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SUMMARY

Attempts to predict the operating temperatures of disc Srakes nave
shown the need for an investigatioﬁ into the neat transfer from a
rotating disc when the airflow induced by rotation is disturbed in a
number of ways, each linked with tne conditions of the operating
environment.

A survey of previous work revealed that a considerable body of
work existed on the basic systems of a disc rotating in still air and
a rectengular flat plate in a uniform stream, which aided tne
understending of the effects of more complex flow systems on the heat
transfer, such as were studied during this investigation.

Experiments were made with an electrically heated rotating disc;
measurements were made of the surface temperature and heat input when
steady state was reached, and the heat transfef coefficient calculated
from these. Experimental data were found for the heat transfer from
a disc rotating in still air and in an airflow parallel and adjacent to
the disc surface. The effects of masking certain sectors of the disc
were found in both of the environments just described. Finally,
experiments were made with boundary layer tripping devices and jets of
air directed at the disc surfaces 1o discover the effectiveness of
these methods in increasing the heat transfer. The results from the
disc rotating in still air agreed with measurements by previous workers
and a prediction based on a combination of data fér a rotating disc and
a stationary surface achieved good correlation with data recorded with
the disc rotating in an air crossflow. The other sections of work,
with masked sectors, boundary layer trips and air Jets, introduced flow
patterns which affected the heat transfer in a complex manner. These

effects were explained witn the aid of flow visualization and general

theoretical correlations obtained.
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experimental data

w5 apre used in a new approach to predict
¢ temperatures, giving reasoneble correlation with

rom dynamometer testis on a disc brake.
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Chapter 1

INTRODUCTION

1.1 FLUID MECHANICS AND CONVECTIVE HEAT TRANSFER

Convective heat transfer is the process by which heat is transferred
between a surface and the fluid in which it is immersed; it is actually
conduction in a fluid, the particles of which are in relative motion.
Therefore, the analysis of convective heat transfer is fundamentally
allied to the study of fluild mechanics; the study of relative motion
within the fluid. The flow around a body may be induced by external
means, termed forced convection, or may be produced by the temperature
difference between body and fluid, which causes buoyancy forces to
appear due to the change in density of the fluid, called natural
convection.v

A summary of some of the pioneering works in this field may make a
useful contribution to the understanding of present day methods of
approach. The hydrodynamic equations of flow of a compressible viscous
f£luid were developed by Navier in 1827 and Stokes in 1845, after whom
the equations were named. These were not of immediate use in the
analysis of fluid mechanics due to the enormous mathematical difficulties
of their solution. around 1870 Reynolds and Nusself made considerable
advances in the field; Reynolds by recognising the two basic types of
flow, laminar and turbulent, and Nusselt developed the extremely useful
tool of dimensional analysis. At low stream velocities it was observed
that the flow travelled in streamlines parallel to one another, with

1ittle movement of particles across the stream, called laminar flow.
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™en as speed increased the flow became unstable, and eddies formed in
tne stream causing the fluid particles to move through the stream with
a random motion, called turbulent flow.

The Tirst approach to an analysis of the mechanism of‘convective
neat transfer was made by Reynoldé in 1874, when he presented his now
famous analogy of friction to heat transfer, which enabled a theoretical
or empirical description of the friction due to flow over a body to be
used to predict the heat transfer. However, the principles of flow
over a surface were not fully understood until Prandtl presented his
boundary layer theory in 1904. This introduced the important concept
that the friction and heat transfer were primarily determined by the
pehaviour of the fluid in a very small layer adjacent to the surface,
wherein the velocity changed rapidly from the stream velocity to that
of the surface. This theory allowed the Navier-Stokes equations to be
simplified and solved,(and Reynolds analogy was modified by Taylor and
Prandtl to take account of the boundary layer. Reynolds analogy was
then theoretically valid only for fluid of Prandtl number of unity, when
the thermal and momentum boundary layers were identical, but in practice
reasonable accuracy was obtained in the range 0.5<Pr<5.

The analysis to date had achieved reasonable correlation with
experimental data for the friction and velocity distribution for laminar
flow, but was less successful with turbulent flow. Prandtl and
Von Karman produced a more rigid mathematical analysis for turbulent flow
where an intermediate eddy current layer, which had previously been
neglected, was allowed for.

The initial work was conéerned with the behaviour of flow and heat
transfer in pipes and then Von Karman solved the Navier-Stokes equations,
after applying Prandtl's boundary layér approximations, for a flat plate

in a stream and a rotating disc, in 1921.
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4 considerable number of later workers presented analyses for the
neat transfer by introducing the energy or heat flow equation and
solving it in conjunction with the Navier-Stokes equations, or by a less
rundamental method, by taking an empirical value for the vélocity
distribution, §ubstituting it intb the energzy equation, and integrating
to derive the heat transfer coefficient, usually called the Integral
method.

IFrom these beginnings a coherent body of knowledge in the field of
fluid mechanics and convective neat transfer has developed, and it 1s

worthy of note that this has only taken place in the present century.

1.2 THE ROTATING DISC

The disc and cylinder formed the basis of the study of rotating
systems and have been the subject of investigation for a number of years.
The flow over a rotating disc was first analysed in 1921, but it was not
until much later, in 1948, that Wagner made an attempt to predict the
heat transfer. Therefore the processes of fluid flow and heat transfer
are well understood, although research into their behaviour under many
conditions is by no means complete. The rotating disc plays an
important role in the field of forced convection heat transfer as, like
the flat plate, an exact solution of the Navier-Stokes equations, with
the Prandtl boundary layer approximations, can be found for the fluid
flow and heat transfer, permitting comparison with, and evaluation of,
less fundamental methods, such as Reynolds analogy or Integral methods.

The experimental measurement of heat transfer and velocity profiles
on a rotating disc is not prone to the disturbances encountered on many
other systems, such as the flat plate in a stream, and therefore the
system is again useful for correlation of experimental data to the

various methods of theoretical analysis.



The present study of the heat transfer from a rotating disc was
implemented due to the fairly reccent introduction of disc brakes as a
means cof retarding rotating machinery and vehicles, which introduced the
disc into environments which had not previously been studiéd. The
ovehaviour of the flow and heat trénsfer of a rotating disc has up to now
peen important only in the fields of turbines and electric machines,
where the environment has usually produced conditions symmetric about

the rotational axis of the disc, which is not the case for a brake disc.

1.% THE DISC BRAKE

A disc brake consists of a disc, attached to a rotating component
which is to be retarded, and a means of applying one pad of friction
material to each side of the disc. The latter device is called a
caliper, which usually comprises a housing, bolted to a solid unit to
take the torque, and a mechanical or hydraulic means of clamping the two
pads onto the disc.

