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Abstract

The variation in the local radial heat transfer coefficient is
reported for a disc rotating in still air up to 1650 r.p.m. and in a
transverse or crossflow air stream of speeds up to 33r/s. These
measurements have been made with the aid of a small sensor, using
thermistors as heating elements. It is.fbund that the heat transfer
coefficient is governed by the main air flow, the rotation of the disc
resulting in a small upward perturbation on this level., Tests with
different disc aspect ratios, simulated by the disc protruding from a
leading edge shroud, show that the radial distribution is greatly
modified, but agein the main eir stream dominates the process.

A thin film sensor has been developed to monitor the fluctuations
in the heat transfer coefficient about the mean level as the disc
rotates in the air stream. The local effects of rotation are e#amined
closely. The velocity distributions around the stationary end rotating
disc in still air and a‘transverse flow are presented.

The experimentation is finally evtended to the case of a simple
train wheel shape, thus attempting to model the convective heat dissi-

pation for the condition of train wheel breking.
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Chapter 1

l.1. Introduction

This work arose from an interest in the temperature distribution and
consequent stress distribution in trein wheels resulting from a continued
braking condition.

In its conventional form braking is achieved with a series of pads
rubbing on the periphery of the wheel. A large percentage of the heat
generated by the friction is imparted through to the wvheel with the sub-
sequent rise in temperature throughout its volume. Over a continued
period of braking these temperatures rise by several hundreds of degrees.
Serious stresses can occur and there is the danger of the wheel seriously
distorting and cracks forming.

The temperature distribution is governed by three factors. Firstly
by the heat imparted to the rim of the wheel, determined by the size, shape
and material used for braking and the braking load. Secondly by the heat
conduction through the wheel which will depend upon the geometry and ther-
mal properties of the wheel, and thirdly the heat dissipated away from the
surface via convection and radiation.

It is the convective cooling process which is the subject of this
thesis. The geometry under investigation, a plane rotating disc in &
free jet, is idealized from the train situation. There the wheel shape
is not a plane disc and the surrounding suspension cear, the track and the
ground cause considerable shrouding around the wheel. Nevertheless the
present idealize? geometry is an obvious starting off point from which to
build experience in this field. The surface temperature is isothermal

and heated internally rather than at the rim.



Measurements of heat transfer coefficients from & rotating disc in
still air and in an air stream normal to the disc surface have been
reporte 1’2. In the case of a rotating disc in an air stream parallel
to the disc surface (herein referrred to as transverse flow), the only
relevant work that has been done is by Dennis, Newstead and Edeﬁ?) While
the size of their apparatus and range of rotational and free stream Reynolds
numbers are comparable with the present work, their measurements only
involved average heat transfer coefficients over the whole disc. In the
problem of calculating the temperature distribution in train wheels,where
there are considerable changes in the radial thickness of the wheel, the
radial variation of the heat transfer coefficient at the surface is
required. This work only become Rnown after the experimentation was
completed.

For a disc rotating in still air, the tangential friction drag at the
surface imparts a circumferential velocity to the air and, due to the
centrifugal forces, an outward radial flow occurs. At high disc speed
there is a transition in the resultant spiral flow from laminar to turbu-
lent. For the laminar case analytic solutions have teen produced, and
with suitable assumptions, predictions have been made for the fully tur;
bulent case. Comprehensive surveys of both experimental and analytical
work in this field have been published by Dor fman® and Kreith2 and Refs 22-29,

In the casé of & rotating disc in a transverse air flow, the flow
pattern is of a complex three dimensional nature giving little hope of
en analytical solution at present. Thus the emphasis in this work is
experimental.

The thesis ieports measurements of heat transfer from a heated iso-
thermal disc rotating in a transverse air flow. To enable local heat

transfer coefficients to be measured a small heat flux sensor has been

used in which a thermistor provides a localized energy source. The



thermal mass of the sensor does not allow transient measurements to be
made, average values over the circular paths traversed are obtained.

For a disc rotating in a transverse air flow measurements have been
taken over a range of air jet speeds. Air speeds both below and above
the disc peripheral speed have been investigated and particular attention
paid to the condition where air speed and disc peripheral speed are
matched.

In reaching an understanding of the measurements further tests on the
disc stationary in the transverse air stream together with flow visualiza-
tion using smoke have been useful. All the results suggest that the heat
transfer process is dominated by the main air flow, the secondary flow
caused by the disc rotation having a minor effect. 1In particular flow
separation at the leading edge followed by reattachment to the disc face
is important. The extent of the separations and reattachment zones are
determined by the aspect ratio of the disc (disc radius/disc thickness).
So further measurements have been made for a range of disc aspect ratios.
These have been simulated using the simple disc by rotating it within a
shroud. By allowing the disc to protrude from the shroud into the trans-
verse air stream any desired aspect ratio is set up. For very large
aspect ratios (very little separation) and a range of matched speeds the
results have been correlated by a general expression. The process is shown
to compare closely with the theoretical prediction for the heat transfer
from turbulent flow over a flat stationary plate.

A thin filmﬂfhst response sensor has been used to measure the instan-
taneous heat transfer coefficient as the disc rotates in the air stream.
For large aspect ratios the heat transfer variation is as anticipated,
being significantly greater when the flow is against the rotation than vwhen
it is in the same direction. The results are examined qualitatively and

the effect of rotation is tentatively assessed by comparison with the



stetionary tests in air with the previous sensor. For large aspect
ratios the dominance of the separation and reattachment on tpeA;ocgl
coefficient is examined.

The velocity profiles at positions close to thedisc surface have
been measured with the aid of a hot vire anemometer, for a wide range of
air speeds with the disc rotating and stationary. For a stationary disc
the effect of the aspect ratio on the velocity profiles has been examined
and the results have confirmed the effectiveness of the I;ading edge shroud.
With the disc .'rota.ting, measurements of the flow pattern are complicated
by the reversal of flow close to the surface. However, for a particular
rotational speed over a wide range of air speeds, the results have con-
firmed the main stream dominance and give & good indication of the flow
pattern.

At the request of the British Railway Board, Research and Development
Division, a study of the heat transfer coefficient variation from a simple
train wheel shape has been underteaken. The wheel is the plain disc with
an annular ring attached at the periphery to represent the thickening at
the flange and a central boss to represent the hub of the wheel. The
effect of the rotation is again assessed end comparisons made with the
previous work on plain discs. Flow visualization tests have helped to
explain the nature of the coefficient variations andsalso give a qualitative

idea of the flow distribution over the wheel.

1.2, Heat Transfer Coefficients

The numerical value of the heat transfer coefficient at a point in a
system depends on the geometry of the surface andthe velocity of the fluid,
as well as on the physical properties of that fluid and often even the
temperature difference, AT. As these quantities are rarely constant

over a surface, the heat transfer coefficient varies fram point to point.



So it is necessary to distinguish between a point, a local and an average
heat transfer coefficient. The heat transfer coefficient at & point,

bp» is defined by
dg = hy dA(T_ - T) (1.1)

In most experiments involved in heat transfer measurement the sensing
area .l\.s is small but finite. The heat transfer determined by the sensor

is given as

q, = l J bp (T - T )aA (1.2)
A

where a local heat transfer coefficient hc is defined as
9, = h AT, - T) (1.3)

For a rotating disc it is necessary to define a local radial heat transfer
coefficient, hR’ which is a measure of the average heat transfer for the

path traversed by the sensor, i.e.
en
h, = 2 h d¢ (1.1)
R 2n c *
°

The average heat transfer coefficient E; for the whole isothermal disc is

defined a&s
Q =h RS (T -1T) (1.5)
(] [ o] s ©

and is related to the local and radial coefficients by the expressions

Ro Ro an

Q = hp(T, = T_)2nRaR = b (T, - T)RigaR  (1.6)

o

For future reference, measurements described in Chapters 2 and 3 refer
to the determination of the local radial coefficients, hp.  Chapter b

deals with measurements of the local heat transfer coefficient, hc.



1.3. Methods of measuring heat transfer coefficients

The heat transfer from the surface of a rotating disc can be measured

using a number of experimental techniques. The relative merits of these

techniques are discussed. Four methods are considered

1) Direct localized heat transfer measurement.
2) Thermal bowndary layer.
3) Internal temperature distribution.

L) Mass transfer Mercury evaporation.

1.3.1. Direat% logcalized heat transfer messurement

Perhaps the most obvious method of measuring local heat transfer
coefficients between a surface and a fluid flowing past, is the measurement
of the energy transferred across a small area of the surface located at the
point of interest, the surface temperature and the ambient temperature.
This readily leads to the concept of a small calorimeter insert into the
surface carrying a heater end a tempersture measuring device.

Fig.(1.1) shows one design of a calorimeter insert. A small
electrically heated disc A is surrounded by a guard ring, C , to ensure
that all the measured energy input, q , passes through the disc A and
is convected away into the neighbouring air. The insert is mounted in
the main rotating disc with its surface flush withthe surrounds.

However it is not sufficient just to introduce a heated insert into
an otherwise unheated surface. For flow over a heated flat plate, in
addition to the velocity boundary layer, a thermal boundary layer can be
defined across which the fluid temperature varies from the surface temper-
ature to the free stream temperature. This thermal boundary layer has
zero thickness at the start of the heated portion of the surface. In this

layer the heat transfer/unit area éc at the wall is



=

‘==> = ' CONVECTION =
o 6 b A |
. \ \\ \ \ \ l//////////////////jjl.‘/‘//’l / / /
Main

Disc .

NN NN

L S v s s

Fig 11 Calorimeter Insert

|
CONVECTION . i
4 '4- | - face
R tlov . . T20 T30 T40 . T'So
==
7’
T14 v Tg"‘ : '|’34 o T44 | | ng-
I,I o o o

H'eat: ' ‘ Input

Fig 1.2 Internal Distribution




. _qfor
d, k(u) (1.7)
N z=0
where (%%D is the value of the temperature gradient at the wall and k
z=0
the thermal conductivity of the fluid. At the start of the thermal

boundary layer the temperature gradient is infinite but rapidly falls off
along the heated surface. The heat transfer coefficient defined through

the expression
qc = hP(TB - Tw) (108)

shows the same variation. Thus a heated insert in an otherwise unheated
surface would give a higher heat transfer coefficient than the insert in

a surface heated to the same temperature as the insert. In the first
case the heat transfer coefficient varies over the insert area falling
from infinity at the leading edge. In the second case the heat transfer
coefficient is of a lower value and varies only slowly. Thus in setting
up an experiment to measure heat transfer coefficients by this manner it
is necessary to provide a disc which is heated over its entire surface.

The comparative ease in determining local heat transfer coefficients
by such a calorimeter is considered an obvious advantage. Flexibility
in positioning, adaption to different situations and the important feature
of non-interruption of the velocity and temperature conditions are further
advantages.

The disadvantage of this method is that, as power is required to heat
the surfaces of the rotating disc and insert and surface temperatures must
be monitored, slip rings are needed. This means a complex and expensive
rig. Also the method is subject to ¢ertain inaccuracies from heat
leakage from the insert other than through the surface A into the neigh-
bouring air.

A sensor of this type is relatively massive, so, when the disc is

rotating, the sensor will not monitor angular changes in the local heat



transfer coefficient. Instead a local radial heat transfer coefficient,

hR’ is measured.

1.3.2. Thermal boundary layer measurement

In this method the heat transfer coefficients are determined from
direct measurement of the temperature profile in the air stream at any
particular location. In any fluid motion a thin layer close to the
surface of the wall is postulated where the process of heat transfer is
achieved by molecular conduction. Measurements of the temperature at
discrete points close to the wall enable the heat transfer from the

surface to be determined from

-_— - gl = -
&, k 37 np(T, - T.) (1.9)
Z=0
This method relies on the accuracy of the measurement of %—E— and
z=0

this implies measurement of air temperatures very close to the wall. An
estimate of a normal boundary layer thickness suggests that the probe must
be positioned within 0.1 mm from the wall. The overall size of the probe
is therefore limited. Very thin thermocouple or- platinum resistance
wires are required.

Apart from these difficulties in positioningend manufacture the flow
distribution and hence temperature distribution are affected by the insert
of the p;'obe into the boundary layer. Furthermore, heat conduction down
the leads of the wires produces considerable errors in the temperatures
measured.

Cobb and Saunders3 overcame some of these problems by stretching a
thin Nickel-Corstantan thermocouple across a Perspex fork with the junction
in the middle. Arranging the wire as nearly as possible along an iso-
thermal with the wire parallel to the surface and across the mean direction

of the flow reduced the heat leakage down the leads. In the case of a



rotating dise in a trensverse air stream, positioning the fork along an
isothermal is impossible as the flow direction is unknown and varies from
point to point.

The advantsge of this method is that heat transfer coefficients, hps
can be obtained. However for a comprehensive picture of the heat transfer
coefficient variation this means the measurement of many temperature
profiles. The accuracy of the method does not justify the large emount

of work that would be required.

1.3.3. Internal Temperature Distribution

Although termed an internal temperature distribution technigue this
method requires disc surface temperatures and uses them to predict the

internal distribution by Laplace's equation,

2 2
1%*"15'3%*""3 . ‘ (1.10)
oR oz°

where z° is the axial distance from the front face of the disc. The

surface heat transfer is then obtained by differentiating a polynomial

fit of the axial temperature distribution i.e,

aT
q, = -~k 3 o B (T, - T.) (1.11)

Owen, Haynes and Bayleyh measured heat transfer coefficients from a
rotating disc in this manner. Fig.(1.2) shows the disc with electric
tadiaat heaters at the back. Thermocouples were embedded in the front
and back faces of the disc. The measured surface temperatures Tm? T20
and Tlh’ T2h etc. were then fitted to a cubic spline andthe interpolated
values used as the boundary conditions in the finite difference solution
of equation (1.10).

One disadvantage with a technique of this nature is that & large

number of slip-ring channels are needed for monitoring the temperatures.
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If local radial values are required over thirty channels must be provided.
It is also important that the thermocouples and their respective mountings

do not alter the internal temperature distribution within the disc.

1.3.4. Mass Transfer - Mercury evaporation

An alternative to a direct heat transfer measurement is to carry out
a mass transfer experiment. Heat transfer coefficients are then predicted

using the Chilton Colburn5

analogy between mass and heat transfer.

Fig.(1.3) shows a typical experiment for determininga mass transfer coeffic-
ient from a coated surface. For the analogy to be valid the momentum
(velocity) profiles must be identical and the mass (concentration) profiles
similar to the thermal (temperature) profiles. Furthermore identical
upstream conditions must be maintained.

Nash and Mﬁi.xwellﬁ"r reported the use of this analogy and its attrac-
tiveness in overcoming problems connected with rotational systems, e.g.
the temperature measurement and provision of power through slip rings.

Their study employed the Mercury evaporation technique which has the advan-
tage over other mass transfer techniques of providing the means by which
existing surfaces are easily coated with Mercury. It does not involve
the insertion of plugs or accuraste weighings before and after each test as
with Napthalene. The low vapour pressure of Mercury ensures low evapora=-
tion rates and requires low energy transfer rates of the moving fluid phase.
Their experiments measured mass transfer rates in both stationary and
rotating cylinders, spheres and discs.

In the context of a rotating disc in still air, the disadvantages of
tkis technique are that only overall mass transfer coefficients are
measured with any degree of accuracy. Local radial values may be
measured by applying successive coatings as illustrated by Figure (1.L).

Applying a coating of Mercury to the area of radius Rl’ detecting the
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resulting concentration C,, then repeating the test with a larger area of

1°
radius Ra and concentration, C2, enables the loca;l. radial mass transfer
coefficient at (Rl + Rz)/z to be determined from the difference in concen-
trétions, 02 - Cl'

This method is not considered particularly accurate as it involves
small differences between camperatively low concentrations. It cannot.' .
be epplied to the case of a rotating disc in atransverse air stream as '
illustrated by Figures (1.5 a and b). The upstream condition is
satisfied to the left of YY but not to the right of Y°Y~, Essentially
the arrangement is analogous to a non-isothermal disc with the surface
temperature profile shown in Figure (1.5c).

Specific problems were encountered when this method was fully investi-
gated. Firstly it was found that modelling and scaling down the disc for
use in the Maxwell-Nash test rig, & 15 cm x 15 cm duct, produced rotational
and air speeds well beyond the facilities available, in addition to very
low Mercury concentrations, At sizes where the gpeeds could be achieved
the large volumes of Mercury present were clearly not practical and consid-
ered hazardous to health. Secondly, the Mercury detection meter was
unreliable and required frequent calibration. This calibration procedure
entails boiling Mercury until & saturated mixture of Mercury vapour in air
is achieved. This condition is extremely difficult tommintain and results
in large errors in the calibration itself. Furthermore, the accuracy of

the computed heat transfer coefficients relies on the Chilton-Colburn

analogy which is not an exact transform.
1.3.5. Conclusions

On balance the calorimeter is favoured. Although the thermal bouadary
layer and internal distribution measurements are possible ways of overcoming
some of the calorimeter's disadvantages they, themselves, have so many

further inherent disadvantages that they offer no real advantage. The
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Mercury evaporation method in essence holds out the possibility of over-
coming a lot of these disadvantages, for exsample,the provision of slip
rings and disturbing the flow by inserting probes, but it too presents

further problems in modelling and is subject to significant inaccuracies.
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Chapter 2
Experimentel Arrangement

i

The spparatus used, shown diagrammaticelly in Fipure (2.1), comsists
of a 5lcm., diameter heated composite aluminium=wooden disc carried over—
hung at one end of a shaft mounted in self aligning ball bearings. Lead
wires ffom heaters, thermocouples and the heat transfer sensor are brought
out through slip rings mounted on the shaft. The shaft also carries
pulleys which allow the system to be belt driven from an electric motor
et & number of speeds up to 1650 r.p.m.

