amplitude is
farge.

The key problem of wavefront fitting is how to express
fexacﬂy the whole wavefrent. In most interferogram analyz-
ing seftware, the mode number for reconstruction is fixed.
When analyzing high spatial frequency aberrations, the
gnalyzed result 1s not accurate. To better this status, we
introduce the optimum number of modes. We aim to obtain
the optimum number of modes for wavefront fitting using
the F-test and the condition number of the matrix. B

Eq Sec. ‘1, we introduce the wavefront fitting with
Zernike polynomiais. In Sec. 2, we describe the test of the
polynemial mode number with the F-test. In Sec. 3, we do
L}%e computer simulation of this algorithm. In Sec. 4, we
give a summary.

2 Zernike Polynomials and Wavefront Fitting

Wavefroat fitting’s purpose is to expand a wavefront phase
nto a set of series in whole apertures. Using the metrical
data to solve the coefficients of different modals, it
achieves the expression of a full wavefront.” To do S0, bne
¥'¢<;uires that the set of series obey the following properties:
It 13 an orthogonal system over the area of interest; and it
has to be complete in the sense that any function can be
approximated by linear combinations of the series with any
degree of accuracy. We usually use the Zernike polynomi-

Upt. Eng. 41(7) 1565-1569 (July 2002) 0091-3286/2002/$15.00

als for. their properties.” Zernike polynomials are a product
of radial polynomials and triangular functions as

Z(r.0) =R (r)8"(8), (1)

where the radial polynomials are defined as

{n—r3/2

m — (_1)Syfm(r;—5)grn—2g
Ry(r} 52::9 sii{r+m)2—s){n—m)i2—s]! 23

and the triangular function as

Vicosm# m#0 m is even
(@ =< V2sinmfd m#*0 m is odd (3
1 m={

The radial degree n and the azimuthal frequency m should
satisfy m<n and n—m=even. The index i orders the poly-
nomials. For a given #, terms with lower values of m are
ordered first. Table 1 shows our numbering of the polyno-
“mials used.
Any wavefront fonction can be expanded into the linear
combinations of P polynomials,

P
wix,y)= ; ki Z{(x.y). @)

where Z; denotes the i’ th Zernike polynomial, while %; is
the coefficient.

Gi_\fing N discrete data points w{x;.y;), i=12...N.
Rewrite Eq. (4) in compact form as:

W=7K, 3
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