If a prediction could be made of the suitability of a disc brake
for a particular application, whilst still in the design stage, a
substantial reduction of the development time and cost could be made.

To do this it is necessary to predict disc operating temperatures, which
.affect disc life, lining friction level and pad wear life. A disc
absorbs energy created by friction between the pad and disc and
subsequently dissipates it by conduction, convection and radiation.
Sufficient knowledée exists on conduction and radiation to allow the heat
loss along those routes to be calculated, but no data is available on

the convective dissipation from a disc, except in still air. Heat
transfer coefficients are needed for a disc mounted on a moving vehicle,
creating an airflow across {it, and with a caliper mounted on the disc,

which disturbs the airflow and covers. some of the surface.



A PRESENT WORK

[

The developments just described led to the present investigation of
the convective heat transfer from a rotating disc in an air crossflow
and with simulated calipers on it. Tn addition it is desirable to
increase the heat transfer from the disc in order to increase the energy
apsorption or lower the surface temperatures of disc brakes. Thus the
effects of disturbing the boundary layer to cause premature turbulent
flow, and directing Jets of air at the disc have Been investigated.

The results of these experiments have been used in a prediction of
disc brake operating temperatures, allowing for dissipation of heat
from the disc during the braking period. This is of importance during

long stops of low energy absorption rate.



Chapter 2

PREVIOUS WORK

2.1 INTRODUCTION

Research into the fluid flow and heat transfer of two systems, the
rotating disc and the flat plate in a stream, is of importance to the
present work. In both cases early papers generally concentrated on the
flow of fluid around the bodies, as this information was necessary before
well directed investigations into the heat transfer could be made, a
relationship between the two having been established by Reynolds in the
early part of this century.

The first publications concerned with a rotating disc dealt with
the fluid flow and heat transfer in still air, where flow is created by
rotation of the disc only. No temperature difference is needed for
this flow to exist and hence it is designated forced convection. As
there are a large number of these papers they have been divided into the
convenient sections of laminar and turbulent flow to be surveyed. Later
papers investigated deviations from the basic system by looking at the
effects of forced axial flow, nearby stationary and rotating planes, and
flow at the rim, some of which are included in the survey.

Only a small selection of relevant publications on the heat transfer
from a flat plate will be described, as this subject 1s now amply treated
in most standard texts. In addition to these, some papers on the effect
of separated regions of flow have been studied.

The bibliography is to be found at the end of the thesis. It is
referenced in this chapter by the number in square brackets following

the name of the author. The bibliography is grouped into areas of
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investigation to facilitate further study on a particular topic, whereas

in the text the papers are described in historical order.

2.2  ROTATING DISC IN STILL AIR

Two comprehensive surveys of the heat transfer and fluid flow
behaviour of a rotating disc have been publisned, one by Dorfman { 1}, and
the other by Kreith {2}. These cover much of the work which will be
described nere, although the survey by Dorfman, 1963, dealt more
exclusively with Russian research. Dorfman describes investigations into
the heat transfer and hydrodynamic resistance of a rotating disc with
laminar and turbulent flow, with a forced axial flow, flow in a confined
space and the effects of a viscous fluid. Kreith gave a survey of
convective heat transfer in rotating systems, one of which is the disc,

in 1968.

LAMINAR FLOW

A considerable body of work, both theoretical and experimental, has
peen devoted to the study of the flow and heat transfer characteristics
of the rotating disc under laminar flow conditions. As in most branches
of convection, the basic feature of the theoretical work is the assumption
that the heat transfer has no effect on the flow pattern; the fluid flow
equations can accordingly be solved independently, and the velocity
distribution obtained. Fluid flow data are then fed into the heat flow
equation, which is solved to give the temperature distribution. | Heat
transfer and drag can be deduced from the results, the former being
presented in the usual Nusselt equation form.

Nu = K Re” pr? (2.01)
where K, a and b are constants. Since the heat flow part of the problem

can be separated from the fluid flow part, useful information can be




obtained from a number of papers which deal only with flow under
isotherrmal conditions.

Papers are presented which give theoretical predictiong of the heat
transfer throughout the range of Prandtl numbers, but the majority of
the experiments.have been made in air, others have used a mass transfer '

technique and one was made in water.

Survey

Tre starting point of the theoretical work is.to be found in a
paper by von Karman {3} , published in 1921. tle set up the basic
Navier-Stokes equations for flow on a steadily rotating, isothermal disc,
together with the continuity equation, which were then reduced to three
simultaneous non-dimensional differential equations. This system
represented a rare case in which the equations could be solved without
neglecting terms. The appropriate boundary conditions, one of which
assumed that the radial and tangential velocities at the edge of the
boundary layer were zero, Wwere used to give the velocity profiles within
the boundary layer, and the drag coefficient. The solution, found by
the substitution of an approximate series expansion, gave the
dimensionless velocity components shown in figure 2‘01*.

Von Karman noted that the axial inflow velocity u, tended to a
finite limiting vaiue as the edge of the boundary layer was approached,

i.e. as z+8§ , so that when z > 8

u, = 0.708 / vou . (2.02)

This represented a steady stream of air drawn axially towards the disc,
over the whole surface, to replace the air thrown off radially by the

rotation. mhe solution also indicated another important feature of the

%* The filgures are to be found on the page immediately following the

first place of reference



FIGIRs 2.01

Trheoretical Tuuations of Laminar Velocitv Profiles

on a otating Disc in Still Air

Harman [3]

F = a%(t- a;,;)z(nzf;)-_%(_fg:)t(x—é;y

a= |-026 .
e TR

H = 2§[o.3; (_%)4- 0-52 (%)3-0-17(_%)1«‘ 051 _gj

Cochran [4].corrected from Karman

a= O =;s'iz§*_-£‘§z
gbgoz_'::“ o8 éa)( 525) 2 (’ ?1)
Hyp==-0-55 G = (1-%)2(’*3%)

H--[ag‘gz- _gf.,,_/_i‘(;-Sm)-r%i:(Za-_Lﬂ

3 2 & §s 2



10

AR
= ; ty

independent of the radial - son of Kerman's
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of the velocity of the fiuid return to zcro, i.c. § = 2.0.