The structure is placed with the disc centrael in the neck of an open
jet wind tunnel, with disc face aligned with the direction of flow of the
air jet. To avoid any vibrations which could affect the leminar-turbu~
lent tremsition in the boundary layer formed, the system is mechanicelly

bé}gnced.
2010 The Disc

The disc is a composite structure and is shown schematically in
Figure (2.2). An eluminium plate S5lem. diameter and 2.5cm.thick,
(made from two plates, because of material avaeilability) contains elec=
trical heaters located in five annular grooves. This metal pair is
made massive to even out the energy distribution from the heéxers and
ensure & uniform surface temperature. The heaters, each reted at 500
watts. are Incoloy sheathed with mineral insuleation. They are of cir=
cular cross section, 8mm. nominal diameter, and are a push fit against
the sides and bottom 6f the recesses to give good thermal contact with
the aluminium, The back face is shown in Fig. (2.4) and is covered by
en esbestos board to reduce heat loss from that surface, followed by a
wooden backing board. The composite, Scm. thick is clemped together by

twelve bolts,
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Fig 24 Back face of Aluminium disc section showing onnular heaters,

thermocouple and sensor holes



Fig 2*5 Front face of disc
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The front surface temperature is measured by seven Chrorel/Alumel
thermocouples, of the type shown in Figure (2.3), distributed across a
diemeter. These are pushed into blind holes which locate the thermo-
couple. junctions just below the aluminium surface, the junctions being
pressed hard against the metal.

In practice with this construction & uniform surface temperature is
achieved. The thermocoupleé located near the edge and near the centre
of the disc show the largest variations but these are within four per cent
of the mean temperature difference between the disc face and the ambient
air,

The composite disc carries holes to allow mounting the heat flux sensor
in any one of seven radiel positions, with the sensor; face flush with the
front face of the eluminivm. The holes not in use are filled with dumy
aluminium plugs. Figure (2.5) shows the front face of the aluminium disc

with the plugs removed.

2.2. Heat Flux Sensor

The heat flux sensor is shown in Figure (2.6). A thin copper disc
A is mounted on & Tufnol washer B, which is seated flush inside a hollow
copper cylinder C. A snell heating element D, is attached to the under—-
side of the disc A, and a similar heater E, to the back of cylinder C.
Disc thermistors are ideal for this purpose. They give uniform energy
generation throughout their volume and avoid the necessity of winding small
heating coils. It was hoped thet in addition to providing a heat source,
these thermistors would be suitable for measuring the temperatures of
corper disc A and rylinder C. Although thermistors are normslly used
for measuring termperatures this is not possible when they are simultan-
eously used as heaters, Experiments to calibrate the thermistors under
the relatively heavy electrical loading proved unsuccessful. Lerge

errors were ceused by the internal thermal gradients within the thermistor.
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Therefore three Chromel=Alumel thermocouples were ettached in the positions
showvn, the junctions being in good thermel contact with the copper. The
thermistor E controls the temperature of the guard ring C, whilst D pro=
vides the input energy for the heat transfer measurement.

The sizing of the Tufnol washer is a compromise between mechenical
strength, minimizing heat loss from the disc A through the washer into the
surrounding meta.i C, and minimizing heat loss through the washer into the
surrounding air by convection. The guard ring C also prevents leakage
from the back and sides of the thermistor D.

During operation the sensor is positioned inside the main rotating disc

with its front surface flush with that of the disc.

2.2.1. Thermel Design

Two types of errors can occur in the velue obtained for the heat

transfer coefficient measured. Firstly systematic errors occur due to

a) Heat leekage from the copper disc A through the Tufnol washer

to the ambient air.
b) Tempersture variation across the copper disc A.
¢) Radiation from disc A.

see illustration, Figure (2.7).

Secondly random errors may occur. These are caused by heat leakage
between the copper disc A and thermistor D combination and the guard ring C
due to temperature inequalities at positions 1, 2 and 3, as illustrated by
Figure (2.8).

A detailed enalysis of these losses is given in Appendix (A1) based
upon the thermal resistance values of the constituent parts of the sensor,

These resistances are given in Figure (2.9) and Table (1).
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R ATIQaegc/w Description,

1 |390 [39] |Convective transfer from A

2 109 Radial conduction through A

3 {00076 |Axial o« N

L | 554 Radial - w B

5 | 2850 [285])|Convective transfer from B

6 |3ssomssl| . . W C

7. 0-0813 Radial cond. throﬁgh btm. of C

8 |00482 |Axial + . W C

9o [161 Axial - - wall of C

10 | 00036 Radial - “ C

1" 2450 Cond, fromD to C through air gap
12 230 " elect. leads

Bracketed quantities refer to h=150 W/ m%degC

Table 1
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A summary of both the systematic and random errors is given in the
Table below where the effects of both high and low heat transfer cceffic-
ientsand temperature gradients are considered. The figures given are

percentage errors.

Table 1
%AT=lOOdeg.CfAT=20deg.C
a) Heat leskage | ISW/madeg.C + 6.8 | +6.8
from A to B } 150 + 6.8 ; + 6.8
b) Temperature | 15 - ? -
variation ; 150 f + 1.2 ! +1.2 1) Systematic
- ] : errors
I 15 i +3.29  + 0.k
c) Radiation 2 - ;
: 150 i +0.325 -
, " ;
b1s 10.05 | T.2
Total : l
! 150 | 835 | 8.0
Temperature i 15 % + 2.2 ! $11.2 2) Random errors
inequalities [ 150 ; t 0,22 tll2 (due to 0.25deg.C
- in balence in

thermocouples 1
and 2 (&3)
In the table above the total systematic and random errors are given.

It is seen that vhen measuring low heat transfer coefficients (15W/m?deg.c)
care nust be taken to ensure rediation losses remain small by maintaining
the surface temperature as low as possible, In contrast random errors,
cavsed by temperature inequalities are more significant at these low tem~
peratures. Careful balancing is necessary when low heat transfer coeff=-
icients are being measured. At higher values the sensor is expected

to be more accurate in its measurement of heat transfer.
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In Chapter 3 practical measurements are made to check the performance
of the heat flux sensor by comparison with previous work on roteting discs
in still air. The results show good esgreement with these works and are
within the limits of accuracy as determined from the above analysis,

An estimate of the random errors involved in the rncasurements place
the heat transfer coefficients values accurate within t 2%, This is borne

out by the reproducebility of the results obtained from repeat tests.

2.2.2. Transient Response

The heet transfer coefficient from a rotating disc in still air
remains constant with angular position. However when a transverse air
stream blows across the rotating disc a variation in the heat trensfer is
expected as the disc rotates through 360 degrees. The point is illustrated
in Figure (2.10). Position A is subject to a convective condition caused
by a relative air stream velocity U + 2#NR; whereas at position C a lower
heat transfer rate is expected where the relative velocity is U = 27R.
Intermediate values are expected in the other two positions B and D. A
profile similar to that illustrated in Figure (2.11) results.

The sensor was not designed with instanteneous measurements in mind.
The thermal mass of the copper disc A is too large to permit sudden
changes in heat transfer to be monitored. The input (heat transfer
coefficient) is cyclically varying yet the output (temperature) is some
mean, The interpretation of this mean is discussed in Appendix(A2). The
analysis for a sinusoidal input shows the measured velue is a straight
average of the input and suggests that other wave forms will produce the
same result.

The analysis is extended to a very much faster responding sensor
with a thermel mass a thousend times smaller. In such a case it is
shown that the output is a sinusoid whose mean does not correspond with

the average hest transfer coefficient. The point is illustrated in
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Figure (2.,12). The constent output from the heat flux sensor previously
described is shown with the cyclic variation of the output from e faster
responding sensor,. The mean of this output is greater than that of heat
flux sensor. If the measuring device is unable to respond to these tem=
pereture fluctuations then the average heat transfer coefficient measured
will be in error. However for the measurements taken with the present
heat flux sensor it cen safely be assumed that the measured values are

streight averages of the heat transfer coefficient.

2.3. Slip Rings/Thermocouple Arrangements

Two eight channel slip ring units are used to feed power to the electric
heaters and transmit the signals from the thermocouples, Both units,

Type PC=08=10 are manufactured by I.D.M. Electronics Ltd. and contain silver
rings and silver graphite brushes. They are specifically designed to give
a very low noise level (SpV/mA). Although air cooling could be applied
to reduce spurious e.m.f's it was found unnecessary in practice. One of
the slip ring units is modified to cope with the higher voltage requirement
of the electric heaters.

To maximise slip ring usage the Chromel/Alumel thermocouples are
paralleled through the assembly and then fed through the same electrical
circuit in the 'Comark' temperature recorder via a switch, The ambient
temperature is monitored by a similar thermocouple placed in the air jet.
Comparative temperature measurements are needed to determine the heat
transfer coefficients so the accuracy of the absolute level is not too

important. The temperatures can be read to within 0.1 degrees,
2.4. The Wind Tuanel

A recirculating tunnel with an open jet is available in the Aerody=
nemics Laboratory of th: University of Leicester Engineering Department.

This wind tunnel gives i circular jet of 6lcm. diameter with ar air speed
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up to 33m/s. Pitot static traverses at the mouth show the jet has a
square profile. Fig.(2.13) shows three typical profiles in both hori-
zontal and vertical planes. Generally the profile is uniform with
slight peeks close to the tunnel well, the result of a contraction section
in the wind tunnel upstream of the jet opening.

With the disc shaft centred on the tunnel axis, the maximum variaticn
in air velocity over the disc diameter is four per cent. Further pitot
static traverses around the disc confirm that the disc cen be considered
to be in & uniform stream, and that there are no wall constraint effects.

The blockage ratio of the disc is 8.5%.

2.5. Experimental Procedure

To reach steady state prior to taking measurements from which heat
transfer coefficients are determined, the following procedure is adopted.

With the wind tunnel operating at the desired air velocity the power
supply to the disc heaters is adjusted to give a uniform face temperature;
usually between 20 and 60 deg.C above ambient, The disc is then set in
rotation and power applied independently to the sensor thermistors and
controlled to match the temperatures registered by the three sensor thermo=-
couples end the temperature of the disc face.

From measurements of the power input to thermistor D, the sensor
face temperature and ambient temperature registered by the thermocouple at
the edge of the air jet, heat transfer coefficients are calculated from

the equation
V.I.h
na?(T, - 1)
1

h= 2.1.

where the diameter, d, of the emitting surface was taken from the actual

sensor and found to be 1.5 cm.
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Chapter 3

Heat Transfer Measurements

3.1. Isothermal Disc Rotating in Still Air

These tests over a range of disc speeds, 296 = 1650 r.p.m. were
carried out to provide a check on the efficiency of the heet flux sensor
in measuring heat transfer coefficients by making comparisons with published
data. The disc surface temperature Tw’ was varied between 20 and 60 deg.C
above ambient with no significant effect on the measured heat transfer

coefficient, h The results are presented in tabular form in Appendix

R.
(A3) and have been plotted in both dimensional and non-dimensional form in
Figures (3.1) and (3.2) respectively. Figure (3.2) is a plot of the

hRR

local Nusselt number, Hu = —:—- s versus the rotational Reynolds number,
Re = -1!5-3 s the physical propertiés being evaluated at the film temperature.

The motion, and heat transfer, produced by a rotating disc is divided
up into three regimes, laminar, transition and turbulent flow. Various
techniques have been used to examine these regimes.

Gregory, Stuart and Wza.lker8 carried out an investigation into how
laminar flow loses its stability in the vicinity of a rotating disc. One
side of the disc was coated with china clay and rotated at several speeds
to 3000 r.p.m. A typical example of the pattern obtained is shown in
Figure ( 3.3)8. Two critical radii were obtained separating the three
regimes of flow. Within the inner radius, Rs, the flow is purely laminar
and beyond the outer radius wholly turbulent. In between, a series of
traces in the form of equiangular spirals were recorded in the china clay.
The critical Reynolds Numbers related to these two positions of instability
and transition were determined as

NR®

Re, = —= = 1.82 x 10°  (instability)

2 «
R ERE = 2,82 x 105 (transition)
e‘l‘ = v
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Fig 3-3  Schematic picture of the sweeping off of China Cloy

in the rotation of a disc in free space
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During the present heat transfer measurements these positions of
instability and transition were confirmed with the aid of an acoustic
stethoscope. The silence in the laminar field was easily distinguishable
from the definite pitch in the transition zone and the heavy thumping noise
as turbulence was reached. These changes correlated with the above
Reynolds numbers.

9

The experimental data of Cobb and Saunders” for laminar flow in air,

Pr = 0.72, is correlated by the expression

" Nu = 0,36 Re®*? (3.1)
and that of Goldqte;nlo by
Nu = 0.38 Re¥*? (3.2)
and recently that of D;anz}is, Newstead and EclezL by
| Nu = 0.4 Re®*? (3.3)

As yet no single correiation exists for the local turbulent heat transfer
variation. Dorﬁnanl suggests the results in the turbulent region can be

correlated by

»

‘Nu = 0.0194 Re®8 (3.4)

for a Prandtl Number of 0.7.7' These correlations are shown by the solid
lines in Figure (3.2).

The present work shows good agreement with that of Goldstein, and
Dennis, Newstead and Ede, although it is a few per cent higher than that
o7 Cobb and SaurZers. In the turbulent regime , Re > 2.82 x 10°, the
measured values are some ten per cent higher than the predictions of
Dorfman. In view of the analytical assumptions inherent in this predic~

tion the agreement is considered to be reasonable.
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Figure (3.1) shows how the local heat transfer coefficient varies
with radius and rotational speed. In the laminar region, Rer <1l.82 x 105
the heat transfer coefficient is seen to be independent of radial position
as predicted by the theoryl’2 and evident from equations (3.1) and (3.2).
At N < 530 r.p.m. the heat transfer remains constant over the whole surface
of the disc. At higher speeds the radial variation shows the flow to be
laminar néa.r the centre becoming turbulent at larger radii. As the speed
increases the points of instability and transition move towards the centre
of the disc.

On the evidence of the information presented in Figures (3.1) and (3.2)

the heat flux sensor is regarded es a viable instrument.

3.2. Isothermal Disc Rotating in a Transverse Air Stream

Considerable testing was done over a range of disc rotational speeds
from 296 - 1120 r.p.m. and at each speed for a range of main streeam air
speeds O - 33 m/s.

Of particular interest from the ideal train wheel point of view is the
condition where the air jet speed is matched to the disc peripheral speed,
thus attempting to simulete a wheel rolling along a track in still air.

The influence of the track on the flow distribution is not considered. For
this matched condition the radial variation in heat transfer coefficient,
hps is shown in Figure (3.4). The results are presented in tabular form
in Appendix (A3). In Figures (3.5(a)(b)(c)) the radial variations in heat
transfer coefficients are shown for a selection of unmatched flows for three

different speeds.
3.3. Discussion
Two main observations can be rade from the information so far presented

i) The magnitude of the heat transfer coefficient is dominated by

the main air stream flow. For instance at a speed of 1120 r.p.m.
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changes in the air speed from 0-33 m/s cause some four fold
increase in the heat transfer coefficient (Figure (3.5(c))).

At an air speed of 33 m/s a change in the disc speed from 296 to
1120 r.p.m. only causes a 10 per cent variation (Figures (3,5(a)
and (c))).

ii) The radial variation is considerably altered from the still air
case, At low rotational speeds the heat transfer coefficient
is no longer independent of radius but suows a peak value at
approximately half radius, (Figure (3.5(a))). At high rotat-
ional speeds the marked radial change in heat transfer coefficient
due to the laminar-turbulent transition becomes smoothed out as
the wind speed increases, (Figure (3.5(c))). ‘This set of curves
again demonstrate how the flow regime and hence the heat transfer
process rapidly become dominated by the main strain flow rather
than that the secondary rotational flow.
To strengthen this view of main stream dominance a series of tests
was made with the disc stationary in the transverse air flow. The sensor,
when rotating, gives an average heat transfer coefficient hR’ over the
circular path travgrsed. Thus for the stationary disc local heat transfer
coefficients were measured at each radial position for five angular posi-
tions, 0, 45, 90, 135 and 180 degrees, O corresponding to the leading edge
of the disc on the centre line of the wind tunnel, In this case it was
found by a number of heat transfer measurements that the flow was symmetrical
above and below the centre line of the wind tunnel. Thus only the top half
of the disc was examined in any detail.
The results are presented in Figures (3.6(a),(b),(c)). These figures
show at a particular location the values of the heat transfer coefficient
and list for each radius the average coefficient defined as a straight

average of the eight individual values. These average values are plotted
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in Figure (3.7) and have superimposed the smooth curves taken from Figure
(3.4), the rotating disc in a matched transverse air stream. This gives
added weight to the view that the level of the heat transfer coefficient
is determined by the mein air flow with the rotation having a small second
order effect.

The distribution of the individual heat transfer coefficients shown
in Figures (3.6(a),(b),(c)) provides an explanation of the peak tﬁat occurs
in the radisl variation of the heat transfer coefficient. Referring to
Figure (3.6(a)) the variation in h  across the centre line of the wind
tunnel is shown. Slightly downstream from the leading edge at point A,
low heat transfer occurs. Proceeding across the disc the heat transfer
first increases, reaching & maximum at point B , then slowly falls off
towards the trailing edge. A pictorial summary of these areas of high
and low heat transfer is shown in Figure (3.8).