The next step forward came, 1% years later, from Cochran { 4} in
1674, le examined the equations developed by von Karman and confirmed
the correctness of the method, but found a numerical error in the
solution, and pave the modified results for the dimensionless velocity
profiles as shown In figure 2.01. He also presented an exact numerical
solution of the Navier-3tokes and continuity equations which did not
bring the velocities to zero at the edge of the boundary layer, but gave
two Gifferential systems, one for inside and the other for outside the
boundary layer, andiobtained a continuous solution for both sets. The
resultant velocity profiles are compared with those of von Karman in
figures 2.02, 3, 4 and 5, where significant differences can be seen
between them, the most marked being the value of the angle of yaw distant
from the disc. Von Karman found that this became zero at the boundary
layer edge, whilst Cochran brought it to a constant finite value of 350.

In 1948 Wagner {13} made the first theoretical estimation of the
heat transfer from a rotating disc. He resolved the general equation of
steady state heat balance for a f£luid in motion to that for a rotating
disc, giving

2 10 =
o d 0 _ ude = 0 (2.03)

dz dz
Integrating twice gives the temperature distribution in the boundary
layer, and the heat transfer coefficient was found from the temperature

gradient at the surface as

h = K (2.04)

[7 exp [% fz Uzd?J dz

0 cl
The expression for uZ derived by von Karman, which consisted of two

equations, one for inside the boundary layer, and the other for outside,
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was substituted in equation 2.04. This was then solved numerically to
give the relation between the Nusselt and Reynolds numbers, for a Prandtl
number of 0.74, as
Nu_ = 0.339 Re O° ' (2.05)
The solut?on was repcated by the author with the method shown in
appendix I, but the result disagreed with that of Wagner giving
Nu, = 0.389 ReOO'5 (2.06)
The same expression 2.04 was presented by Kreith, Taylor & Chong {341,
who solved it for a Prandtl number of 2.4. The author used the same
method to check their solution as used for that of Wagner and agreed with
the result of Kreith, et.al., supporting the result of equation 2.06.
Millsaps & Pohlhausen {15}, 1951, predicted the heat transfer in
fluids of Prandtl number from 0.5 to 10, by using the non-dimensional
differential equations of heat transfer in conjunction with the
nydrodynamic equations already analysed by Cochran {4} to fully describe
the thermal system. They obtained the heat transfer equations by
assuming that the temperature distribution followed the expression
T = Res(z) + q(z) + To (2.07)
which was substituted for T in the energy equation for the steady motion
of én incompressible fluid. The differential equations were then solved
by a numerical technique to give the temperature profile within the
boundary layer and the heat transfer coefficient. The latter was found
to vary slightly with radius, although this was so small that it could be
neglected, giving the heat transfer, for Pr=0.72, as
Nu, = 0.28 Reoo'5 ' (2.08)
Millsaps & Pohlhausen use a modified Prandtl number in which the
specific heat at constant volume was used instead of the specific heat
at constant pressure. The reason for this is not clear, but may be
because their equations are concerned with viscous dissipation (heat
generation due to shear of the fluid within the boundary layer). The

constant pressure specific heat is more appropriate to a boundary layer
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as it is not constrained in volume, and was subsequently used by Wagner
and later workers. Using the metnod of Millsaps & Pohlhausen with the
constant pressure specific heat gives the relation
Nu_ = 0.35 Reoo'5 ' (2.09)

The temperaturg profile calculated by Millsaps & Pohlhausen is shown in
figure 2.06. Their prediction of the heat transfer, valid in the range
of Prandtl number from 0.5 to 10, is plotted in figure 2.07.

In 1954 Young {31 } made the first experimental measurements of the
heat transfer from a rotating disc in still air. - Working with a
horizontal disc, insulated on the underside, and taking measurements from
the top surface, he found that natural convection affected the heat
transfer up to a Reynolds number of 40,000. Beyond this, up to a
Reynolds number of 90,000, the heat transfer depended on rotational
speed only. In the region affected by natural convection his results
differed considerably from the heat transfer predicted'by Wagner, whose
equation assumed zero heat transfer at zero rotation, hence taking no:
account of natural convection.

Young obtained the following results by experiment

Re_> 40,000 ho= 0.358 % (2.10)
Reo< 40,000 h = 0.195( 1-&(:3_0__) gU. 42 + 0435 Reg  0.38
40,000 40,000
1l - 2.6 Reo log1g Reg
% 40,000 TG, 000 (2.11)

where h is in Eigéégé , w in r.p.m. and 6 1in °F.
h ft F

Due to the variation of surface speed with radius, the natural
convection heat transfer had a greater effect on smaller radii and hence
the heat flux varied across the surface. Young allowed for this by
having a series of concentric heaters in the disc which were adjusted to

give a uniform surface temperature, this being measured from the

resistance of the heater wires. He did not take readings very far into

the laminar region as the maximum Reynolds number was 90,000, and later
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workers found that transition to turbulent flow occurred at
Reo = 240,000.

In addition, Young observed that a more accurate result could be
obtained from Wagner's {13} analysis if it were calculated at a Prandtl
number of O.70‘instead of 0.74 and if the velocity profiles of Karman
{3}, corrected by Cochran { 4} were used. This gave the result

Nu = 0.333 Reoo'5 (2.12)
The author had independently made this observation and derived the
result, by the method shown in appendix 2.

_ 0.5
Nu, = 0.318 Re_ (2.13)

For comparison with other predictions the author also calculated the heat
transfer at Prandtl numbers from 0.1 to 100, and the result is plotted
in figure 2.07. The discrepancy between equations 2.12 and 2.13% of only
5%, was probably caused by insufficient accuracy in the values of the
velocity profile used in one or both of the methods.

Cobb & Saunders {32}, 1956, made experimental measurements of the
heat transfer from a vertical disc rotating in still air, throughout the
range of laminar flow, and into the turbulent region. They used a
single heater in the main disc, providing a uniform heat flux which, as
the heat transfer coefficient is independent of radius in the laminar
region, gave a uniform surface temperature. Outside this range, the
high thermal conductivity of the aluminium disc was sufficient to maintain
an adequately uniform surface temperature. Cobb and Saunders did not
make such a detailed investigation of natural convection effects as
Young, but they did verify that it affected the heat transfer at Reynolds
numbers below 40,000. The disc surface temperature was measured with
embedded thermocouples and the heat loss from the rim compensated for by
having a separate heater around it, adjustable to give zero heat flow

from the rim of the main disc. The experimental results in the laminar

region followed the line
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a0
Nu = 0.% Re 0.5 (2.14)
o o
but later work by Richardson & Saunders {35} on the same rig revealed
that a 10% error had been made in the measurement of the ambient

temperature, amending the result to
Nu, = 0.4 ReOO'5 (2.15)

Cobb & Saunders also made measurements of the tangential velocity
profile and temperature profile, which are reproduced in figures 2.04
and 6, in comparison with those of other workers. The radial profile
was not measured due to the velocities involved béing too small for
accurate results with their equipment. The tangential velocity
measurements were well scattered around the prediction of Cochran and
the temperatures were higher than predicted by Millsaps & Pohlhausen.