The disc is thick, 5 cm., and presents a bluff face to the air stream.
Flow separation at the leading edge with reattachment to the disc face at
some point downstream is expected as illustrated by Figure (3.9). The
heat transfer pattern is consistent with this flow, low heat trensfer
corresponding to the separation region and high heat transfer over the
reattachment area. Beyond this area the decrease in heat transfer corres-
ponds to the normal entry length situation. Referring to the rotating
disc, the sensor gives an average value of the path it traverses. At the
outer radii, see Figure (3.8), a large proportion of that path lies in the
low heat transfer/separation region. At a medium radius & large propor-
tion of the path lies in the first part of the reattachment with consequent
high heat transfer. At smaller radii the path lies in regions where the

heat transfer changes less rapidly.

3.4, Flow Visualisation Testsl

To lend weight to the generalisation made earlier that the main flow
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pattern dominates the heat transfer process rather than the rotation of
the disc, simple flow visualisation tests were carried out.

A single smoke sou.rcé was positioned slightly upstream of the disc
and photographs taken of the resulting traces obtained for both disc
stationary and rotating.

Figure (3.10) shows the smoke trace over the stationary disc with an
air velocity of 11,5 m/s. Separation at the leading edge and reattachment
further downstream can be seen. Figure (3.11) is a similar photograph
but with the disc revolving et a matched speed of 436 r.p.m. There is no
apparent change in flow.

Figures (3.12) and (3.13) are similar photographs but with the air
velocity and disc peripheral velocity no longer matched. In this case the
air velocity is low, 1.4 m/s, and the disc rotation higher, 630 r.p.m.
Agein no serious change in the flow pattern occurs, although the reattach-
ment point does seem to be nearer the leading edge when the disc is

revolving.

3.5. Disc Misalignment

To further assess the effect of separation and reattachment tests
were done with the disc stationary about an axis which was not perpendicular
to the main eir flow direction. The shaft was aligned with its axis 23
degrees from the normal direction. Figures (3.1%(a)) and (3.14(b)) show
the distribution of the heat transfer coefficient for the two misaligned
positions (a) and (b). Figure (3.15) shows the distribution across the
centre line of the wind tunnel. Position (e¢) refers to the case where
the disc is properly aligned to the air stream. Tilting the instrumented
disc surface away from the air flow, position (a), causes greater separe-
tion and consequently lower heat transfer at the leading edge region.
Reattachment occurs further downstream than previously encountered, position

(c), with slightly higher heat transfer coefficient at the trailing edge.
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Tilting the disc in the opposite direction, position (b), has the reverse

effect. The separation and reattachment effects are clearly reduced.

3.6. Effect of Aspect Ratio

In Section 3.3 the radial variation of heat transfer is explained in
terms of flow separation and reattachment. The experimental disc is e
bluff body and the degree of separation is dependent on its aspect ratio
(disc radius/disc thickness). To use the existing rig to simulate large
aspect retios an annulaer shroud of triangular cross section was held just
upstream of the first half of the disc. This shroud could be positioned
at any point across the width of the disc. The configuration is shown in
Figure (3.16).

For three matched conditions, tests were repeated for a number of posi-
tions of the shroud. Figure (3.17) shows the radial heat transfer verie-
tions and Figure (3.18) an enlarged form of the variation for one matched
condition.

At very large aspect ratios, (t small) the picture is consistent with
the starting length for flow over a flat plate. Remembering the heat

transfer coefficient h_, is an average value over the path traversed, at

R
larger radii. A large proportion of the path lies in the region of Very'
high heat transfer coefficients. Coming into the centre morea.nd more of
the path lies in the region of lovwer, more slowly varying heat tfansfer
coefficients. Thus the steady increase with radius. As the effective
aspect ratio is decreased the radial pattern gradually changes (as the
separation region grows,) to the peaked distribution discussed in Section
3.3.

Tests were also repeated with the disc held stationary in the trans-
verse air flow and the shroud flush with disc. Figures (3.19(e),(b),{c))

show the resulting variations in heat transfer coefficient hc for three

wind speeds. The main stream dominetion and small secondary rotational
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effect can be seen from Figure (3.20) where, in a similar fashion to
Section 3.3., a straight average of the eight individual positions is taken
and campared with the rotational average values of Figure (3.17).

Figure (3.21) shows the variation in heat transfer coefficient across
the O - 180 degree diameter of the disc when it is held stationary in the
air flow. With the shroud flush to the disc face the variation of heat
transfer coefficients resembles that from a flat plate. High heat
transfer coefficients are present at the leading edge which rapidly fall
down to the normal variation. Without the shroud the regiongiseparation
and reattachment are evident. Further downstream the flow settles down

to the normal flat plate variation.

3.7. Flow Visualisation Tests 2.

Smoke flow visuanlisation tests were carried out with the shrouded disc
in & similar manner to those of Section 3.k. The disc was kept stationary
and the wind speed set at 5 m/s. Figures (3.22(a),(b),(c),{(d)) indicate
the shroud is a fair simulation of discs of different aspect ratios.

However in Figure (3."22(a)), with the face of the shroud set flush with the
front face of the disc there is a small separation zone caused by the shroud
itself, Complete attachment of the flow over the whole of the disc face
occurs when the shroud is set back 1.25 cm as in Figure (3.22(b)). This
accounts for the initial drop in heat transfer coefficients as the set back
t increases from zero, Figure (3.18).

The approach flow is laminar and all the flow conditions around the disc
are a result of the presence of the disc. These flow conditions were
studied using an acoustic stethoscope. Typical noise patterns are shown in
Figures (3.23(a),(b)). The laminar nature of the approach.flow was
confirmed by the relative silence in the main air streem. V(I:'.g.h the shroud
set back, as in Figure (3.23(a)), & low level of noise was heard:?.n contrast

to a high pitch 'scream' n region B vwhere the flow rapidly accelerates
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over the dise. A heavy thumping noise could be heard over the remaining
pz;.rts of the disc surface. This turbulent noise was observed over the
disc throughout the wind speed range 7.8 -~ 33 m/s despite the continual
silence in the main air strean. With the shroud set at 1.25 cm. the
heavy thumping noise was recorded over the entire surface of the disec,
Figure (3.23(v)). Over the shroud itself a narrow region of high pitch
noise was also recorded.

In addition toconfirming the general nature of the flow pattern the
acoustic soundings provide an explanation of the dominance of the main air
streanm. They show the flow to be turbulent over the whole surface of the
disc. This is due to both shroud and disc leading edge which act as
turbulent promoters in the laminar flow field. The resulting heat transfer
by the turbulent motion daminates the cooling process and the disc rotation

modifies this turbulence very little.

3.8. Correlation of Data

v

The heat transfer coefficient h_, from a rotating disc in a transverse

R
air stream is a function of eight paremeters, i.e.

hR = £(p ’Cpgk’u sU,N,R, ¢ ).

N8. t= shoud setling

In non dimensional terms it can be shown that
Nu = £, (Re,Re ,t/R ,Pr)

vhere Re, is the main stream Reynolds number based on the radius of the

UR

dige = __\;_o_ . Since tests are with a single fluid Pr will remein

constant,
A requirement for the application of dimensional analysis is that
geometrical similarity holds. Changes in the parameter, t, cause changes

in the geometry and certainly it has been seen from smoke tests that it
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causes 'changes in the flow distribution. Radical changes in the form
of the radial heat transfer coefficient variation with change in 't', as
opposed to the changes from one speed to another can be seen in Figure
(3.17). This suggests that attempts to obtain correlations including
this paiameter are likely to be extremely difficult if not fruitless.

The vaeriation in the heat transfer coefficient, hR’ has been shown
to be dependent on the main stream velocity U; the rotation N , in the
main causing a small upward perturbation. However at low wind speeds
..end higher rotational speeds the pattern is clearly affected by the
transition to turbulent flow. Including the urmatched conditions in the
correlation would also be extremely difficult. So the following examination
is restricted to the matched conditions only.

The shroud was set back at ¢t = 1.25 cm, the position for minimum
separation, and the heat transfer coefficient hR , measured for five

matched conditions at seven radial positions. The results are

plotted in Figure (3.24).. The results are also
presented in non-dimensional form in Figure (3.25), where the HNusselt
. 2
}
number Nu = h’_:E is plotted against the rotational Reynolds number Re = m\j——

In this instance U= HRO. A series of curves are obtained which are

as ymptotic to one line. The main stream dominance may be gauged by

comparison with equations (3.2)and(3.3), corresponding to the laminar and
[

turbulent heat transfer from a rotating disc in still eir.

The results can be further described by condensing each curve on to
one common line. Experience suggests this line has the form

R
o

m/ R P
Nu = CRe (-—) (3.5)
To evaluate the constant P, the Nusselt mmiber is plotted against
R/Ro for the five matched speeds at values ofconstant Re as in Figure

(3.26). P is determined from the slope of the lines as =~ 0.43.
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0.3
Figure (3.27) is a non dimensional plot of Nu (%‘) versus Re.
)

The points lie close to a streight line, the equation of which is determined

as
R \-o.lt3

(3.6)
R/

Nu = 0.0287 Re°'83<

This equation can be compared with the turbulent heat transfer equation
for a flat stationary disc. Firstly it is necessary to reduce the radiel
heat transfer coefficients to an average value, Ec’ for the vhole disc.

From equation (1.6)

- 1 o
hcﬂnn?"/ hRZ‘er de
o o]

80 that the average Nusselt number, Nu, obtainedfrom equation (3.5) is
— ©hR

c o 0.83
Nu = T = 0,0258 R\-o

(3.7

It is assumed that the flow is turbulent over the whole of the disc,

This is confirmed by the acoustic soundings mentioned in Section 3.5.
For a plate under turbulent conditions the average heat transfer over
a length L is given byn
h L
T - P 1/3 008
Fug = == 0.035 Pr"' Rey (3.8)

_ -0.2 o 0.8 : .
so that h, = DL ' , where D = 0.0326 k(—\;) for Pr = 0.72.

Considering a thin element dx of the disc, & distance x from the
origin, as in Figure (3.28). The heat transfer per unit temperature drop

0.8

from the disc is equal to D dx. But from Figure (3.28) L = 2(35-::2)%,

80 that the equation becomes

Q¢ . D x 20.8 (Rﬁ - xZ)O.h ax.

AT
R
0.4
_ 0.8 0.8 ° 2N\ *
Thus B =Dx2x2 Ry 1-.--’-‘-—> ax.
¢ RS Ra
o ° o

0%
which converges slowly to O 3!9/XDx2x?
TR,
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R
°

The points lie close to a streight line, the equation of which is determined

0.43
Figure (3.27) is a non dimensional plot of Nu (B-> versus Re.

as

s (3.6)
(o]

-0.43
Nu = 0.028T Be°'83<-13->
This equation can be compered with the turbulent heet transfer equation
for a flat stationary disec. Firstly it is necessary to reduce the radial
heat transfer coefficients to an average value, Ec’ for the whole disc.

From equation (1.6)

- 1 Ro
hc = - > [ hR 27R de
o o]

so that the average Nusselt number, Nu, obtained from equation (3.5) is

— hR
tlu = -2 = 0.0258 Re0+83

o

(307)

It is assumed that the flow is turbulent over the whole of the disc,

This is confirmed by the acoustic soundings mentioned in Section 3.5.
For a plate gnder turbulent conditions the aversge heat transfer over
a length L is giveﬁ byll
hL

-fu.L = _Tc(_ = 0,035 Prl/3 Reg'8 (3.8)

=0.2

- 0.8 : .
g0 that h, = IL 'S , wvhere D = 0,0326 k(%) for Pr = 0.72.

Considering a thin element dx of the disc, a distance x from the
origin, as in Figure (3.28). The heat transfer per unit temperature drop

8

from the disc is equal to DLO*® dx.  But from Figure (3.28) L = 2(R§-x2)£,

so that the equation becomes

Q. Dx 20.8 (Ri - x2)0.h ax

AT
R
o.h
_ 0.8 .0.8 ,° 2\ " °
Thus h =Dx2@ Ry (1-.-1‘-—> dx.
¢ 'nRz Ra
[«] ° [o)

0-8
which converges slowly to  O.3!4/XDx2x?
TRy
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yielding © Fu=-—=2=0.0296 Reg'8 (3.9)

Comparison is made in Eigure (3.29) between this equation and the correla-
tion equation (3.!7). For the range considered the rotation causes
between 25 and 17 per cent inc‘rease in the heat transfer coefficients from
the theoretical predictions for' twrbulent flow over a flat stationary disc.
This confirms the view that the level of heat transfer coefficients is
determined by the mein transverse air stream, the rotation giving this
small percentege upward perturbation.

2 allows a comparison with

The recent work of Dennis, Newstead and Ede
their «perimental work to be made. A direct comperison is not possible
as their results are only average values over the whole disc. Equation
(3.7) is compared in the table below with the mean Nusselt number for three
matched conditions Re_ =1.25, 2.56 and 5.05 x 10°.  These are the only

results suitable for comparison.

Mean Nusselt From eq.(3.7)

Reo No.from [21]! Nu = 0.0258 Reo°'83
125,000 4.7 x 10° %.386 x 10°
256,000 | 8.5 x 10° 7.95 x 10°
505,000 | 14.1 x 10° 13.97 x 10°

Dennis et el used two aluminium plates, 11 mm thick with a heater
sendviched in between. The effective thickness may be considered very
similar to that used in the present correlation Vith t = 12.5 mm. The
separation conditions at the leading edge eppear similar. In view of
the sensitivity of the radial variation to the aspect ratio the agreement
between the correlated results and those of Dennis et al is remarkabdbly
good. This comparison gives added strength to the quantitative nature

of the heat transfer coefficients.
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Chapter &4

Instantaneous Heat Transfer Measurements

4,1, Introduction

In the context of a train wheel only average radial heat transfer
coefficients are of interest. However for an understanding of the
processes which go to make up these average values, local measurements
over the whole face are important.

The limitations of the previous heat flux sensor have been discussed
in Chepters 2 and 3. Although suitable for determining the average
radial heat transfer coefficient hR’ the thermal msss of the copper disc
only permits slow changes, » 20 secs. to be monitored. Much more sensi=
tive measuring equipment is needed. The Gardon Hot Foil Radiometer(le)
wvas initially considered but due to difficulties in construction which

became apparent in preliminery investigations, attention was concentrated

on the Thin Film Gauge.

4,2, The Thin Film Gauge

The thin film gauge consists of a cylindricel Pyrex substratewith a -
vexy thin {=0.ury)  pPletinum resistence film mounted on the front surface,
.The purpose of the film is to monitor the surface temperature of the sub-
strate and it is of such a thickness that it does not affect the temperature
history of the substrate. Figure (4.1) illustrates the gauge and Figure
(L.2) indicates the seating arrangements of the substrate in the cylindrical
plug C. The Tufnol, B, and aluminium plug, C, allow the gauge to be pos=~
itioned flush inside any one of the seven holes in the main rotating disc.
The Tufnol washer reduces heat leakage into the substrate and provides en
isothermal boundary around the external surface of the Pyrex substrate.

The usual application of this type of sensor is in Hypersonic facilities
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where short duration heat transfer coefficients are measured. A sudden
cooling over the front surface of the substrate causes its temperature to
fall in a determined manner. The analysis pertinent to the operation is
discussed below. A film heating term é, (W/m?) is included in the
analysis for two reasons. Firstly the sensitivity of the platinum film
is greatly improved by increasing the current through the Wheatstone
bridge circuit used to monitor film resistance changes. Sec?ndly by the
time both wind speed and rotational speed have reached their desired levels
(t > 60 secs.) the substrate surface temperature would otherwise have
fallen far below the surrounding disc temperature with the result that in-
correct heat transfer coefficients are measured, due to the step in surface

temperature variation.

4,3. Analysis

This one-dimensional model is an approximation due to Schultz & Jones
(13). Let us assume that the probe can be represented as a semi=infinite
sleb as shown in Fig.(4.3). The temperature T, at a distance z is
measured relative to the boundary temperature at z = =, In normal prac=

tice this temperature is maintained at the disc surface temperature Tw.

The differentiel equation governing the temperature distribution in the

medium is
2
-2 b1
} A

where o is the thermal diffusivity of the medium, a =% !pcp,
with the boundary conditions that at
z2=w  T=07forallt

t=0,T=0 for all z

9T
- qc(t) = - ks az .z=°o

e 1K)

and at t>0

s
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Taking the Laplace transforms, denoted by =

is
=

a7

—
2

dz

T

which has the general solution

z(z\* L)
Ae

T = Q/ + Be \o
. e = E_+ aT
subject to the conditions T=0 atz =~ceand = =g ==k <=
P (] s dz zm0
o o “c E y — el
giving é.c(t) =5 &spcp 3 TS
and inverting yields
. Vp kB t%‘f’ (T)
&c(t) =E = /: } drt
"0 (t - T)

vhere T is the varieble of integration.

Integrating equation 4.4 by parts yields

g,(t) = E efsfi-[ /.-1-)-:j§§§1 J

These temperatures are the film substrate surface temperatures.