In the same year Gregory, Stuart & Walker {11 } described further
experiments into the fluid flow around a rotating disc. They made
careful measurements of the angle of yaw and the totai velocity and from
these they calculated the radial and tangential profiles, which have been
plotted here in figures 2.0% and k. Close agreement was reached with
the prediction of Cochran for the tangential profile, although there is
some discrepancy in the angle of yaw measurements, which Gregory, Stuart
& Walker thought due to the possibility that the two tubes of the yawmeter
were not aligned to sufficient accuracy. The tangential velocity
measurements were taken at two different radii, but with the results
plotted non-dimensionally they fell on the same line, proving the
theoretical independence of boundary layer thickness and radius.

The analogy between heat and mass transfer was utilized by Kreith,
Taylor & Chong { 34}in 1959 to determine the heat transfer coefficient
of a disc rotating in still air. An aluminium disc coated with
napthalene was rotated and the loss 6f weight measured. The experiments
verified that the mass transfer, and hence the heat transfer, was

constant across the whole surface, and gave the result at a Prandtl
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nunber of 2.4 of

Nu_ = 0.64 ReOO’S (2.16)
Kreith, Taylor & Cnhong described a theoretical evaluation of the heat |
and mass transfer using the same method as Wagner {13} aﬁd obtained the
result

Nu_ = 0.67 Reoo'5 (2.17)
As was.described earlier, this calculation was repeated by the author in
appendix 1, where the same result was found.

Sparrow & Gregg {18}, 1959, continued the numerical solution of
Millsaps & Pohlhausen {15 }to predict the heat transfer over the full
range of Prandtl numbers. By observing that at low Prandtl numbers the
thermal boundary layer was much thicker than the velocity one, and the
reverse for high Prandtl numbers, asymptotic solutions were obtained for
these two extremes. In between, values of the heat transfer were
computed at Prandtl numbers of 0.01, 0.1, 1, 10 and 100.  From these
values a graph was constructed, part of which is repeated in figure 2.07.

Richardson & Saunders {35 }used the apparatus of Cobb & Saunders in
1963 to take measurements of the heat transfer in the laminar region,
and in the region of relatively high natural convection. These results
followed the equation

Nu_ = 0.4 ( Gr_ + Re02)0'25 (2.18}

in the range of Reynolds numbers up to 2.4x105, and Grashof numbers up
to 7.6x107. It was also found that Young's measurements could be

fitted to a similar equation

Nu, = 0.47 ( Gr_ + Re02)0'25 (2.19)

Richardson & Saunders thought that the discrepancy was probably due to
an experimental error in Young's measurements.

In the Ph.D thesis of Richardson {33 } he describes experiments to
measure the heat transfer coefficient of a disc rotating in water, of

Prandtl number 7.9, but the result was very much lower than predicted
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by any of the theoretical evaluations surveyed, giving

B} 0.5
Nu = 0.3 Re (2.20)

Sparrow & Gregg predicted a value of

(See fig.2.07) Nu = 1.0 Reoo'5 - (2.21)

In 1964 Riley {24 } made another prediction of the heat transfer for
all values of the Prandtl number. On the assumption that a linear
relationship existed between viscosity and temperature the momentum
equations were reduced to their incompressible form and the energy
equation was solved in the form of a series, to obtain two results, one
neglecting and one allowing for viscous dissipation. For the former,
two further solutions were found, one for small Prandtl numbers and the
other for large ones, with close agreement between the two where they
met, in the region of Pr = O.4. A numerical solution of the energy
equation agreed to within 1% of the series solution over the whole range
of Prandtl numbers. Figure 2.07 shows the laminar heat transfer for
values of Prandtl number from 0.1 to 100. Rileys result deviates from
the calculations of the author (using Cochrans profiles in the integral
method of Wagner) only in the range of Pr< l.

The most recent work was reported by Iguchi & Maki {37} in 1967,
using a mass transfer technique at a Prandtl number of 2.4, A disc
coated with napthalene was rotated in the range of Reynolds numbers from
195 to 42,000, covering the whole range of natural convection; but not

extending very far into the region of laminar flow. Their results were

as follows

4

Wwith 1.95 x 10° <Re_ <3 X 10 Nu = 1.58 Reoo' (2.22)

With Reo >3.5 x lO4 their results agreed with those of Kreith, Taylor

& Chong { 34}, (equation 2.16)
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Summary

Some papers will be presented in later sect 'ons which govered the
heat transfer from a rotating disc in still air as a side topic, whilst
their main one was the effect of some other variable on thé system.
These were disregarded in this secfion in order to simplify the
description of the many papers already involved.

Cochran used a numerical method to solve the hydrodynamic equations
to obtain the velocity profiles, which are therefore preferable to those
of von Karman, who used an approximate method of sélution with the
assumption that the velocities were reduced to zero at the edge of the
boundary layer. The experimental measurements of Gregory, Stuart &
Walker supported Cochran's theoretical profiles, whilst those of Cobb
& Saunders were really too scattered to be conclusive, but nevertheless
also followed Cochran's tangential profile.

The first prediction of the heat transfer was made by Wagner, for
air (Pr = 0.74) who used the velocity profiles of Karman in the heat flow
equation, which was then integrated to give the heat transfer coefficient,
called the integral method of solution. Subsequently Karman's profiles
were proved to be inaccurate, invalidating this result, although not the
method. Young and the author used the profiles as corrected by Cochran
for Pr = 0.7 to obtain the result (equation 2.12)

_ 0.5
Nu_ = 0.33 Reg

Later papers by Millsaps & Pohlhausen, Sparrow & Gregg and Riley
predicted the heat transfer for a range of Prandtl numbers, 0.5 to 10
for the former and all values for the latter two. Figure 2.07 shows
that these differ by a maximum of 20% at Pr = 10. The author used the
corrected Karman's velocity profiles ip the theory of Wagner to calculate
the heat transfer from 0.l <Pr< 100, also shown in figure 2.07.

Although Karman's velocity profiles were shown to be inaccurate by

comparison with experiment in the region of the boundary layer edge
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tne line of Nu/Re% differs very little from that of Sparrow & Gregg wnhose
solution of the hydrodynamic equations, if taken separately, would give
the same velocity profiles as Cochrans numerical method, which have been
snown to be mucn closer to experimental data. Little deQiation occurs
because the hegt transfer is affected more by the conditions at the wall
than at the edge of the boundary layer.

Three measurements have been made of the heat transfer from a disc
rotating in air. Young's experiments, whilst being a valuable first
attempt, were not far enough into the region of laminar flow unaffected
by natural convection to enable a comparison to be made with theoretical
predictions. Cobb & Saunders method was found to have a 10% error by
Richardson & Saunders, making their results coincide to give, equation
2.18:-

B 2,0.25
Nu, = 0.4 ( Gr_ + Re )

This constitutes a 25% increase on the prediction of Sparrow & Gregg,
the reason for which has not been found to date.

Kreith, Taylor & Chong and Iguchi & Maki made experiments using an
analogous mass transfer technique, at an effective Prandtl number of 2.4,

and their results agreed, following equation 2.17:-

0.5
o}

Nu, = 0.64 Re
This differs by only 6% from the prediction of Sparrow & Gregg, for that
Prandtl number.

TURBULENT FLOW

The study of the heat transfer in the regioh of turbulent flow on a
rotating disc is probably of greater importance than that in the laminar
region as it occurs more frequently in practical applications. The
heat transfer in the laminar regime had been predicted well before
experimental correlation was achieved, but due to the complexity of
turbulent flow 1t was first investigated experimentally and, in common

with turbulent flow over other bodies, only semi-empirical methods of
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analysis have been used to predict the heat transfer. These have used
theoretical and experimental values of the moment coefficient and
. velocity profiles in Reynolds analogy of fluid flow to heat transfer.
“Previous experimental work has shown that transition from laminar
to turbulent flow in the boundary layer on a rotating disc starts at a
local Reynolds-number of around 240,000, and fully turbulent flow exists
above 400,000. Therefore, at any rotational speed, on a disc of
sufficiently large radius, there will be an inner laminar region, then
a region of transition, and finally a region of turbulent flow.

The work done in the region of turbulent flow, like that in the
laminar region, falls into two parts, the study of the flow profiles
and resistance to rotation and the study of the heat transfer. The
resistance to rotation, expressed by the value of the moment coefficient,
was found from the shear stress at the surface, which also gives the

velocity profiles.

Survey
Von Karman { 3} made the first theoretical determination of the

turbulent velocity profiles, as well as the laminar ones, in 1921.
Karman's work formed one of the piloneering approaches to the analysis
of turbulent boundary layers and therefore was not only of importance
to the study of the flow on a rotating disc, but also to the flow over
other bodies. Karman assumed that the veloclty distributions near the
wall followed a 1/7th power law, derived from an expression for the

distribution of the mean velocity u near a smooth wall, where Ty is

the shear stress at the wall.

u o= 8.7v, (vlz)l/'z (2.23)
v
Vi {s the friction velocity,defined as
v,? = Iw (2.24)
P

The friction velocity is a measure of intensity of turbulent eddying



and of tne transfer of momentum due to these fluctuations.

Karman obtained an equation for the shear stress at the wall by
consideration of the flow of momentum, and hence derived the velocity
profile equations shown in figure 2.08, as well as the mohent
coefficient. .The velocity profiies of Karman and later workers are
compared in figures 2.09 and 2.10.

Fourteen years elapsed before further investigations were published
by Goldstein {5} in 1935. He checked the results of Karman, and
corrected his equation for the boundary layer thickness, as shown in
figure 2.08. He proposed. that the expression (2.23) for the velocity
profile upon which Karman's analysis was based had been found valid
only for a range of values of vx z up to about 600, beyond which the
velocity close to the wall, u, w;s better described by a logarithmic
expression

u = av, loge Vx z + constant ' (2.25)
v

For values of vy 2z below about %0, neither expression agreed with
measurements, a; the rate of shear was so large that the viscous shearing
stress had an appreciable effect on the motion.

- Using the logarithmic profile (2.25), Goldstein derived the shear
stress at the wall in the same way as Karman, by consideration of the
flow of momentum, or, which gives the same result, by integration of the
equations of motion, to give the velocity profiles and the moment
coefficient.

In 1944 Theodorsen and Regier { 10} took measurements of the
tangential flow profile and moment coefficient. They found that with
maximum surface roughness transition occurred at a Reynolds number of
220,000, whilst for a perfectly smooth disc laminar flow remained up to
Reo = 310,000. In addition, they showed that the moment coefficient

was independent of Mach number up to M = 1.69, and dependent only on the

Reynolds number.
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Gregory, Stuart & Walker, 1956, {11} made a further set of
experimental observations of the velocity profilies. They measured the
total velocity and the angle of yaw, and then resolved these into the
radial and tangential components of flow. They also invéstigated the
'behaviour of the flow at the onse£ of instability in the boundary layer
of a rotating disc prior to the region of transition. The face of a
disc was covered with china clay to indicate the modes of flow. After
rotation at a suitable speed the surface of the clay had a pattern of a
series of equi-angular spirals, which seemed to indicate the presence of
stationary vortices in the boundary layer. This region of instability
began at a Reynolds number of 180,000, whereas transition started at a
Reynolds number of 280,000. An acoustic stethoscope was also used to
determine the critical Reynolds numbers. This consisted of a piece of
plastic tube, which, if one end was listened to, while the other was
held in the boundary layer, could be used to detect the critical radii,
as there was silence in the laminar region, a note of fairly definite
pitch when vortices were formed, and a roar in the turbulent region.

The critical Reynolds numbers thus found agreed with those deduced from
the china-clay method.

In the same year, Cobb & Saunders {32 } made the first heat transfer
measurements in the turbulent region. Transition occured at a Reynolds
number of 240,000 and measurements were taken up to a value of 730,000,
where 80% of the disc area was under turbulent flow. Their results are
presented as a double logarithmic plot of Nusselt number against Reynolds
number in figure 2.11. The region of transition extended beyond the
range of their tests due to the continuous existence of a laminar region
on the disc, but the line of heat transfer eventually became asymptotic
Lo the line for all the disc under turbulent flow. From their results
Cobb & Saunders estimated that if the whole of the disc were under

turbulent flow the heat transfer would be
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Nu = 0.015 Reoo'8 (2.26)
For the region of transition the heat transfer was predicted by assuming
that the area under turbulent flow followed equation 2.26 and the area
under laminar flow followed the eguation for laminar heat transfer
(2.14) and the-average effect over the disc found by integration. This
prediction agreed well with experiment when the radius of change from
laminar to turbular flow had a local Reynolds number of 240,000.