42

l"o3

4oL

L.5
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Numericel integration of the second part of the expression enebles qc(t) to

(14)

be evaluated. Cook and Felderman

approximated by a piecewise linear function of the form

T(ti) .-.'..T(t. )

i~1

T(1) = T(t, ) + (r=t,_.)

i-1
(6 = t3.)

and writing the integral as

o t.
;.[ HOEL (CUNNERRY I kL
2 (t - 1)3/2 2 lsl:b (tm - 1)3/2
i=l

have assumed thet T(t) may be

L.6

4T



35

yields

t . N r
l/wdr-lz (T, - T, ).2.[ e }
AR 2 Y (ty = ti)i (ty = 1’:1--1)%

T+ 5ty - 1"i]% = by - ti-l)%_‘

(T; = T3 { 20t
(t

At t;)
UlymTg) My m ) (- Ty) 2073 = Ty [
- P S B Sl A +
=] (o - ti)% (y = ti-l)i (B = t5)° Mty - ti)é + ey - ti-l)g
. /oCk| N-1 o - (7. =1 )]
(t)sE-p—f—sfa L iy i1 7 +2-——-—-——————-N =l
; =1 (= 1)+ 8y -t..) (ty =ty 1)_i
. 'pcplfs e N (Ti 1) “
=E - |2z ] 1 4.8
L i=l (b =t + (ty =t )

with the initial conditions that to =0 T=0,

4,3.1, Effect of Finite Substrate

If the heat transfer rate is, however, constant, equation 4.3 reduces

to E -

T ———————

s /‘c‘IPZ‘/2
; 2(E-q) ry \
o =— 9

P s

and it is seen under these conditions the surface temperature, Ts’ is
parebolic in form, In the case of a finite substrate of length % , the

conduction towards the surface is greater, since the boundery, maintained

at Tw. is very much closer. The rate of change of surface temperature
wvill be consequently slower. Fig.li.lL) shows the two responses to a step
(13)

input in heat transfer, éc. For a finite substrate Schultz and Jones
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2
show that over the time intervals less then A'b-x = {'& s equation 4.9 gives the

surface temperature within one per cent.
For this particuler substrate, see Figure(k.l) At is evaluated at

2 secs., Provided the period of the transient fluctuations, equivalent to

i
N

interval, then it can be assumed that the semi=-infinite equation will apply

for the roteting disc in transverse air streams, lies well within this

to the finite substrate,
4.3.2. Effect of Pletinum Film

For the analysis and a constant heat transfer rate &c a certain level
of film heating E‘:, is required to maintain the temperature_‘ level at Tw’ the
wall boundary end surrounding disc temperature. Because the film only
occupies 30 per cent of the substrate surface area, see Figure(h.l) losses
at the sides (through the substrate) occur and é is greater in order to
maintain the film terperature at Tw’ The amount by which i‘ exceeds the
heat trensfer rate is discussed in Section k.S. The cooling over the
substrate face produces a surface temperature profile as shown in Figure
(.b(b)).

It might be expected that the presence of the film could affect the
velue of the cyclic variation as well as the mean level. Ir éc(t) varies
this has the effect of causing & similar surface temperature variation
over the whole surface, so the level of heat loss at the film sides will
not change significently; the source and sink temperatures change by the
seme amount, One might therefore expect the surface temperature varia-
tion about the megn not to be different from that predicted by analysis.

A more deteiled esnalysis could predict both mean and cyclic levels
more accurately, However, for the present study the mean level is
assumed the same as that given by the long time constant sensor, as dis=-

cussed in Chapters 2 and 3. The cyclic fluctuations are determined from
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the analysis (equation 4.8). These results are discussed essentially in

a qualitative manner,

L.4. Experimental Arrengement

The film temperature, T,, and consequently the substrate surface tem=

£

perature, is measured by the film resistance. The film is connected in

the Wheatstone bridge as shown in Figure (4.5). If the bridge is

initially balenced then Rlaf = R2R3. vhere Rf represents the film resistance.
The change in film resistance ARf is monitored by an out of balance

bridge voltege AV, and given by the relation

': o, Teh 4.10
L, R*+h
vhere I o represents the film current. ARf mey be expressed in terms of

& change in film temperature AT ¢ by the equation

ARf = cRRf A'l‘f b.11

The out of balance bridge voltege is fed through a D.C. amplifier
(Fenlow ZA2) to a storage oscilloscope.

The temperature coefficient op va. determined from measurements of the
film resistance over the whole range of surface terperatures encountered.
The sensor was mounted in the main disc with the front face blanked off to
reduce errors due to naturael convection from the front surface. The disc
was then heated up slowly end the film resistance measured at a number of
temperatures given by & thermocouple mounted in the mein dise. Figure
(ﬁ.6) gives the calibration. The film temperature coefficient, Gps is

determined as

ap = 1.5 x 1073 g1,

Spot checks of this value made throughout the testing showed it did not

alter with time,
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The angular position of the sensor relative to the oscilloscope output
was determined by & simple make/break contact mechanism. One erm wes
attached to the disc at the periphery and the other to the supporting-
structure beneath the disc. The electrical pulses s0 generated were fed

to the second channel on the storage oscilloscope.
4.h,1. Procedure

The experimental testing procedure used was as follows. The whole
disc, with the thin film sensor in position, was heated up to temperature
well above ambient conditions, i.e. T e ™ T > 40 deg.C. When steady
state conditions were achieved the dbridge circuit was balanced on the
oscilloscope with a very small bridge current. The bridge resistance,
R,, wes then noted and fixed et this position. Further heat was then
applied to the disc to raise the bulk temperature approximately five
degrees ebove the fixed temperature level, Tw’ corresponding to the resis=
tance 1‘\’2 setting.

The air stream and disc were then set in motion and the heat input
adjusted to meintain the disc surface temperature, monitored by the
thermocouple nearest the sensor, &t Tw' The film current Io' was then
raised until the mean voltage signal on the oscilloscope was balanced at
the previous level, Tw' The output signal was then stored on the
oscilloscope and photographed. The bridge and eircuit resistences, R2
and Rv’ and temperatures, Tw end T_, were then noted in addition to the
oscilloscope and amplifier conditions. N.B. '.'l.'f at this condition is

equivalent to Tw, the surrounding disc surface temperature.

4,5, Experimenta) Testing

Initially tests were carried out to ascertain the degree of slip
ring and spurious electrical noise. Figure (4.7(a)) shows the oscillo=-

scope trace giving the cyclic variation in temperature, with the positional
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reference underneath, when the rotation and wind tunnel air speed are in
the matched condition, N = 630 r.p.m., U = 16.Tm/s. The leading edge
shroud was fixed at 1.25cm. in the position for minimum separation.

Tests were then carried out in still air where the heat transfer coeffic-
ient and hence film temperature is expected to remain constent with angular
position., Figures(L.T(b)(c)) show the traces obtained for disc speeds of
630 r.p.m. and 1650 r.p.m. respectively. These traces show that the
noise is small compared to the size of the temperature signal.

Information giving the conditions under which these tests were carried
out is added to the pictures in Figure (4.7). The ohmic heating
ternm ﬁ, based on the film area, Af, is also given for comparison with the
heat transfer coefficient hR’ as measured by the previous heat flux sensor.

The matched condition was then repeated with a larger oscilloscope
amplification and smaller periodic scan to provide suiteble traces for
analysis. The sensor wes positioned at ’hree different radii, R = 22.5,
15.9 and 8.5cm. The resulting traces are shown in Figures (4.8(a),(b),(c))
respectively.

In addition to these tests, measurements were also made with the
previous heat flux sensor with the dis. held stationary in the air stream.
The results are presented pictorially in-

Figure (4.10). These tests were done with the previous sensor due to
the uncertainty in the meean heat transfer level given by the film sensor.

The leading edge shroud was then removed and the three tests repeated

for the same matched condition. The results are shown in Figure (4.9(a),

(b),(e)).

L.6. Analysis of Hesults

From equations (4.8, 4.10 and 4.11), the cyclic fluctuation in heat
transfer coefficient h;. about the mean level, hp, may be determined from

the equation
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N E(t,) - E(t,_,)
hi(ty) =C x| = i 1 ] .12
¢ i=]l (N =3i)°+ (N+1=-3i)°

where E(ti) refers to the out of balance bridge voltage at t = i on the
oscilloscope, the balance point referring to the condition where Tf = Tw =
disc surface temperature, and where the constant C is determined by

C=2 ‘ESEEQ (Rl * Rgz, in 4.13
NTm IR x 1600 x a R (T, = TJ\T :

wherefazis the number of steps chosen in each cycle of periodic time T,

6.0(?011:8 )
and I =
(<) 2(Rv + 33 + O.S(Rf + R3)
NB. The actual vaeriastion in film temperature ATf@é i deg.C) is small

compared with the mean level T, = T _, (= 4O deg.C), so Io may be assumed

f
constant.

The value of the thermal product, pck, is taken from experimental tests
on Pyrex done by Hartunien and Varwigls. Typical values are listed in the

table below.

Temp oC‘(pc k ); J
e ]

24 0.152

50 0.164

82 0.185

_100 0.188

Equation(k.12)is solved numerically by computer. The program is
listed in Figure(4.11l,). It was found that P = 16 was a sufficient number
of steps to accurately evaluate the integral in equation 4.5. The numeri=-
cal values of E(tN) were taken from pencil traces of the photographs,
Figures (4.8 end 4.9) and measured from the balance point. A positive
voltage change corresponds to a decrease in the heat transfer coefficient hé.

The summation of equation 4.12 is done over all time from time zero,

and essumes that the whole heat transfer process sterts at t = 0, i.e. the




&JOB;ENO21501 ; RAWTY ;

LFORTRAN ;
&LIST,

1%
2%
3.
4
SQ
6
7'
8w
9!'
10%
u’
12!
13%
1hy#
15%
16
1T*
18
19*
20%
21+
22"
23

DIMENSION E(33)
E(0)=0.0
. Nwl

2 CONTINUE

READ(7,9) EE

9 FORMAT (1F0.0)

SUM=0.0
E(N)= EE

po 33 I= 1,N
Y=(E(I)-E(I~1))/(SQRT(N-I)+SQRT(N-(1-1)))
SUM=SUM+Y

33 CONTINUE

CON=L2.75
Q=CON*( ~SUM)
WRITE(2,50) N,E(N),Q

SO FORMAT(1H ,I2,2F12.3)

T1 N=N+1

GO TO 2

T2 CONTINUE

STOP
END

FIGURE 4.11




leeding edge R = 22.5

N Ex 10 h
volts w/mzdeg.c.
1 0.730 =31.207
2 1.160 -31.309
3 1.630 -37.626
% 2.060 -%0.910
5 1.630 =T.911
6 1.3%0 -2.215
7 1.100 1.521
8 0.770 9.287
9 0.220 23.699
10 =0.330 31.838
11 -0.850 37.293
12 -lo 250 37 . 538
13 ~-1.610 38.623
1k -1.100 3.637
15 =0.590 -9.446
16 0.000 -22.371
17 0.730 -37.468
18 1.160 -34. 777
19 1.630 -39.782
20 2 . 060 -h2 . 328
21 1.630 -8.872
22 1.3%0 -2.875
23 1.100 1.066
2h 0.770 8.977
25 0.220 23.495
26 -0- 330 310 711
27 ~0.850 37.224
28 ~1.250 37.513
29 -1.610 38.631
30 =-1.100 3.671
kil -0.590 =9.393
32 0.000 -22.303
&END;
RESULT = B

CPU TIME =0000 05.854
REAL TIME =0000 13
SLAVE SIZE = 51712
CARDS READ = 0059
PRINT LINES= 0086
DISC TRANS = 0097
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initial condition is t < 0 E(t) = O, This condition is not satisfied
by the voltage (temperature) variation recorded on the oscilloscope

traces of Figures(L.8 and 4.9.). The process is continuous end periodic.
Fortunately applying this condition to the traces only affects the com=
puted heat transfer coefficient hc’ for a limited number of steps. The
numerical value h;(tN) at N = k is only significantly affected by the
sunmetion over the preceding five or six voltage readings i.e. E(tN) at
N=k, k=21, K=2 toeeeeese kK =6, Any voltage (temperature) fluctua=
tion before these times i.e. E(tN) at N =k = 7, k = 8.ceseeses €tc. are
relatively insignificent.

Referring to Figure(l.l)),the program and sample results, after N = 6
the heat transfer coefficient h; settles down a.nd appears to follow the
continuous periodic voltage temperature variation. This is confirmed by
repeating the cycle at N = 16 to N = 32, After N = 6 the value of h;
corresponds closely with its next periodic value at N = 22,

The variation in the local heat transfer coefficient, h;, from its
meen, is determined from Figure (4.8(a),(b), with the leading edge shroud
present, and Figures (i.9(a),(b),(c) without the shroud. Figure L.8(c)
is omitted as the output, E(tN) remeins fairly linear over each cycle.

The computed results are given in Figures 01.12(a),(b)) and(4.13(a),(b),(c)).
A subsidiary diegram relates the heat transfer coefficient values to an
sngular position around the disc. (NB. The positions 1 to 16 do not
necessarily refer to the values of N used in the computer program.

It was stated in Section 4.3.2 that the pletinum film only occupies
30 per cent of the substrate surface area, and as a result losges from the
sides through the substraté cause E to be greater than the mean convective
heat transfer.

The value of E". is determined from the ohmic heating of the film

2

I oRf and the film area Af by the equation,
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E= Iin/A ,

where Af = 2,9 x 10-6m?.

It cannot be used to predict the mean heat transfer coefficient, hR‘
Comparison is made between é/(Tf - T_) and he, determined by the slow
response sensor, in Figures{i.7, 4.8 and 4.9). The difference ind%?tes
the level of heat loss from the film to the substrate, If en effective

area, twice that of the film area A,, is used in determining E then the

f
two coefficients correspond more closely.

For the reasons above the cyclic variations are used in conjunction
with the mean heat transfer measurements of the slow sensor. The totsel

heat trensfer veriastion is given in Figures(k.lh end 4.16J).

L4,7. Discussion

4,7.1. Shroud Present (t = 1.25cm,) Figure L.1k.

Previoqs tests with the slow response sensor (see Chapter 3) have

indicated that the level of the heat transfer coefficient is determined

h2

in the mein by the free stream flow with the disc rotation causing a small

upward perturbation. A qualitative picture of the expected variation
of heat transfer coefficient around the circumference can be built up by
modifying the pattern obtained for the disc treated as a stationary flat
plate in terms of the local relative velocity between a point oﬁ the
rotating disc and the free stream. A relative velocity higher than the
free stream augments the stationary heat transfer coefficient whilst a
lower relative velocity reduces it.

Experimentel work discussed in Chapter 3 shows that when the shroud
is positioned at t = 1.25cm. there is no separation of the flow from the

disc surface, Flat plate behaviour with ettached flow is high heat

transfer felling off rapidly at first and then more slowly as the distance

elong the plate increases. Applying this to the circuler disc leads to
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Fig 4-16 Cyclic variation in heat transfer [no shroud]
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a high heat transfer variation around a circumierence vhich is roughly
sinusoidal in shape. The variation is symmetrical about the 0-8 angular
position line. At the large radii the emplitude of this variation is
substantial. This is shown in Figure (4.l4(a)) wvhere the values of the
heat transfer coefficient at R = 22,5cm. for the disc stationary, taken
from Figure (4.10), are plotted showing the sinusoidal type variations.

The variation in local relastive velocity around the circumference for
R = 22,5cm. is shown in Figure (4.15). Modifying the stationary disc
pattern in the light of the local relative velocity, as suggested earlier
leads to the following pattern for the rotating disc. Over much of the
lower half of the disc heat trensfer coefficients lower than the stationary
values are expected, whereas over the top half higher values are expected.

In Figure (4.14(a)) the experimental variation for the rotating disc case
is superimposed on the stationary values end it is seen the suggested
pattern is found in practice,.

In Chepter 3 it was shown that the slow response sensor gives a straight
average over the path traversed. In Figure (l4.li(a)) the area A is lerger
than area B , so the erea under the rotating curve is larger than that under
the stationary curve. This is in accord with the average values for the
stationery and rotating disc shown in Figure (3.20).

At a smaller radius a similar performance is expected but with a reduced
emplitude, since the whole of the traverse of the sensor lies in e more
slowly varying part of the flat plate variation. The experimental values
given in Figure (4.14(b)), R = 15.9cm. show this to be the case. Finally
at R = 8,5cm. the flat plate variation suggests little change in heat traus-
fer velues over the circumference. This is confirmed by the lack of

change in the thin film temperature at R = 8.5cm. shown in Figure (4.8(c)).
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4.7.2. Shroud Absent

Reference is here made to the stationary tests done in Chapter 3,

Figure(3.6(}0). The flowAis agein symmetrical about the centre line 0-8,
The variatién around the disc is'ﬁodified from the previous case by the
separation and reattachment zones causeﬂkby the bluff edge of the disc.
Low heat transfer coefficients occur in the separation zone at the leading
edge with the high heat transfer coefficients at the start of the reattach-
ment zone occurring further across the face of the disc. Thus the stat=-
ionary disc exhibits a double peegk behaviour and this is shown in Figure
(k.16(2)).

Rotation egein enhences the heat transfer process in the top half and

(3 -
reduces, in the bottom half of the disc. There is also & tendency for the

A
separation and reattachment zones to be dragged round in the direction of
rotation. Where the rotation is egainst the flow these regions are
closer to.the leading edge of the disc; conversely they are further away
in the bottom half of the disc. Figure (4.17) has been exaggerated to
illustrate this effect which was observed with smoke flow visualisation
tests. As the separation and reattechment are dragged round the disc
ereas which were previously in low heat transfer coefficient zones with the
disc stationary are now in the reattachment zone with the resﬁlting higher
heat trensfer coefficients. This gives some explanation as to why, at
some positions over the bottom half of the disc, the heat transfer coeffic=
ients actually increase with rotation, despite the reduction in relative
velocity, see Figure (4.16(a)).

At smaller radii, Figures (4.16(b) and (c)), the cyclic variation
follows the stalionary veriation. The effects of the rotation on the
separation and reattechment ave still evident over the bottom half of the
disc,

The effect of rotation with the shroud removed is more obvious than
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with it present, as indicated by the difference between areas A and B
in Figures (4.14) and (L4.16). This confirms the results from the slow

response sensor given in Chapter 3.

4.8, Recommendations

Whilst any conclusions drawn are considered to be qualitatively correct
because of the discussion on the sensor in Section L4.3., the quantitative
level is in some doubt. It is therefore recormended that the results
should be repeated with modifications to the sensor design. In particuler
the platinum film should be so arranged as to cover the whole of the sub-
strate surface. Celibration of the sensor would remove the errors and
inaccuracies present in the theoretical revaluation of the heat transfer

coefficient.
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Chapter 5

Velocity Measurements

5.1. Introduction

The smoke visualisation tests described in Chapter 3 provided a crude
evaluation of the flow pattern over the disc. Although these tests
illustrate the general nature of the flow, they domt show what occurs
close to the surface of the disc, where, to alarge extent the velocity
gradients determine the level of heat transfer. A more quantitative
essessment of the velocity distribution is obtained from hot wire anemometer
traverses out from the disc surface.

The experimental technique was first proved by taking velocity measure=
ments with the disc rotating in still air. Published theoretical and
~ experimental data is awvailable with which comparison of the present measure=-
ments was made. Smoke visualisation tests have shown that the flow
pattern over the disc is complicated by separation at the leading edge
followed by reattackment on the disec face. Furthermore this effect could
be reduced by positioning a shroud just below the surface of the dise.
Velocity measurements with the disc held stationary in a transverse air
streem were used to confimm this. Finelly with the shroud set at the
position for minimum separation the velocity profile patterns over the disc
surface were obtained for the disc rotating ina transverse air stream. The
main air stream dominance over the heat transfer performance is discussed

in the light of these patterns.
5.2. Rotating Disc_in Still Air

Velocity measurements on this configuration are to be used to confirm
the experimental technique by making comparisons with published experimental

and theoretical works.
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li‘ig.(:'»..'l.):"9 shows pictorially the leminar motion produced by en
infinite plane disc rotating in a viscous medium around the axis r = 0,
with constant angular velocity w. The Navier Stokes equations for the
axially symmetric fluid motion expressed in cylindrical co-ordinates r,

¢ and z for an incompressible viscous fluid are given as:

2 2.
av .y ov . avr vj’2 i} 13 g .3.-. a :’_r_ +3 vr
t rar | 'z9z r o ar | *r a 2 2
9 r 3z |
v v ov v.v v v 32v
__._i + v __L v ._Q. + L s Vv -l— -——i -—-—Q. > (5_1)
ot r or 2 9% r r or 2 3z2
2
v v v v
ot r or z 9z 3 2
z
P

Here v o ¢, and v, respectively are the radial, tangential and axiel compon-
ents of the velocity vector, p is the pressure and v the kinematic viscosity.

The equation of continuity for an incompressible fluid is
__1‘ + — ¢ .__E = 0 (5.2)

The boundary conditions of this problem are

¢

vr=0,v =0 for z = »

¢

vrso,v =rw,v =0 forz=0
z (5.3)

By a suitsble change of variables equations (5.1) and (5.2) may be
reduced to form simultaneous ordinary differential equetions for the

functions F, G, H and P, given by

P-GC4+Fi=F
' 2FG + G'H = G"

HH' = P' + H"

2F + H' =0

(5.4)
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vhere v_ = roF(n), A ruG(n), v, = Yval(n), p = - pwwP(n)

(/1]
and = z//:
n v

The three velocity functions F, G and H have been determined by
Cochranl6 and are represented graphically in Figure (5.2). The two velocity
components of particular interest are v. and v¢. The axial component v, is
of the order vwi; except in cases of larger n and small radii it can normally
be neglected in comparison to the other two.

Figure (5.3) gives the results of Gregery, Stuart and Walker8 of the
velocity field near a rotating disc in conditions of laminar flow. The
figure gives values for the total tangential velocity Vi = J(vi + vi).
The agreement between the experimental and theoretical values is good.
Measurements done by Cobb and Saunders3 have also shown similar agreement.
In both these cases the total tangential velocity was measured by a small
pitot tube.

The experiments8 vere continued into the transition and turbulent

regions of flow. Here no exact solution exists with which to make suitable
comperisons. Assessments of F and G based on assumed types of velocity
profiles have been madela’lo. However Figure (S.4) illustrates the wide

disagreement between experiment and the predictions of these theories.

5.3. Experimental Testing

The velocity profiles were measured with a 5 micron tungsten hot wire

probe mounted on a traversing mechanism. The electric power required to
maintain the wire at a constant temperature was monitored by a Disa 55D01
Anemometer unit, in the form of a bridge voltage VB. Each wire was
calibrated in the free stream of the wind tunnel.

The two velocity components v, and v, were initially measured individ-

¢
ually by positioning the wire normal to each direction. Figure (5.6) shows

the velocities measured in the laminar region for three disc speeds,
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N = 296, 530 and 630 r.p.m. together with the theoretical prediction of
COchranl6. The main problem associated with this method is the influence
of one component on the other being measured. The formation of eddies
from the wire supports enhances the cooling of the hot wire with the result
that higher velocities are inferred from the anemcmeter unit than those
actually present. The influence of v¢ on the radial component can be
seen from Figure (5.6); the readings are between 20 and 40 per cent higher
than the theoretical predictions of Cocﬁran. The tangential velocity
measurements show better agreement, which is to be expected as the radial
component is relatively small and itsinfluence is swamped by the tangential
velocity.

A more accurate method of measuring these two components was achieved
by positioning the wire at the two 45 degrees orientations, to each compon-
ent. v, and v, were then determined in the following manner.

¢
Referring to Figure (5.7) which gives the gecmetrical situation,

Heinz18 has suggested that the velocity u, , as measured by the hot wire

2

anemometer, is given as
w2 = v2(sin%e + APoos’e) (5.5)

where the factor 'A' has a value between 0.l and 0.3 depending on the magni-
tude of the velocity (the value of A increases with decreasing velocity).

Also from Figure (5.7)

ui = vg( cofp + Aasinae) (5.6)

u, and W, are not velocities in the true sense as they do not actually exist
anyvhere. They are the computed velocity values from the anemometer bridge
voltages taken from the calibration curve when the wire is set normal
to the wind tunnel free air stream.

From equation (5.5) and (5.6) it cen be seen that
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2
(:“g) - sin®6 + A2cos>6 2
2 2.2,
Y Cos 6 + A 5in @

2 2
so that ginZo = ] 5 A 5 (5.7)
(1 -a%)(1+8")

From Figure (5.7) the radial and tangential velocities are given as

v, =VT cosa , v‘b =VT Sina ,

vhere a = 4S + 0 ,

The velocities can be evaluated provided u_, Yy and the factor 'A' are
known. 'A' unfortunately is dependent on the velocity VT, so that it is
necessary to guess an :initial value, determine V_, and then update acé¢ord-
ingly. The dependence on the velocity was determined experimentally by
placing the hot wire parallel to the free air stream. © im this instance
is zero, so that equation (5.5) and (5.6) give
ul" T,andu2=AV,1,
u

,. 2
€0 that A = —=
e}

A typical calibration for 'A' is given below.

U {Vv \/ u,
m/s} Bo1ts™ ulmfg 214

16.7{8.75{6.88]16.7{2.7 |0.16
14.018.49{6.76{14.0{2.35{0.17
11.118.2216.65}11.1{2.0 }0.18
7.9(7.85]6.49| 7.9{1.6 {0.20
5.55)7.5216.3 |5.55|1.2 |0.216
3.53]7.11}6.13}3.53]0.95]0.27
2.516.8 }5.99] 2.5{0.70]0.28
2.0}6.65|5.92} 2.0{0.6010.30

The tests on the rotating disc in the still air were repeated with the

hot wire probc set at the two-U5 degree orientations to the velocity
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components. The accurate positioning of the probe was achieved with the
traversing gear so that the readings from the two positions corresponded
with each other. The minimum distaence fromthe disc surface was 0.25 mm.
Béiow this value the conduction and radiation effects fram the wire to the
disc become predominant. v, and v¢ wvere determined in the manner des-
cribed above. The results are given in Figure 5.8. A marked improvement
in agreement is found between the measured radial component F and the
theoretical predictions. The tangential component G , shows excellent
agreement. |
This correlation between theory and measurements was taken as proving
the experimental technique and the hot wire anemometer unit was used to
measure the velocity profiles over the stationary and rotating disc in the
transverse air stream. However, it is appreciated that, in both these
cases, the flow may not be laminar and that any hot wire signals analysed
may be affected by the fluctuating velocity component as well as by the
factor ‘A'. For the case of the rotating disc in the transverse air
stream these effects have been ignored and the flow assumed to be 'laminar'.
The complex analysis of the turbulent motion was beyond the capabilities of

the anemometer unit. The results are therefore discussed in a qualitative

manner.

S.4. Stationary Disc in a Transverse Air Stream-

In Chapter 3 an explanation of the radial variation of the heat trans-
fer coefficient in terms of flow separation atthe disc leading edge followed
by reattachment to the disc face is given. Smoke tests confirm this
pattern. Further tests with a shrouded disc, to simulate discs of differ-
ing aspect ratios, add weight to the explanation. In particular complete
flow attachment over the whole disc face is obtained when the shroud is set

back a small distance from the face of the disc.
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To confirm this flow separation pattern in more detail, velocity
profiles were measured at four positions on the leading half of the disc
on the centre line of the tunnel with the disc stationary. These posi-
tions are indicated in Figure (5.9). For this particular configuration
the hot wire was placed normal to the air stream direction; there being
only one velocity component present. Three shroud positions, t « 5 cm,
1.25 cm and O cm were investigated. Figures (5.9(a),(b),(c)) show the
velocity profiles obtained.

With the shroud set at t = 5 cm, Figure (5.9(a)), the separation at
the leading position A , is shown by a low velocity stagnant region close
to the surface and a thin region of high shear stress where the velocity
increases rapidly to the free stream level. Downstream at positions B,C
the stagnant region has grown considerably. The region of high shear
has been ‘dispersed by diffusion and mixing processes. At position P the
velocity profile is consistent with fully attached flow.

With the shroud set at t = 1.25 cm, Figure (5.9(b)) shows the velocity
profiles are considerably altered from the previous case. Very little
separation at the leﬁding edge is found. The velocities approximate to
those found in developing turbulent flow over a flat plate. For comparison
turbulent velocity profiles and laminar velocity profiles on a flat plate

are shown, The turbulent profiles are calculated usingzo

Y,
o= (%) (5.8)
vhere % = 0.379 (%jfb , and x is the distance from the leading edge,
in this instance the distance from the tip of the sbroud.
The laminar profiles are calculated from the numerical solution of
the Blasius eqra.tionlg. The boundary layer thickness in this case is

given as

§ = 5.0 /%’5 (5.9)
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With the shroud set flush with disc face, Fig.(5.9(c)) shows a thick
boundary layer at positions A and B . These profiles are similar to
position C of Figure (5.9(a)), characterising the rear part of the
separation bubble. This is consistent with separation occurring at the
tip of the shroud. The profiles at position C and D, Figure (5.9(c)),
indicate that the flow is reattached.

In addition to measuring velocities the hot wire gives a measure of

turbulence intensity. The percentage turbulent intensity is given by

hVé
RMS 2 _
G-V

vhere vRMS is the root mean square voltage recorded by the anemometer unit.
The bracketed numbers against each profile in Figures (5.9) give the local
value of Tu. In every case it is seen that considerable turbulence exist
throughout the boundary layer. The shroud and leading edge of the disc
both act as turbulence promoters. This explains why the measured profiles
are closer to the turbulent prediction despite the Reynolds numbérs suggest~
ing thet the flow should remain laminar over the first ledding half of the

disc.

5.5. Rotating Disc in a Transverse Air Stream

All the heat transfer coefficient measurements suggest that the heat
transfer process is dominated by the main air stream. For a fixed disc
speed of 630 r.p.m. changes in main stream velocity from O - 33 m/s cause
an eight fold change in the heat transfer coefficient, see Fig.(3.5(b));
vhereas at a fixed wind speed of 33 m/s a change in the disc épeed from
296 - 1120 r.p."s. only causes a 10 per cent change in heat trahsfer
coefficient. If the shape of velocity profile and in particular the
steepness close to the disc surface is a measure of the heat transfer

coefficient level, then this heat transfer pattern suggests a velocity
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profile which is a function of both main air stream speed and disc speed
but much more heavily dependent on the main air stream speed.

The heat transfer results of Chapter 3 are average valueg over the
circular path traversed by the sensor. Since it is not possib;e to
present velocity profiles in this way a picture over the whole disc face
~has been built up. Velocity measurements were taken with the disc
rotating at 630 r.p.m. for a range of transverse air speeds from 2.5 m/s
to the matched speed of 16.7T m/s. To remove complications due to flow
separation and reattachment, the shroud was set at t = 1.25 em in all the
tests. For each condition measurements were taken at two radial posi-
tions, R = 23.7 cm and 9.5 cm at each of the four angular positions as
illustrated in Figure (5.9). The two velocity components v, end vb
were deterﬁidéd using the hSo technique discussed in Section 5.2.

The results ere presented graphically in Figures (5.10(a - h)) and
Figures (5.11(a - h)). Figures (5.12(a)) and (5.12(v)) show the resultant
velocity v,,, plotted for seven locations out from the surface of the disc
for u = 2.5 m/s end 16.7 m/s respectively. They illustrate how the
velocity swirls round from the peripheral direction at z = O to the main
stream direction at position 7. The centrifugal ection on the velocity
can be seen quite clearly at the low velocity u 3’2.5 m/s, and at
u = 16.7 m/s, where the velocity profiles at top and bottom angular posi-
tions are forced outwards from the céntre.

It is obvious from all the velocity profiles presented that changes
 in the main air stream velocity have a marked effect on the steepness of
the profile close to the disc surface, (this can be inferred from an extra-
polation of the surface value, zero or local disc surface velocity and the
closest hot wire measurement made. In particular the comparative eflect
on the velocity profiles of the main stream and disc rotational speed is

clearly‘shown in Figure (5.13(a) and (b)).
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5.6. Conclusions

In the absence of a developed theory to predict velocity profiles and

heat transfer coefficients for the complex three dimensional flow pattern

that exists over the disc surface only qualitative conclusions can be drawn
from these measurements. Certainly the conclusions drawn earlier from
the heat transfer measurements regarding the dominance of the main air
stréam is reinforced by the velocity patterns emerging from these measure-

ments and in a way that was not possible from the smoke visualization tests.
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Chapter 6

Convective Heat Transfer from a Rotating Wheel Shepe

Rotating in a Transverse Air Stream

6.1. Introduction

This particular piece of work was done for British Rail to provide
them with heat transfer coefficients for use in their train wheel stress
analysis.

The present plain circular disc is only an idealisation of a train
vheel shape. In particular the thickening at the rim and the central axle
boss are missing. The simple wheel was formed by screwing suitable
aluwminium pieces, an annular ring and a centrsl hub, to the original plain
disc. The important dimensions were supplied by British Rail, Technical
Centre, Derby.

Measurements of surface heat transfer coefficients are reported for a
simple wheel shape placed in a transverse air stream. Results are given
for tests on the wheel stationary in an air stream up to 30 m/s and at
rotational speeds matched to the main air stream. The results of simple
flow visualisation smoke tests give & qualitative explanation to the general
trend of the results and indicate the nature of the flow over the surface

of the wheel.

6.2. Experimental Arrangement

The test wheel, on an overhung shaft, rotates in the neck of the open
jet wind tunnel with the face of the wheel aligned to the direction of the
main air flow. Local radial heat transfer coefficients are measured with
the heat flux sensor as described in Chapter 3. A cross section of the
wheel is given in Figure (6.1), vhich also marks the nine radial positions
at which measurements are teken. A typical wheel shape is superimposed

upon this diagram to illustrate the degree of simplification that has been
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made in arriving at the vheel shape under test.

The original disc carries heaters which can raise the whole surface
temperature 4O deg.C above ambient. The additional aluminium pieces are
heated by conduction from the main disc. Thermocouples are placed just
below the main disc surface and a further thermocouple is located near the
outside surface of the annular ring. Under test conditions a six degree
variation over these thermocouples is found. A photograph of the wheel
is shown in Figure (6.2). (The blackening over half the surface was
applied after the heat transfer tests to provide contrast Pr flow visualisa-

tion photography.)

6.3. Test Results

60 30 1. Wheel Station_a._x!

With the vwheel stationary and the air stream on, heat transfer
coefficients were determined at each of the nine radial positions for five
angular positions, 0, 45, 90, 135 and 180 degrees. 0 corresponds to
the leading edge of the wheel on the centre line of the tunnel. Since the
flow is symmetrical it is assumed that similar values hold for the bottom
half of the wheel.

The individual results obtained are shown graphically in Figures (6.3)
and (6.4) for four wind speeds of 7.8, 14.2, 20.5 and 29.6 m/s.
Additionally in Figure (6:3)a table of average radial values is given. The
average value is a straight average of the eight individual values for any

circumference.

6.3.2. Wheel Rotating

Measurements were taken for four wheel speeds 296, 530, 780 and 1120 rpm.
For each wheel speed the air speed was set to match the peripheral wheel

velocity, i.e. 7.8, 14.2, 20.5 and 29.6 m/s respectively. The radial

values of heat transfer coefficient obtained are shown in Figure (6.5).