Cobb & Saunders made an empirical prediction of the heat transfer
by using the analogy of friction torque to heat tfansfer developed by
Reynolds. The local turbulent friction coefficient was taken from thne
paper of Theordorsen & Regler, and used in the analogy to derive the
equation for all the disc under turbulent flow

0.8

Nuo = 0.0149 Reo (2.27)

They also attempted to predict the turbulent heat transfer by assuming
that the temperature profile followed the same law as Karman's turbulent
tangential velocity profile. By substituting this in an equation for
the heat flow through the boundary layer they achieved the result

Nu, = 0.0095 Reoo’8 (2.28)

Tne large discrepancy between this and the measured heat transfer
indicated that the temperature profile must depend on the radial, as well
as the tangential, velocity components.

Measurements of the velocity and temperature profiles were made by
Cobb & Saunders, and these are repeated in figure 2.10. The velocity
measurements were close to the profile predicted‘by Karman, but the
measured temperature profile was higher than the velocity profile. This
was to be expected with a fluid of Prandtl number less than unity when
both velocities and temperatures were -plotted relative to the momentum
thickness. These results confirmed that the inequality of the profiles

was the cause of the inaccurate prediction of equation (2.28).
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In 1958 Davies {16} presented a more rigorous theoretical

prediction of the heat transfer in the turbulent region. The
distribution of the radial component of Reynolds shearing stress in the
boundary layer was calculated by an integration of the equétion of mean
flow, using von Karman's velocity‘profiles. The distribution of eddy
heat diffusivity was evaluated by applying Reynolds analogy in a thin
region of flow very near to the surface of the disc, using the
approximate similarity of the radial component of disc flow and plate
flow to extend the results into the remainder of the inner part of the
boundary layer (approximately 16% of the layer thickness). He then
used the method developed by Davies & Bourne {45} to evaluate the heat
transfer from the disc for a constant surface temperature. Assuming
that the disc was rotating sufficiently fast enough to neglect the

laminar sub-layer, Davies obtained the result

0.8

Nu = 0.014 Re_ (2.29)

which is close to the experiments of Cobb & Saunders (equation 2.26).

In 1959 Kreith, Taylor & Chong{ 34} measured the heat transfer
from a rotating disc by a mass transfer analogy technique at a Prandtl
number of 2.4, The change in weight of a napthalene disc was found,
and in addition the observations of Gregory, Stuart & Walker were verified
as the imprints of a stationary vortex system were reproduced on the
surface of the napthalene after a test in the region of instability.
These vortices were also found to be present, to a lesser extent, in
the turbulent region. Transition occurred at a Reynolds number of 2.0
to 2.5 X 105, and the results followed a similar path to those of Cobb
& Saunders, rising steeply from the point of transition to become
asymptotic to the line of all the disc under turbulent flow, as shown
in figure 2.11. H

Kreith, Taylor & Chong presented an empirical analysis of the heat

transfer in the turbulent region, and combined this with the equation
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of laminar heat transfer to predict the behaviour in the region of
transition. The analysis of the turbulent heat transfer was based on
the experimentally determined drag coefficient of Theordorsen & Regier,
which was then used in Reynolds analogy. The predicted héat transfer,
shown in figure 2.11, agreed closély with their own experimental results
and with the results of Cobb & Saunders at Pr = 0.72, except at high
Reynolds numbers when the latter's own theoretical analysis was closer
to experiment.

Richardson & Saunders { 35} made a predictioﬁ of the heat transfer
in 1963, using an empirical method. They argued that the discrepancy
between experimental radial velocity profiles and theoretical curves
suggested that a new profile description was needed. This they found
by solving the equation for the laminar radial flow numerically,
imposing upon it a tangential velocity distribution following the 1/7th
power law. This profile was then integrated with the measured
temperature profile to give, for all tne disc under turbulent flow

0.8
Nu = 0.01%8 Re (2.20)

Dorfman {1l } , 1963, presented yet another prediction of the heat

transfer. He assumed a radial power law distribution of temperature

across the disc, Oy a2 R® , with a Prandtl number of unity, to make

the velocity and temperature profiles of the same form, and then the

problem was solved by Reynolds analogy. For a constant temperature disc

surface thils gave

Nu = 0.0151 Re 0.8 4 (2.31)
o} o

Finally, Kreith {2} , in his survey of rotating systems, presented
his own analysis of turbulent heat transfer from a rotating disc. This

was a semi-empirical method based on the analogy petween the moment

coefficient and the heat transfer, and gave the result

Nu = O0.0174 Re 0.8 (2.32)
(e} (o]
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Summary

t was desirable to plot the velocity profiles non-dimensionally
as this prevents errors due to units, but this proved rather more
difficult for the turbulent profiles than for the laminar énes. At
all Reynolds ngmbers, due to the éonstant boundary layer thickness in
the laminar region, the distance from the disc surface, z, could be
made non-dimensional by multiplying by the ternlv/*zi-. The profile
was then the same for any Reynolds number. In thevturbulent region,
however, the boundary layer thickness varies with Reynolds number, so

*

the axial distance is compared with the displacement thickness § or

the momentum thickness ¢ **, defined by

5% - j‘; Gdz (2.33)
5 - j‘; 6(1-G)dz (2.34)

If H* = 5*/ 5** we get, for Karman's power profiles, H = 1.285, whilst
for Goldstein, H* = 1.24 and for Gregory, Stuart & Walker H* = 1.4,
Figure 2.09 shows that neither the theoretical radial profile
of Kerman or Goldstein are suvported completcly by the experimaental
measurements of Cregory, Stuart & valker, but the profile of Coldstein
is better fit to those nmeasurenents. The profile calculated by
Richardson & Saunders was a similar shape to the measured profile but
still reached a much higher maximum value, although it was good enough
to give a reasonable prediction of the heat transfer, when used with the
measured temperature profile and substituted into the heat flow equation.
Figure 2.10 shows the tangential velocity profiles, where the three
experimental profiles and two calculated ones all fall within reasonably
close limits, tending to disagree only towards the outer edge of the
boundary layer. The measured temperature profile of Cobb & Saunders,
when plotted as a ratio of the same momentum thickness as the velocity

profile, runs above the velocity profile. This is because the Prandtl
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number of air is less than unity, when the thermal boundary layer is
tnicker than the velocity one. I the temperature profile weré plotted
reletive to the thermal boundary layer thickness the two profiles would
pe alike. No theoretical temperature profile has Dbeen eQaluated as it
has not been ppssible to solve thé Navier-Stokes continuity and energy
equations directly for turbulent flow. The existing predictions of the
neat transfer using Reynolds analogy or the use of assumed temperature
profiles in the neat flow equation obviously do not yield a predicted
temperature profile.