Fig6.2 Photograph of wheel in mouth of tunnel
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6.4. Flow Visualisation

A very limited qualitative picture of the air flow distribution about
the vheel was obtained by introducing smoke tracers into the flow. This
technique is only successful at low velocities. At high velocities the
smoke is dispersed too rapidly to gain an impression of the flow distri-
bution. Consequently all pictures shown were teken at the lovest air
velocity 7.8 m/s.

Two sets of pictures are shown. The first set, Figure (6.6), shows
how the main stream separates around the wheel both with and without vheel
rotation. Here smoke is introduced on the tunnel exis upstream of the
vheel. The second set, Figure (6.7), shows secondary flow in the region
within the re-erntrant section defined by the annular ring. Two cases are
shown, one with smoke introduced close to the central hub, the second with

smoke introduced near to the rim.
6.5. Discussion

A number of qualitative observations are worth making about the results
presented.

In Figure (6.8) the results of the rotating tests andthe average radial
values obtained from the stationary tests are plotted on the same graph.

Two sets of results are very similar. This confirms previous findings
with the plain disc. The level of the heat transfer coefficient and its
radial variation is dominated by the main stream flow. The rotation only
causes small perturbations about the main stream level.

In Figure (6.9) the results of the rotating tests are compared with
results of previous work on the plain disc. Except at the outer annular
ring the values for the plain disc are higher than forthe wheel shape.

These observations tie in with the general picture of the flow pattern

around the wheel. Firstly the disc rotation produces little change in
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b) Rotating
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the flow distribution and then only very close to the wheel surface.
Secondly the main stream separates around the wheel, Figure (6.6), leaving
a re-entrant region of generally lower velocity flow., This picture of
separated flow over the majority of the wheel face contrasts with the plain
disc where separation occurs at the leading edge region with re-attachment
well before the axle.

The flow in the separated region is very complex with fluid feeding
in from the main stream to be re-entrained at other positions. In the
region forward of the central boss there is considerable flow reversal.
This is particularly emphasised immediately in front of the boss as some of
the main stream hitting the boss is forced in to the surface and them back
tovards the rim. As the heat flux sensor rotates through 360 degrees
it "sees" all the facets of this complex flow field and gives an averaged
heat transfer coefficient. Measurements with a fast response sensor
would be necessary to tie in heat transfer coefficients with the detailed
flow pattern.

It is interesting to look at variation of heat transfer coefficient
across the horizontal diameter, o° - 180°, taken from the stationary tests.
This is shown in Figure (6.10) for a mainstream velocity of 20.5 m/s. The
veriation is similar for the other velocities tested.

Moving from left to right across the wheel, the first fall in heat
transfer coefficient is due to the flow separation at the leading edge,
measurement position 2. Over positions 3 to 9 the flow isin the reverse
direction and the heat transfer coefficient variation is consistent with
flat plate behaviour with a high heat transfer coefficient at the leading
edge falling off as the flow moves over the surface. Hence the high
velue at position 9 falling off towards position 3. The measurement
position 10 is in the shadow of the central boss with flow starvation and
consequently a low heat transfer coefficient. Over the rest of the

diameter flow sweeps in from either side of the boss giving a fairly
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constant value of heat transfer coefficient. The high values at
measurement parts 16 and 17 are due to re-attachment of the main flow.

As the flow again separates to give a wake region behind the wheel, the
measurement position 18 is in the shadow with a consequent low heat trans-
fer coefficient. The small variations in heat transfer coefficient that
are shown, particularly between stations 11 and 15, are believed to be

real and not just a result of random measurement errors. To be absolutely

certain measurements. atintermediary radial positions would be necessary.



61

Conclusions

The problem of convective cooling from train wheels subjected to
continued braking has been simplified by examining the heat transfer from
a plane rotating disc in a transverse air stream. A sensor has been
developed to determine local heat transfer coefficients, and from the com-
prehensive set of measurements made the dominant parameters affecting the
cooling process have been isolated. It has been shown that the level of
the heat transfer coefficient is determined in the main by the speed of
the transverse air flow. The rotation of the disc results in a small
upward perturbation on this level. VWhen the disc is held stationary in
the transverse air flow this view of main stream dominance is further
strengthened by the experimental results.

The radial variations in the heat transfer coefficients are explained
in terms of the flow separation and reattachment over the leading half of
the disc. The experimental disc is a bluff body and the degree of separa=-
tion is dependent on the aspect ratio of the disc. This espect ratio,
vhich has been simulated by the existing disc,greetly modifies the radial
distribution of the heat transfer coefficient, but again the main air
stream speed is dominant in determining the level of the heat transfer
coefficient.

When the aspect ratio is set to the position Hr minimm separation
the variation in heat transfer coefficients for the matched condition have

been correlated by the expression:-

Nu = 0.0258 Reg'83

This equation resembles closely that for turbulent heat transfer from

a flat stationary disc in a transverse air flow.
In the context of a train wheel only average radial heat transfer

coefficients are of interest. However to understand the mechanism more



62

fully a thin film sensor has been used to measure the instantaneous heat
transfer coefficients. With minimum separation over the disc the
variation in the heat trensfer is in accordance withthe predicted patterns
showing the sinusoidal varistion with angular position. The relative
effects of rotation are shown to be small in comparison with the main air
stream effects. Reducing the aspect ratio and thereby increasing the
separation alters the pattern considerably and there is & slight tendency
for the separation and reattachment zones to be dragged with the rotation.

Smoke visualisation tests have helped to understand the results of
the heat transfer tests. However they have not shown what occurs close
to disc surface where to a large extent the velocity gradients at the 'wall'
determine the level of heat transfer. The velocity distribution has been
assessed with the aid of hot wire anemometry. Vhen the disc is rotating
in still air the results are in good agreement with the theoretical and
experimental published works. When the disc is stationary the effective-
ness of the leading edge shroud, used to simulate different aspect ratios,
is confirmed. For the rotating disc in the transverse airflow the
results qualify the view that the main air stream dominates the boundary
layer and thus also the heat transfer coefficient.

In conclusion a study of the heat transfer coefficient variation from
a simple wheel shape has been done. The results emphasise the fact that
to obtain laboratory measurements which are Reaningful in full-scale
situations, such as train wheels, full modelling mustbe achieved. The
size, shape and thickness of the wheel are important in that they govern

the main flow pattermn and thus the resulting heat tr.nsfer pattern.



Recommendations

In Chapter 4 the limitations of the thin film sensor were
discussed. It is therefore recommended that the results should
be repeated with modifications to the sensor design. Although
the fluctuating component was considered accurate, the absolute
mean level of the heat transfer required adjusting to take into
account losses from the Platinum film, The film should be so
arranged to cover the whole of the substrate surface. Further-
more, calibration of the sensor would remove the errors and
inaccuracies present in the theoretical evaluation of the heat
transfer coefficient.

In Chapter 6, the testing of a simple train wheel shape has
proved useful. This work should be extended to a more 'adult'
level where the wheel is accurately modelled and the thermal
gradients present across the diameter are included in the

investigation.
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Appendix 1
Thermal Design of Heat Flux Sensor

This appendix investigates the thermal design of the heat flux sensor
in detail and predicts its accuracy in measuring heat transfer coefficients
from a rotating disc.

Figure (Al;l) illustrates the sensor and describesthe relevant dimen-
sions. From a thermal aspect the sensor is divided up into twelve com-
ponent resistances as illustrated by Figure (Al.2). These resistances
are determined from standard one dimensional steady state heat conduction
and convection anelysis, where an engineer's order of magnitude type
analysis is done. In determining the convective resistances two extreme
conditions of operation are used. The maximum and minimum heat transfer
coefficients, hc are taken as 150 and 15 W/m? deg.C.

Referring to Figures (Al.l) and (Al.2) the thermal resistance are

determined as follows:-

1) Resistance to heat dissipation from the copper surface A via

convection, Rl’ is given as

L
R o=t =20 X4 305 geg.o/v (39)

1 hcAA lenx(l.hB)2

the bracketed quantity referring to the meximum heat transfer

condition h = 150 W7m2 deg.C.

2) Resistance to flow through copper disc A outwards radially R

2
is given as
r
loge r% 1oge gigg'x 10“
Ry = 2Tk €, nx386x5 = 0+9 deg.C/W

3) Resistance to flow through copper axially R3 is

-4 .4
- ﬁ = 5_:5_19_@_3:3_5 = 0.00755 deg.C/W
c"A  386xmx(1.L48)

t




All Pi mensions incms

Fig AM The Heat Flux Sensor
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Resistance through Tufnol annular ring Rh' The sizing of this
washer isa balance between ensuring that there is small leakage
through it radially, maintaining its surface temperature close to

the surrounds and reducing leakage from the surface area of the

washer.
log f}, vhere t varies between 0.5 mm at radius
e r
—_ 2 . . _
R, = 2ric r, and 1 mn at redius rs. It is there

fore taken as a mean of these two values.

0. 3
] loge EE%E-x 10

57x0.26x0.75 = 55.4 ceg.C/W

The resistance to convective heat dissipation from the insulation

surface B , RS is given as

4 x 10“

1
R_= =
> hcAB lewx(l.SBz-l.hGQ)

= 2850 deg.C/W (285)

Resistance to convective heat dissipation from the exposed surface of
the guard ring C , R6 is

1 hx;Ob'

R = =
6 hcAC 15xux(1.682—1.582)

= 3880 deg.C/W (388)

Resistance to radiael conduction along bottom section of copper

cylinder C 1is r

3 0.825 _ ,.2
loge rh loge 0.375 10
Rt B, T aaBeo k= 00813 deg.C/V

Resistance to axial conduction in bottom section of C

t

-2 _ b
Ry = oo 0.4x10 x10 ’5" = 0.0482 deg.C/W
ccC 38€xnx1.65

-~

Resistance to axial conduction up through wall of guard cylinder <

2 -2 .4
R = e _ ___1.5x10 “x10 - 16T

9 nkc(rg— 2) 386xnx(0.825-0.782)
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10) Resistance to radial conduction through wall of cylinder C

r
1.65 .2
loge T lLoge 1.56 x 10

Rip = 2k 8~ 2wx3B6xl.5

= 0.0036%

11) Resistance to heat loss from thermistor D by conduction through
stationary air to guard ring C is determined by considering both

axial and radial losses as illustrated by Figure (Al.3)

r
6 0.78 3
1c>ge T 10ge 0.25 x 10

27k t) = T0.0262x27x1.5

The radial resistance Rjp = = 4550

The axial resistance Rllb is given by

L - tD vhere A varies between nr2 and urg
R *% x4 '
a X and is approximated toa mean area.
L -2
(1.5-0.15)x 10x2x10

> 5 = 5600
0.0262x1x(0.725°4+0.25%)

The total resistance Rll is given as

-1
('ﬁ'l"" R L > = 2450 deg.C/W
1lla 11b

12) The resistance to heat loss through the thermistor D wires

S R i
A brief study of these resistances indicates a number of points.
Firstly the component resistances of the guard ring C, R.(, Ra, R9 and Rlo
are such that a uniform temperature distribution can be expected throughout
its volume. Secondly the axial resistance R3 ensures that no appreciable

temperature gralient exists between the underside and top surface of copper

disc A .
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Systematic Errors

a) Heat leakage from the copper disc A through the Tufnol washer B

into the neighbouring air

Both A and C contribute to this convective loss from the surface
of the washer B , the guard ring C contributing more than half by
virtue of its larger area of contact. For the purposes of this analysis
an equal share is assumed. The surface areas of A and B are subject
to the same convective conditions and it is assumed that they are both at
the same temperature. The heat leakage expressed as a percentage of
the convective heat transfer from the surface of disc A is therefore

given as:-

!

Heat leakage = R X 100

5

=320 x 100 _ ¢ g4
2 x 2850 *

This error remains constant irrespective of the convective condition and

temperatures prevailing.

b) Temperature variation across the copper disc A

The flow of heat from thermistor D through the disc A via resistance

R, inevitably causes a temperature gradient between points 1l and 4 . If

2
this difference is large the heat transfer coefficient, computed from

hA(T1 - T ), where T, is the thermocouple temperature at position 1, is
in error. Furthermore the leakage from the thermistor occurs as &
result of its higher temperature than the surrounds. The worst possible
condition is when h is iaigé (e.g; iSO ﬁ/m2 deg.C).‘ | .
Assuming the copper disc can be treated as a circular fin, with the
boundary conditions of no heat loss through the fin tip, see Figures

(Al.4, A1.5), then the temperature distribution is given byl7
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I (pR)K;(pR,) + I, (pRK (PR)]
=1, Io(pao)xi(pRt)+IiT§Rt)K°(pROZ

h

- c 1
where p kctA and where Io’ Ko and lei are the normal Bessel functions
of the first and second kind. The boundary condition is not satisfied

as there is a certain degree of leskage through into the Tufnol washer B .

An approximation is used where the Bessel functions are evaluated at

R; = JRtIRt + tA). The temperature T. at the disc tip is then determined

1

as

- ,.Io(pRt)Kj_(pRt) + I, (pR7)K_(PR)
1 b L_IO(pRO)Kl(pRt) + I, (pROK (PR )
From Figure( Al.l) t, =0.05 cm
Ro = 0,25 cm
Rt = 0.T4 cm
and Rg a 0,764 em

Evaluating the Bessel functions yields T. = 0.9913 Th' Thus when

1l
operating at a condition T, = T_ = T3 = 100 deg.C (aboveanbient) the

1 2
temperature Th is approximately one degree higher. The effect of this
discrepancy is two fold. Firstly the surface temperasture varies between
100 and 101 deg.C and the error caused by not using thecorrect surface
temperature is determined to be no greater than 1%. The wlue measured
in this instance is greater than the true heat transfer coefficient present.
The second error is the heat loss to the guard ring from the thermistor D

which is at the higher temperature of 101 deg.C. The error expressed

as a percentage of the total heat transfer is given as

1(deg.C) /1oogdeg.c) x 100
—-1 Rl

(__l_. + ..l..)

\Rll R12_ .

and is less than 0.2 per cent. The value measured is greater then tle

true heat transfer coefficient. The nett effect of these two errors is

1.2%.
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¢) Heat loss by radiation

The sensor loses heat by radiation. The error resulting from
ignoring this loss is largest when low convective condition and high
temperatures prevail (AT = 100 deg.C).

The radiation exchange QR is determined from the equationll
I )
Qg =0 A, n('l‘1 T)

vhere n 1is the Hottel factor as is assumed in this instance equal to the
emissivity of the copper surface, € = 0.052 for polished copper.

The Stefan-Boltzman constant ¢ is 5.663 x 10“8 J/mzs (deg.K)h.

2 -1

8.34 mW.

[For low temperatures (AT = 20 deg.C) this heat lossreduces significantly
to 1 mW. ]
Expressed as a percentage of the convective heat transfer this radia-
tion loss is 3.25 and 0.325 per cent for h = 15 and 150 W/m? deg.C res-~

pectively.

Random Errors

If the temperatures at positions 1, 2 and 3 are not equal there is
a heat transfer between the guard ring and the thermistor D / copper disc
A through the resistances Rh’ Rll and R12 and the calculated heat trans-
fer coefficient is in error. The percentage error is greatest when
measuring low convective heat transfer coefficients at small temperature
differences.

For h = 15'W/m2 deg.C and AT = 20 degrees the convective heat output

is
qQ = AT . 51.4 mwW
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A 0.25 degree in balance in temperature gives a loss of

0.2 = 5.71 mW

1.1 1 V1
R ‘R_‘tR .
o P By

Expressed as a percentage of the output q, the error is 11.2 per

cent. This error is reduced proportionately as the heat transfer

coefficient and temperature gradient increase.
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Appendix 2

Response Characteristics of the Heat Flux Sensor

The sensor is modelled as a copper disc of mass m , specific heat
°y and face area Y as shown in Figure (A2.1). Heat is applied to
the disc at a rate § and one face loses heat by forced convection
characterized by a time dependent heat transfer coefficient h(t) . It
is assumed that there is no other heat loss and that the disc's thermal

conductivity is infinite. The disc temperature above ambient is 6 .

The governing equation is

de . h(t)Ye _ _4 (42.1)

t me me
d p p

for a heat transfer variation of the form A“ + B’sinwt, as shown in

Figure (A2.2) equation (A2.1) becomes

ae

2t (A + Bsinz)6 = K (A2.2)
where z = wt, A = ﬁcyw , B= iyw end K = —&- the golution is
P P
( py = _ ~(Az-Bcosz)
0= e (Az-Bcosz) K /e(Az Bcosz)dz + Ce (A2.3)
. . . ~Bcosz .
The integral 1s evaluated by expressing e as a series
_ 2 2 3.3
feAz e Bcoszdz = /eAz<l - BCOSZ + B ;?s 2 - B cg? ’z' cee s 00 >dz (AZO,‘J')

p N N
The general term is (-1)" feAz _B_ggf_g_ dz

Integrating by parts

A 2

N ‘ . ' ' '
'/eAzcosdez = 9—"-§—§—eAz+ NcosN lz gg_z_eAz_ -yz— /eAz (cosNz-(N-l)cosN 2z +
A A

(N-l)cosNz)dz
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T2

2 N .
. (1 + LL) /eAz costzdz = S95Z A2 |y o051, —2-—51"2 R N(N-1)
A A AQ

(cos Z . cosN-lzsmz/ eAz
2
o . /eAzcosdez = A A N(N-1) eAzcosN szz
2 2
1+ 5 22 (1 + 5
A A
Az
at N=0 /eAZdz'g—-
A
B((q::osz“+ s1x21z> eAz) . -
N=1 /eAchosz = A A
1+
A
and so on for N = 2, 3, & etc.
Thus equation 3 becomes
(B cosz sinz) . (cosaz 4 5in2z _2_)
Beosz | 1 A 2/ B A A2 A3
6 = Ke - + 5 -
A 2!
1+ ';2’ 1+ %
A A
<cosz +.s:inz>
__3_ cos{g_ + 3c032§sinz 6 A A°
3! A 2 T2 *
A2 (1 + -22->
A
P
/ 2 . 2
/ cos 2 + sin z
y / L 3 . 2
B | cos'z , 4cos’zsing 12 A A, 2k
y! ‘ A A2 A2 L L
t 1+ A (1 +
1\ A
+ @ @ 0 ¢ 0 O 06 06600002 Ce-(Az-ROSZ) (.A2.S)
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The last term Ce-(Az—Bcosz) is the complementary function and goes to zero

after steady state conditions are reached.

Consider a variation in the heat transfer coefficient h(t) = 90 +
90 sinwt. (These values have been chosen as they represent the level of
the measurements. Furthermore it is desirable to investigate the effect
of zero heat transfer at the position where the relative velocity is zero.)

Assuming a typical speed of rotation w = 630 r.p.m.

a=dX -4 where p = density of copper 8954 kg/m3
mcpw pcptcw
tc = thickness of copper disc 5 x 10-hm
cp = 380 J/kg deg.C.
=8 x 10
and similarly B = BY . 8 x 10-h
ne
K 8x16hcosz -10 -7 .
Thus 6 = T e (1 - (5.12 x 10 " cosz + 6.4 x 10 'sinz) + «cieve..
-4
. B = %'= Egi-, since eBX1O CO8Z i very close to unity irrespective of

values of cosz.

But this is just the value that would be given if the sensor were
exposed to a constant heat transfer of A”, The analysis therefore shows
that the measured heat flux of the sensor represents a straight average of
s sinusoidal varying heat transfer coefficient. It is also expected
that similar results will be obtained from other waveforms by virtue of
its very slow response.

The above statements do not apply if the thickness of the disc is

greatly reduced (= x 1000) so that A = B =1, The function 6 1is then

2 . 3 2 .
cosz 1 . 1 cos“z+sin2z) 1 1l | cos z+cOs zsinz
= - -_ — _ = +
6 = Ke {l pleoszdsinz) + 5 ¢ *5 % [ 10 ,

4 3 . 2 . ‘
3 . 1 +4 12 +2 2}
10(¢°§ZSIBZ)] + o {(cos Z ;;s zsinz) + i_'?__cos z 5coszs:.nz) + T 5i}+""
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and the resulting profile is shown in Figure (A2.3).

It is appreciated that the final output is subject to the characteris-
tics of the measuring device. If the device is too slow to respond to
these temperature changes then the mean temperature recorded em will not
correspond to the mean heat transfer coefficient as determined by a slow

responding sensor.
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Appendix 3
Results

Table 1. Rotating Disc in Still Air

Table 2. Rotating Disc in Matched Transverse Air Stream

NB. These tables are representative of all the heat transfer

coefficient measurements made with the heat flux sensor.

They illustrate the ranges and behaviours of all the variable-

involved. For this reason all the other results have not been
tabulated as they contribute no more than is already available

in the graphs.



Table 1

Rotating Disc in Still Air
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N R v I T T hy Na | Re x 107
rpm m volts mA °c oé;_JW[mzdeg.g
296 | 0.085 2.15 68.0 73.2 16.0 14,5 45.0{ 1.30 x 10h
" 2.25 54,5 53.0 16.0 1.8 L6.7| 1.37
0.112 2.15 61.5 67.0 | 17.0 | 1k.95 | 61.0{ 2.30
" 2,20 46.5 57.0 | 17.5 | 1k.7 | 60.6| 2.36
0.13 2.15 65.0 70.0 16.0 14,7 68.01 3.1k
0.159 2.20 38.0 50.3 | 17.8 4.6 |86.2] 4.88
" 2.15 54,5 61.5 | 18.0 | 15.2 88.5] 4.68
0.18 2,20 54.7 57.0 | 18.0 | 14.8 94.6] 6.02
0.212 2.25 hh.s 56.0 | 18.0 | 14.55 {113.5{ 8.65
" 2.10 62.0 67.0 | 18.5 | 15.2 [J117.0{ 8.36
0.225 2.15 61.6 68.0 | 18.0 | 15.0 p2k4.0| 9.15
436 | 0.085 2.15 58.0 63.0 20.0 16.5 51.0( 1.9%
" 2,15 67.0 68.0 | 20.0 | 17.0 52.411.92
0.112 2.35 L8.0 57.0 19.0 16.8 70.0| 3.k42
" 2.20 66.0 67.5 | 19.5 | 17.15 | 69.6} 3.34
0.13 2,15 69.0 69.0 | 19.0 | 16.85 | 78.0| 4.63
0.159 2.25 6L.0 65.8 18,0 17.0 oR.5| 6.80
" 2.10 83.5 76.0 18.0 17.05 | 97.0| 6.60
0.18 2.15 69.6 68 18.0 17.0 {09 8.9
0.212 2.10 78.0 73.8 18.0 16.6 {127.0[1.95
" 2.00 96.0 | 83.0 | 18.0 | 16.8 []127.0[11.L5
0.225 2.25 60.0 63.2 18.2 17.0 {136.0[13.9
530 | 0.085 2.40 28.5 38.3 { 18.2 18.9 61.2 | 2.62
" 2.45 | 61.8 64.3 18.5 18.7 58.0 | 2.h2
0.112 2.35 32.3 k2.5 19.5 | 18.7 80.0 | k.50
" 2.45 48.0 54.5 19.5 18.6 78.1 | b.26
0.13 2.ko 48.6 56.0 19.0 18.9 91.5} 5.62
0.159 | Z.45 )| 67.0 | 66.9 | 19.0 } 19.2 [112.5] 8.40
" 2.k0 | 30.0 | %0.0 ] 19.0 | 19.2 |115.0}8.90
0.18 2.4 45.0 51.0 19 O 19.2 J123.0[0.8
0.212 2.48 b1.5 49.5 19.2 19.2 [149.0 5.2
" 2.48 | 61.0 | 63.5 | 19.5 | 19.4 [148.0[1k.6
0.225 2.45 55.6 59.0 | 19.0 19.4 [163.0 6.9




Table 1 continued

52.0

N R v I T, T, by Nu |Re x 107
rpm n volts mA °c °¢ W/m2 deg.(
630 | 0.085 2.40 59.0 | 62.0 | 2k4.8 21.0 65.0{ 2,76
0.112 2.h 62.2 62.0 22 21.2 88.0f 5.0
0.13 2.2 82.0 72.2 22.2 21.4 jiok.0| 6.69
0.159| 2.25| 77.0 | 70.0 | 25.0 | 21.8 [124 9.L45
0.18 2.k 62.0 63.0 23.0 21.0 11 12.8
" 2.k 64.5 63.0 | 22.0 | 21.4 [1k43 12.8
0.212 2.3 76.5 68 22.2 21.8 1M 17.8
0.225 2.4 65.4 61.0 | 24.0| 24,0 [200 | 20.0
780 | 0.225 T.h 29.3 49.0 19.6 42.0 350 2k.9
0.212§{ 7.0 27.k4 51.0 | 20.8 36.0 293 | 22.1
0.18 6.0 25.6 54.0 19.25| 25.0 [167 15.9
0.159 6.0 25.5 s4.0 | 19.0 | 2k.5 J143.5] 12.45
0.13 5.95 27.4 57.6 19.9 24,6 [118.5] 8.3
0.112 5.85 25.0 53.3 19.1 24,2 100 6.16
0.085 5.85 23.h 51.4 19.1 24,0 | 75.5| 3.56
910 | 0.225 9.5 28.4 43.0 | 16.7 58.0 |485 29.1
0.212 8.4 34.0 49.0 17.8 52.0 {408 25.8
0.18 6.9 25.0 | 47.0 | 1T.1 30.0 200 | 18.6
0.159 6.45 1 23.0 51.L 19.2 26.2 154 14.6
0.13 6.5 23.6 50.3 | 17.2 26.2 (120 9.7
0.112| 6.35 24.8 54.9 | 19.3 25.7 |iok 7.2
0.085 6.35 25.5 54.5 19.3 26.0 | 84 4,15
1120 | 0.225 9.5 39.6 50.5 20.6 71.0 |590 35.4
0.212 9.45 39.7 51.0 20.6 69.3 |545 31.8
0.18 T.b 25.5 48.0 19.4 37.0 [290 | 22.8
0.159 6.k 26.4 51.0 | 19.6 30.6 180 18.0
0.13 6.35 23.6 50.2 19.5 27.6 {133 11.9
0.112 6.35 23.b 148.8 19.5 28.6 [119 8.85
0.085 6.35 24, 7 50.5 19.7 28.6 90 5.1
1200 | 0.225 °.7 42.0 51.0 | 20.6 75.0 |622 37.1
] 0.222] 9.65| 39.1 | 50.0 | 20.8 | 73.1 [574 | 3h.1
0.18 8.2 32.4 52.3 21.0 | 48.0 [320 2k.5
0.159 T.65 22.2 41.0 | 15.4 37.% 220 |19.3
0.13 6.5 26.2 52.0 | 21.0 31.2 150 12.75
0.112| 6.3 25.2 50.2 20.8 30.0 {124 9.5
0.085 6.3 26.0 21.0 30.0 |92 5.46

TT
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Table 1 continued
-4
N R v I T T h Nu Re x 10
ol o oR
rpm m volts mA (o] C (W/m deg.C
1650 | 0.225 11.25 | 53.0 51.2 17.2 99.5 826 |s2.0
0.212 10.7 46.2 50.0 20.8 96.0 {755 jut.0
0.18 10.7 | u7.4 50.5 | 17.5 | 85.0 565 ]33.6
0.159 10.05 | k2.5 48.9 15.4 73.0 k30 |26.5
0.13 T.75 | 30.0 48.0 15.4 4o.5 170 |17.5
0.112 T.4 26.8 47.5 1s.k 34.8 1Lk §13.0
0.085 7.3 27.2 k9.5 15.5 33.0 105 7.5




Table 2

Rotating disc in matched transverse air stream

N {- U R v 1 T, T h Nu |Re x

rpm | m/s m | volts | amps %¢c ¢ |w/m“°c 1074
1120 29.5} 0.085{ 13.0 57.7 ] 49.2| 20.8} 150.0
0.112} 12.5 59.7 | 51.0] 23.2] 152.0
0.13 | 11.55 | 50.2 | 46.0| 24.5] 153.0
0.159{ 11.8 50.8 | u8.2{ 26.9] 159.0
0.18 | 11.45 | 63.6 | 51.0| 23.9] 153.0
0.212] 11.6 61.5] 53.0] 25.1| 1L45.0
0.225{ 11.0 58.51 50.1{ 22.1} 131.0
910 2k 0.085] 12.5 54,51 49.4| 19.4{ 128.5
0.112}] 12.3 59.4 | s2.1| 20.5| 132.0
0.13 | 11.25 | k5.1 45.1| 23.3] 132.5
0.159} 11.4 sh.6 | 51.2{ 25.2} 136.0
0.18 | 10.55 | 62.3 | 53.1{ 23.8] 127.5
0.212f 11.05 | 57.2 | 53.9] 23.9{ 120.0
0.225{ 10.85 | s1.2 | 48.8| 20.2} 110.0
780 { 20.6{ 0.085] 12.2 50.2 | 49.0| 18.0{ 112.0
0.112} 11.9 s8.71 53.8] 19.0} 114.0
0.13 | 10.85 | k6.2 | 47.3| 22.8}] 116.0
0.159{ 11.0 52.8 | 52.5| 2k.7] 118.0
0.18 | 10.3 57.5{ .,3.0| 23.2] 113.0
0.212} 10.6 55.7| 55.0] 22.8} 10%.0
0.225] 10.55 | 48.4 | 49,0} 19.4} 98.0
630 | 16.7]0.085| 5.4 {126.0] 58.0] 19.0] 99.0

5.5 66.0] 40.0| 19.0] 98.0 | 315 |2.99

0.112] 5.5 |122.0}| 56.0} 19.1}103.2 | k29 |k.96

5.6 88.0 | 46,0} 19.4{105.0 | 443 |5.10

0.13 5.6 |105.0 | 49.5| 18.0| 1C5.0 | 516 |6.83

5.75 | 77.0{ 41.8 | 18.0}105.0 | 520 |6.99

11.45 | 57T.1 ] 53.6 | 18.3}105.0 | 506 |6.75

0.159] 5.35 |122.0} 55.1| 21.0{108.0 | 638 |10.05

5.55 {113.0 { 52.5! 19.6 | 108.0 | 639 }10.12

0.181 5.45 {130.0] 57.5] 18.0)102.5 | 680 [12.94

5.60 | 88.0 | 45.8 | 18.5|102.2 | 694 [13.h4

11.00 | 60.8 { S6.2 | 19.0]102.0 | 685 |12.95




Table 2 continued

N U R v I Tl " h Nu | Re x
rpm m/s m volts | anps OC °¢c wlu2°C 10h
630 16.7 |0.212 | 5.05{138.0 | 61.2 | 19.8| 95.5| Tué 17.5

5.40| 88.0 | b7.3 | 20.0| 98.0| TTT 18.25
0.225}| 5.15|124.0 | 58.5 | 18.9| 92.0| T6L 20.0
5.35{ 89.5 | 48.2 | 19.0| 93.4| 1786 20.6
530 14.5 | 0.085 | 10.5 59.7 | 57.8 | 17.1| 88.5| 279 2.0
11.0 40.3 | 45.5 | 17.9| 88.3| 282 2.8
0.112 |11.0 59.0 | 56.5 | 17.0| 95.6| 398 4.18
11.9 38.0 | 43.2 | 17.0| 98.0| L16 4.35
0.13 |1o0.k 61.7 | 57T.1 | 19.5] 97.0| LéT7 5.60
110.95{ 4.9 | 48.0 | 20.0| 99.0{| k81 5.75
0.159 | 10.55| 64.9 | 8.5 | 19.2| 98.0| 5T5 8.40
11.25} b1.0 | 45.5 | 19.8] 100.0}| 594 8.70
0.181| 9.95| 63.8 | 58.8 | 19.0| 90.4{ 603 |10.82
10.5 4b2.9 § 47.0 | 19.2| 91.5| 620 }1i.20
0.212 | 9.55{ 65.3 | 61.6 | 20.1| 85.0| 664 |1ku.T72
10.05| u7.5 | 52.0 | 20.5| 86.0| 680 }15.10
0.225 ]| 9.42| 65.5 | 63.5 | 1810| 7T7.0| 638 |16.6
10.00 | 48.7 | 52.9 | 18.2| T79.5| 674 |[17.1
10.25| 4o.0 | 46.8 | 18.0| 80.7} 682 }|17.35
436 11.1}0.085| 9.00| 57.8 | 60.8 | 21.8] T75.5| 236 1.95
9.20| 43.0 | s1.2 | 22.0} 77.0} 253 2.00
0.112 | 9.20| 66.0 | 63.9 | 22,0 82.0} 337 2.98
9.50| 50.0 | ;4.6 | 22.6} 84.0| 348 3.06
0.159 | 9.15| 70.7 | 64.9 | 21.9| 85.2| k96 6.76
9.75| 48.5 | 53.0 | 22.0! 86.5| 510 7.00
0.181 | 8.85| 70.3 | 65.1 | 19.0] 7T6.k| 50k 8.75
9.6 k7.5 | 52.8 | 19.0| T6.4] 515 9.05
9.95| 36.6 | 5.2 | 19.1} T9.0| 538 9.28
0.13 9.5 59.6 | 58.3 { 20.9| 86.0| 413 | L.58
10.00 | u43.2 | 49.0 | 21.0] 87.5| 425 4.70
10.5 48.9 | 52.0 | 1T.4| &4.0| ko6 L.s8
0.212 | 8.95] 58.4 | 61.3 | 21.0] T73.5| ST4 {l&.1.
, ~} 9.35] k2.1 | 51.8 | 2.2} T73.0| 576 |12.h:
0.225 | 8.55| 67.5 | 65.9 | 19.6| T70.5{ 581 {13:5
9.00| 46.5 | sk.9 | 19.9| 68.0] 568 [13.9
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Table 2 continued

N U R v 1 T, T h Nu [Re x
rpm m/s m volts | amps °c °c W/m2°C th
296 | T7.8] 0.085{ 8.00 | 63.51{ 72.0| 17.8] 52.5] 162 1.28

8.35 | 40.3 | sk.0 | 17.9| 52.8] 168 1.35

0.112| 8.42 | 63.0] 67.8 | 18.0| 60.5]| 27 2.26
8.55 | 51.7 | 60.3 | 18.3] 60.0] 2L9 2.30

9.10 | 38.4 | 51.3 | 18.7] 60.8] 25k 2.36

0.13 8.6 49.6 | 59.9 | 21.0] 62.5| 300 3.10
9.05 | 36.9 | 51.0}| 21.0| 63.0] 306 3.18

. 0.159| 8.55| 56.8 | 64.0| 19.0{ 61.3] 358 L.63
9.00 | 40.8 ] 53.3 | 19.3] 61.4| 362 4.76

0.181] 8.05| s57.9 | 66.4 | 20.6| 57.8| 381 5.92
8.55 39.1 | 53.7 | 20.9| 57.6] 386 6.1k

0.212] T7.95} 50.8 | 63.6 | 19.3] 51.6{ Lo2 8.18
8.50 ] 35.9{ 52.7 | 19.3| 52.4] h1k 8.4k

0.225| 7.6 46.3 | 62.8 | 20.0] u46.5| 384 9.24
8.00 | 36.2 | shk.1} 20.1} u48.0| bLou 9.46
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APPENDIX

Table I. ISOTHERMAL SERIES WALL VALUES

1 1 |

P, 8, (0) 8, (o) 8, (0

0.01 -0.00975 ~0.00472069 0.0297832

0.1 ~0.080190 -0.0490665 0.163431

0.73 -0.288000 -0.295591 0.833845

1.0 -0.333300 -0.367727 1.02546

10.0 -0.78860 -1.29405 3.48927

50.0 -1.36900 -2.65265 7.22528

100.0 -1.72800 -3.52286 9.66430

1000.0  -3.71700 -8.25715 23.5268

Table II. WALL VALUES FOR CONSTANT SURFACE HEAT

FLUX SERIES

P g, (o) 8, (o) 8y (o)

0.01 31.8081 -4.48627 17.0210

0.1 5.67717 -1.57808 4.82134

0.73 2.04932 -1.25491 4,05757

1.0 1.81485 -1.20139 3.93128

10.0 0.811090 -0.782042 2.80471

50.0 0.472765 ~0.525866 1.99075

100.0 0.375147 -0.435095 1.67857

1000.0 0.174379 -0.214415 0.861139

29
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CONVECTIVE HEAT TRANSFER FROM A ROTATING DISC IN A TRANSVERSE AIR STREAM

G. L. Booth and A. P. C. De Vere
University of Leicester, England

Abstract

Radial variation of heat transfer coefficient is reported for a disc rotating at speeds up to 1650 r.p.m.

in still air and in transverse air streams of speeds up to 33 m/s.
coefficient, with thermistors as heating elements, is described.
by the main air stream, the rotating boundary layer on the disc giving small perturbationms.