The measurements of the heat transfer (figure 2.11) by Kreith,
Taylor & Chong, and Cobb & Saunders both agreed with predictions based
on the analogy of friction to heat transfer, using previously measured
values of the friction coefficient. The heat transfer in the overall
tpansition region was also accurately predicted by allowing for part of
the disc under turbulent flow and the remainder laminar,using the
measured Reynolds number of transition to calculate the critical radius.
No allowance was made for the actual transition zone on the disc at a
fixed speed, so the close correlation between calculated and measured
values of the Nusselt number seems to indicate that this region was
small. At high Reynolds numbers the laminar zone became insignificant
and the heat transfer line approached the line for all the disc under

turbulent flow.

All predictions of the heat transfer used semi-empirical methods

involving either analogy of friction to heat transfer or the assumption

that velocity and temperature profiles were similar. The agreement

between these profiles and experiment was extremely good, although these

assumptions are only valid for a Prandtl number of one. Experiments

in the air, Pr = 0.7, are usually well predicted by such methods, but

the égreement that was reached at Pr = 2.4 must be regarded as somewhat

fortuituous, and these methods of prediction certainly could not be

relied upon outside this range.
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OTHEER SURJZECTS CF INVESTIGATION

After the Dbasic system of a2 rotating disc in an open environment
nad been fully investigated, research began to extend into.the study of
the effects of external variables on the fluid flow and heat transfer.
urther areas of work have now evolved into:- the non-isothermal
disc surface, nearby stationary and rotating planes, and a uniform
“orced axial flow towards and away from the disc. These are all
concerned with turbine applications where the disc has a non-isothermal
surface at start and shut down, rotates in a casing (giving nearby
stationary planes), and has a forced flow of fluid in the axial direction.
In addition, it has been found possible to cool a turbine rotor by
introducing an axial stream of fluid through a porous surface, or by air
cooling with an axizal stream.

None of these topics directly affect the research carried out in
this project, except for the effect of nearby stationary planes, which
was used in the design of the rig. Therefore, the publications will

only be briefly described, Just to give some background into how these

1ines of research have progressed.

Non-isothermal Surface

Cess & Sparrow { 20} analysed the heat transfer for a step change
in wall temperature, and then produced a general analysis for arbitrary
variations of spacially uniform surface temperature with time. The
flow was taken as steady and laminar, and results were presented for a
linesr variation of temperature with time for Prandtl numbers of 0.72,
1, 10 and 100.

Dorfman {1} , in his book, considered the influence of a quadratic
and an arbitrary radial distribution of temperature head on a roﬁating

disc in the laminar and turbulent regions of flow.




Kreith, Taylor & Chong { 3%} , in a mass transfer experiment,
placec a napthalene covered disc in a shroud and conducted tests in the
laminar flow region. They varied the ratio of aisc diame£er to
distance from the shroud and compéred the mass transfer ratio to that of
a free dise, and obtained the results in figure 2.12. They proposed
that when the disc was a sufficient distance from the shroud there were
two distinct boundary layers, one on tne stationary, and one on the
rotating surface, leaving a core of fluid rotating at approximately one
half of the disc velocity petween them. In this condition it was not
expected that the mass or heat transfer would be affected. However,
when the clearance was reduced to give interference of the boundary
layers the mass and heat transfer was reduced and any further decrease
caused a considerable reduction of circulation and eventually a choking
of the central core.

Richardson & Saunders {35} repeated the above experiments using a
heated disc to measure the heat transfer directly. Tney differentiated
between interference with the flow from the rim and interference with
axial flow to the disc. A stationary plane of smaller diameter than
the disc did not affect the flow from the rim but did affect the axial
inflow, with little effect on the heat transfer. However, 1if 1t were
close enough, within the order of one disc thickness, a stationary
plane of larger diameter than the disc interfered significantly with
the axial inflow and the rim Jet. As the clearance between thé disc
and this stationary surface was reduced the flow demanded Dy continuity
requirements had to pass between a decreasing annular gap between them.
Eventually the pressure difference across the rim jet caused it to snap
onto the plane and gave a partial recirculating motion to the fluid, as
shown in figure 2.12. This, as well as reducing the airflow to the

disc surface, also increased its approach temperature, hence rapidly
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reducing the neat transfer. This accounted for the discrepancy between‘
the results of Xreith, Taylor & Chong and those of Richardson & Saunders,
the mass transfer technigue could not allow for the increased approach
temperature of the entrainea fluid.

Dorfman { } } devoted a chaptér to the discussion of the flow around
a disc rotating in a confined spéce. He made a theoretical approach to
the effect of a tight fitting casing on the moment coefficient in laminar
and turbulent flow, and investigated the flow in the laminar range between
a rotating and a stationary disc of infinite radii, and between two
rotating discs. Tn the casing the fluid was thrown off at the rim of
the disc, flowed across the casing edge and inwards towards the
rotational axis, along the static wall, to be recirculated along an axial
path to the disc.

The heat exchange in the flow between two rotating discs was
investigated by Kapinos { 25} , who considered flow both from the centre
to the periphery, aided by the rotation, and in the reverse direction,
giving a theoretical solution for two conditions. Firstly, if the
boundary layers on the discs did not interfere then the core of fluild
between them would flow radially outwards and the velocity profiles
would be the same as those for an isolated disc. Secondly, if the
boundary layers did interfere, then the heat transfer would be reduced,
and an analysis was presented for this reduction.

Kreith & Viviand {26 } studied the problem of laminar source flow
between a stationary and a rotating disc, which £inds an application
in disc pumps, spacecraft condensators and seawaﬁer condensation plants.
The stationary disc had a circular hole at the centre through which the
source flow was supplied, it then travelled radially outwards across
the disc surface to be ejected at the rim. Kreith & Viviand found a
theoretical solution, by perturbation methods, for the heat transfer,

assuming a parabolic radial velocity distribution, which agreed with a

limited number of mass transfer experiments.
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In 1960 Snarma & igerwal { 28} made a theoretical analysis of the
neat transler Irom an enclosed rotating disc with a small gap between
disc and housing. Tne rflow was assumed viscous and the fluid
incompressible to find the erfects on the temperature profile of radial
outflow and inflow through a centfal source. In addition the Nusselt
nuwnber on the rotor and stator was found for regions of both

recirculation and no recirculation. Solutions for the temperature

o)
[¢]
o
ct

profiles and transfer werc presented and it was shown that the rate
of heating from the rotor and stator increased with an increase in the

net radial outflow and the opposite happened for a net radial inflow.