A sensor for local heat transfer
The size of the coefficient is governed
Experiments

with discs of different aspect ratios (simulated by the test disc protruding from a shroud) show the rad-
ial variations can be explained in terms of flow separation at the disc leading edge followed by reattach-

ment to the face.
smaller aspect ratio it passes through a maxiium.

NOMENCLATURE

h : local heat transfer coefficient, W/mzdeg.C.
k : thermal conductivity, W/m deg.C.

N : disc rotational speed, r.p.m.

R ¢ radial position on disc, cm.

t : shroud set back, cm.

U : trensverse air stream velocity, m/s.

v : kinematic viscosity, m2/s. 2

Re : rotational Reynolds Number, NR™/v.

Nu : Nussel: Number, hR/k.

1. INTRODUCTION

This work arose from an interest in the temperature
distribution and the consequent stress distribution
in train wheels resulting from a continued braking
condition. To calculate such a temperature dis-
tribution for a new proposed wheel shape a knowled-
ge of the surface heat transfer coefficlent is nec-
essary. The geometry under investigation, a plane
rotating disc in a free air jet, is idealised from
the train situation. There the wheel shape is not
a plane disc and the surrounding suspension gear,
the track and the ground causes considerable shrou-
ding around the wheel. Nevertheless the present
idealised geometry is an obvious starting point
from which to bulld experience in this field.

Measurements of heat transfer from a rotating disec
in stil] air and in an air stream normal to the
disc surface have been reported. However little
work seems to have been done measuring heat trans-
fer coefficient=s for a rotating disc in an air
stream parsllel to the disc surface (herein referr-
ed to as transverse air flow).

For a disc rotating in still air, the tangential
friction drag at the surface imparts a circumfer-
ential velocity to the air and, due to centrifugsl
forces, an outward radial flow occurs. At high
disc speeds there is a transition in the resultant
spiral flow from laminar to turbulent. For the
laminar case analytic solutions have been produced
and with suitable assumptions predictions have been
made for the fully turbulent case. Comprehensive
surveys of work in this field have been published
by Dorfman |1| and Kreith [2].

In the case of a rotating disc in a transverse air
flow, the flow pattern is of a complex three dim-
ensional nature giving little hope for an analytic
solution at present. Thus the emphasis in this
work is experimental.

The paper reports measurements of heat transfer
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At large aspect ratio the heat transfer coefficient increases with radius but at

from a heated isothermal disc rotating in still air
and in a transverse air flow. To enable local
heat transfer coefficients to be measured a small
heat flux sensor has been used in which a thermis-
tor provides a localised energy source. Measure-
ments on the disc rotating in still air have been
used to prove the sensor, comparison of the results
being made with published data.

For the disc rotating in a transverse air flow
measurements have been taken over a range of air
Jet speeds. Speeds both below and above the disc
peripheral speed have been investigated and parti-
cular attention paid to the condition where air
speed and disc peripheral speed are matched.

In reaching an understanding of the measurements
further tests on the disc stationary in the trans-
verse air stream together with flow visualisation
using smoke have been useful. All the results
suggest that the heat transfer process is dominated
by the main alr flow, the secondary flow caused by
the disc rotation having a minor effect. In par-
ticular flow separation at the disc leading edge
followed by reattachment to the disc face is impor-
tant. The extent of the separation, reattachment
zone is determined by the aspect ratio of the disc
(disc radius/disc thickness). So further measure-
ments have been made for a range of disc aspect
ratios. These have been simulated using a single
disc by rotating the disc within a shroud. By
allowing the disc to protrude from the shroud into
the transverse air stream any desired aspect ratio
is set wp.

2. EXPERIMENTAL, ARRANGEMENT

The apparatus used consists of a heated composite
disc carried overhung at one end of a shaft mounted
in self aligning ball bearings. Lead wires from
heaters, thermocouples and a heat transfer sensor
mounted in the aluminium disc are brought out
through slip rings mounted on the shaft. The
shaft can be belt driven from an electric motor at
a number of speeds up to 1650 r.p.m.

The structure is placed with the disc central in
the neck of an open jet wind tunnel, with the disc
face aligned with the direction of flow of the air
Jet. To avoid any vibrations which could affect
the laminar - turbulent transition in the boundary
layers formed on the disc the system is mechanic-
ally balanced.



2.1. The disc.

The disc is a composite structure. Two aluminium
plates, 50cm diameter and 1.25cm thick sandwich
electric heaters located in five annular grooves.
This metal pair is made massive to even out the en-
ergy distribution from the heaters and ensure a uni-
form surface temperature. The back face is cover-
ed by an asbestos board to reduce heat loss from
that surface, followed by a wooden backing board.
The composite, 5Scm thick, is clamped together by
twelve bolts.

The front surface temperature is measured by sewven
thermocouples distributed across a diameter. The
thermocouples are pushed into blind holes with the
Junction located just below the metal surface and
pressed hard egainst the bottom of the hole. 1In
practice the composite described gives a uniform
surface temperature. Thermocouples located near
the edge and near the centre of the disc show the
largest variations from the mean of all the surface
temperature valuss. At most this variation is
four per cent of the temperature difference between
the disc face and the ambient air.

The ccmposite disc carries holes to allow mounting
of a heat flux sensor in any one of seven radial
positions, with the sensor face flush with the
front face of the alumninium. The holes not in use
are filled with durmy sluminium plugs.

2.2. The heat flux sensor.

The heat flux sensor, shown in Figure 1, is a small
heated disc surrounded by a guard ring to ensure
that all the measured energy input to this disc
passes through the front face into the neighbouring
air.
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Fig. 1. HEAT FLUX SENSOR.

A thin copper disc, A, 1s mounted on a Tufnol wash-
er, B, which is seated flush across the mouth of a
hollow cylinder, C. Small heating elements, D,E,
are attached to the undersides of A,C respectively.
Disc thermistors have proved ideal for this pur-
pose. They give uniform energy generatlion through-
out their volume and avold winding small heating
coils. Three thermocouples are attached at the
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positions shown. They are used to indicate equal-
ity of temperature between the guard ring, C, and
the front disc, A. The sizing of the Tufnol wash-
er B is a compromise between mechanical strength
and minimising heat loss from the disc, A, through
the Tufnol to the air and surrounding metal. 1In
measurement of heat transfer coefficient the cylin-
drical guard ring and the front disc are brought to
the same temperature as the front face of the heat-
ed aluminium disec.

This heat flux sensor allows a determination of
local heat transfer coefficient when the main disc
is stationary. When the disc is rotating the tine
response i8 too slow for variations in heat trans-
fer coefficient along the circular paths traversed
to be followed. An average value is obtained. In
the context of the train wheel this is appropriate
for a massive train wheel can be regarded as a de-
vice with a very long time constant.

2.3. The wind tunnel.

The open jet wind tunnel gives a circular jet of
61cm diameter with air speed variable up to 33m/s.
Pitot-static traverses at the tunnel mouth across
both horizontal and vertical diameters show the jet
to have a square profile. With the disc shaft
centered on the tunnel axis, the riaximum variation
in eir velocity from the mean velocity over the
disc diameter is four per cent. TFurther pitot-
static traverses around the disc confirm that the
disc can be considered to be in a uniform air
streanm.

3. EXPERTMENTAL RESULTS.

3.1. Isothermal disc rotating in still air.

These tests over a range of disc 3peeds were carr-
ied out to provide a check on the efficiency of the
heat flux sensor in measuring heat transfer coeff-
icients by making comparisons with published data.
The disc surface temperature was varied between 20
and 60 deg. C. above ambient with no effect on the
measured heat transfer coefficient. The results
are plotted in non dimensional form in Figure 2,
physical properties being evaluated at film temper-
ature.

103 - T T 1T rorrre 0
B eqnli] n
eqn(2]
10°

Nusselt Number

L4 1 iiil

1 | 11 11111 1 L1 1 1114
10* 10° 1°
Reynolds Number

10

Fig.2.ROTATING DISC IN STILL AIR-DIMENSIONLESS PLOT.



The experimental data of Cobb and Saunders |3] for
laminar flow is correlated by the expression
Nu = 0.36 RO (1)

and that of Goldstein |4| by

Nu = 0.38 Re2> (2)
Dorfman suggests that results in the turbulent
reglon can be correlated by

Nu = 0,019k ReO-8 (3)

for a Prandtl Number of 0.7.

These correlations are shown by the solid lines in
Figure 2.

The present work shows good agreement with that of
Goldstein although it 1s a few per cent higher than
that of Cobb and Saunders. In the turbulent reg-
ion the measured values are some ten per cent high-
er than the predictions of Dorfman. In view of
the assumptions inherent in this prediction the ag-
reement is considered to be reasonasble. On the
evidence of the information presented in Figure 2
the heat flux sensor is regarded as a viable instr.-
ument .

For a sample of speeds from the whole range of .
measurements Figure 3 shows how the local heat tran-
sfer coefficient varies along a radius. 1In the
laminar region (296, 530 r.p.m.) the heat transfer
coefficient is seen to be independent of radial po-
sition as predicted by theory and is evident in
equations (1), (2). At higher speeds (780, 1120,
1650 r.p.m.) the radial variation shows the flow to
be laminar near the centre becoming turbulent at
larger radii. As the speed increases the transi-
tion point moves towards the centre.

100,
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Fig.3. ROTATING DISC IN STILL ATR-RADIAL VARTATION.

3.2. Isothermal disc rotating in a transverse

air stream

Considerable testing has been done over a range of
disc rotational speeds from 296 to 1120 r.p.m. and
at each speed for 4 range of main stream air speeds
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from O to 33m/s. As yet no single correlation has
been ascertained that summarises all these results.
To show the type of results that are obtained a
selection is presented.

) Ll ! L LI
160} -
N=1120/-/\
r.p.m.
N
s U= 24
3 n:sao/\
E U=%5
= 8o} .
£
N=296/\
ok Us78
T | 1 1 L 1
0 5 0 ® 20 2 2
Rlcm]
Fig. L. ROTATING DISC IN MATCHED ATRSTREAM.

Of particular interest (from the train wheel point
of view) is the condition where the air jet speed
is matched to the disc peripheral speed. For this
case the radial variation in heat transfer coeffic-
ient is shown in Figure L. In Figure 5 (a) and
(b) radial variations of heat transfer coefficients
are shown for a selection of unmatched flows for
two disc speeds.

200 , r

T Ll
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= 80,
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5 10 15 -20 25
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Fig. 5(a). EFFECT OF UNMATCHED AIR SPEED
- DISC SPEED 296 R.P.M.

4. DISCUSSION

Two main observations can be made from the infor-
mation presented.

1. The magnitude of the heat tramnsfer coefficient
is dominated by the main air stream flow. For



instance at a disc speed of 1120 r.p.m. changes
in air speed from O to 33m/s causes some four
fold increase in heat transfer coefficient (Fig-
ure 5(b)). At an air speed of 33m/s a change
in disc speed from 296 to 1120 r.p.m. only caus-
t(es)e)i 10 per cent variation (Figures 5(a) and
b)).

The radial variation is considerably altered
from the still air case. At low rotational
speeds the heat transfer coefficient is no long-
er independent of radius but shows a peak value
at approximately half radius (Figure 5(a)). At
high rotational speeds the marked radial change
in heat transfer coefficient due to the laminar-
turbulent transition becomes smoothed out (Fig-
ure 5(b)). This set of curves again demonstra-
tes how the flow regime and hence the heat tran-
sfer process rapidly becomes dominated by the
main stream flow rather than the secondary rota-
tional flow.

2.
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Fig. 5(b). EFFECT OF UNMATCHED AIR SPEED
- DISC SPEED 1120 R.P.M.

To strengthen this view of main stream dominance a
series of tests were made with the disc stationary
in the transverse air flow. The sensor, when ro-
tating, gives an average heat transfer coefficient
over the circular path traversed. For the sta-
tionary disc local heat transfer coefficients were
measured at each radial position for five differ-
ent angular positions, 0, LS, 90, 135, 180 degrees,
0 corresponding to the leading edge of the disc on
the centre line of the tumnel. Since in this case
the flow 18 symmetrical above and below the tunnel
centre line it was assumed that similar values hold
for the bottom half of the disc. At each radius a
straight average of the eight valuss obtained was
computed. These average values are shown in Fig-
ure 6 in comparison with curves taken from Figure
L. This gives added weight to the view that the
level of the heat transfer coefficient is determ-
ined by the main flow with the rotation having a
small second order effect.

Flow visualisation using smoke shows that the flow
separates from the disc face at the leading edge
and reattaches to the disc face further downstreanm.
At a given air speed the details of this separa-
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tion/reattachment process are unaffected by the

disc rotational speed. A low heat transfer coeff-
icient is to be expected in the separated region.

A high value is expected at the reattachment point
followed by a slow fall off as the flow moves over
the face in much the manner of the heat transfer
variation in the starting length of flow over a
heated flat plate. The local heat transfer coeff-
icients taken across the O - 180° diameter and lines
parallel to it confirm this picture.
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Fig. 6. EFFECT OF DISC ROTATION.

This flow separation and reattachment explains the
mgximum observed in the radial heat transfer
coefficients shown in Figure 5. The sensor gives
an average value over the path it traverses. At
the outer radius a large proportion of that path
lies in the low heat transfer separation region.

At a medium radial position a large proportion of
the path 1ies in the first part of the reattachment
with consequent high heat transfer.

. EFFECT OF ASPECT RATIO

In section 4 the radial variation of heat transfer
coefficient is explained in terms of flow separa-
tion and reattachment. The experimental disc is
a bluff body and the degree of separation.is depen-
dent on its aspect ratio:. To use the existing
disc to simulate larger aspect ratios an annular
shroud of triangular cross section was held just
upstrean of the front helf of the disc. This
shroud could be positioned at any point across the
width of the disc, the configuration being shown
in Figure 7.

The whole range of tests was repeated for a number
of positions of the shroud. Figure 7 also shows”
the radial heat transfer variations for one disc
speed and the matched air speed. This set is
typical.

At very large effective aspect ratios (very little
separation) the picture is consistent with the
starting length for flow over a flat plate. “Rémem-
bering the heat transfer coefficient 1s an average
value over the path traversed, at large radii a-
large proportion of the path 1lies in the region of
very high heat transfer coefficient. Coming into



the centre more and more of the path lies in the
region of lower, more slowly varying heat transfer
coefficient. Thus the steady increase in heat
transfer coefficient with radius., As the effect-
ive aspect ratio 1s decreased the radial pattern
gradually changes, as the separation region grows,
to the peaked distribution discussed in section L.
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Fig. 7. EFFECT OF VARYING ASPECT RATIO.

Figure 8 shows the variation in heat transfer
coefficient across the O - 180° diameter of the
disc when held stationary in the transverse air
flow, with and without the shroud. This confirms
the view of the "starting length variation" moving
across the face of the disc, preceded by a region
of lower heat transfer, as the aspect ratio de-
creases,
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Fig.8.HEAT TRANSFER ACROSS FACE OF STATIONARY DISC.

Smoke flow visualisation tests indicate that the
shroud is a falr simulation of discs of varying as-
pect ratio. However with the face of the shroud
flush with the froat face of the disc there is a
small separation zone. Complete attachment of the
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flow over the whole of the disc face occurs when
the shroud is set back 1.25cm. This accounts for
the initial drop in heat transfer coefficients as
the set back increases from zero.

6. CONCLUSIONS

From a comprehensive set of measurements of the
radial variation of heat transfer coefficients for
a disc rotating in a transverse air stream two
dominant conclusions emerge.

1. In any situation the level of the heat transfer
coefficient is determined in the main by the
speed of the transverse air flow. The rotation
of the disc results in a small upward perturba-
tion on this level.

2. The aspect ratio of the disc greatly modifies
the radial distribution of the heat transfer
coefficient, but again the main airstream speed
is dominant in determining the level of the heat
transfer coefficient.
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