Axial Forced Flow

The investigation of forced axial flow on a rotating disc lends
{tself to theoretical analysis as the flow on an isolated disc has its
own induced axial flow and it is this velocity componeht which 1s varied.
Hannah {6} first made a theoretical prediction of the.velocity profiles
and moment coefficient with a forced axial flow towards the disc in the
laminar region in 1947. The disc was show to have two distinct
effects on the velocity of the fluld along the axis; 1t acts as a
centrifugal fan by its rotation and hence sucks fluid towards it, and
also acts as an infinite plane barrier opposing, by viscosity, the radiél
flow due to an externally imposed fluid motion. At high rotational
speeds relative to axial flow velocity the first function dominates, but
when these are reversed the disc becomes a barrier to the f{low. Hence
for a fixed supply pressure the axial inflow velécity increases with
rotational speed.

Tn 1951 Bachelor { 7} studied the system of a rotating disc with
the fluid at infinity having an arbitrary uniform angular velocity about
the axis of rotation of the disc, as well as a velocity in the axial
direction induced by the disc rotation. He described a one-parameter

family of solutions for this system and then found a two-parameter.




Zfamily of solutions to describe the flow between two parallel discs
rotating about the same axis at different angular velocities.

Yemaga { 19} determined theoretically the heat iransfer from a
rotating disc normal to a uniform forced flow in the laminér region.

The flow profiles that were found.in the process of determining the heat
transfer were the same as those found by Schlicnting & Truckenbrodi {2} ,
who repeated the work of Hannah. The heat transfer was determined for

a range of Prandtl number from 0.1 to 100.

Kreith, Doughman & Kozlowski { 21} experimenﬁally investigated the
heat transfer cheracteristics of a partially enclosed rotating disc by
means of a mass transfer analogue. Mass transfér rates to air from
napthalene coated discs were measured at Reynolds numbers of rotation
from 1.5 X 101‘L to 4.5 x lO5 with no source flow, a free source flow and
a forced flow of air directed into the centre of the enclosing shroud.
The equivalent Prandtl number of the system was 2.4. IWith no source
flow it was found that at certain gap sizes, when the boundary layers on
tne disc and shroud did not interfere, and before the shroud was so far
away that the heat transfer reverted to that of a free disc, tbe heat
transfer was increased beyond that for a free disc. The shroud caused
this by hastening the onset of transition for no source flow, whilst with
free source flow the onset of transition occurred even earlier. The
forced source flow was turbulent at all inlet velocities due to the
disturbances it meets in the supply route.

In 1964 Tien & Tsuji{ 23 } made a theoreticgl determination of the
temperature distributions and heat transfer for laminar forced flow
against a non-isothermal rotating disc. The surface temperature was
assumed to vary sccording to a power law with the radius and numerical

solutions of the boundary layer equations were given for all values of

the Prandtl number.
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Mabuchi, Tenake & Sakekibara { 29} made a theoretical investigation
of the effect of dissipative energy on the laminar heat transfer from a
disc rotating in a2 wuniform forced axial stream. For an incompressible
fluid with constant pnysical properties tne energy equatioﬁ was solved
exactly Tor the following; a qua&ratic variation of surface temperature
with racdius, an isothermal surface, and an insulated surface.

The addition or removal of mass at a boundary surface is used as a
means of controlling the boundary layer. If the layer 1s liable to
separation then mass removal holds it onto the surface whilst mass
addition to the boundary layer aids cooling of the surface.

In 1960 Sparrow & Gregg { 18} considered the effect of fluid
injection and suction through the surface of a rotating disc. They
theoretically estimated the heat transfer and flow field for the entire
range from large suction velocities to large blowing velocities, and
found that the heat transfer increased with the suction velocity.
However with fluid injection the heat transfer, described by the Nusselt
number, was reduced eventually to zero. This was because the injected
fluid had a temperature close to that of the surface, which at high
enough rates of mass addition blanketed the surface. This did not mean
that the disc was perfectly insulated, but that heat was transported
from it by the fluid passing through the surface, and not by forced
convection from the surface. Increased blowing caused the surface
temperature to approach more and more closely the temperature of supply
of the blown fluld.

In 1966 Lee, in a Ph.D. thesis {36} , described experiments to
measure the effect on the heat transfer of fluid injection and withdrawal
through the surface of a rotating disc. This thesis has not been

studied sufficiently to compare the results with those of Sparrow &

Gregg.
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2.5 FLAT PLATE PARALLTL TO A STREAM

A large number of investigations have been made into heat transfer
from a flat plate by natural and forced convection. The study of forced
convection on a flat plate goes baék to the work by pioneers in the
fields of boundary layer theory and the mechanism of convection hea£
transfer. T. von Karman and X. Pohlhausen developed approximate
methods of solution of the Prandtl boundary layer equations for tne flat
plate and other bodies in the 1920's. This yielded the velocity
profiles in the boundary layer and the boundary layer thickness for
laminar and turbulent flow. The heat transfer by natural conveciion
from a vertical plate was first found by integration of the boundary
layer equations by Pohlhausen, in collaboration with E. Schmidt and
. Beckmann in 1970.

Most standard texts now give a comprehensive coverage of the basic
systems of free and forced convection on an isothermal flat plate but
certain variations on ﬁhese standard systems have recently been the
subject of further investigations. Recent papers on forced convection
have investigated leading edge effects including separation of flow,
supersonic and hypersénic velocities of flow, non-isothermal surfaces
and free stream turbulence. Although the majority of experiments have
peen conducted in air, some measurements have been made with air of
controlled humidity and with water. Free convection heat transfer 4
theory has been extended to allow for variation of fluid properties with
temperature within the boundary layer when a large temperature difference
exists between the surface and ambient fluid.

when a flat plate is situated parallel to an airstream a boundary
layer is created on the plate surface.n If the leading edge is smooth
enough not to disturb the flow then the flow in the boundary layer is

laminar over an initial length of the plate. The boundary layer then
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gradually thickens until the disturbances due to irregularities of the
surface or flow become sufficiently large so that they are not damped
put grow to produce a turbulent boundary layer; where the individual
fluid perticles execute fluctuating motions around some meén flow path.
Tnese fluctuat;ons enhance the coﬁvective heat exchange, by transporting
reat from one side of the boundary layer to the other, and hence neat
transfer in turbulent flow is considerably higher than in laminar flow.
Wnen turbulent flow has developed the boundary layer thickens again as the
flow proceeds along the plate. The result, on a sufficiently long plate,
is that the heat transfer is highest at the leading edge, then gradually
Gecreases until transition to turbulent flow occurs. It then rises
rapidly to a maximﬁm and gradually decreases agaln as the turbulent

boundary layer thickens. Exactly the same phenomenon occurs with

natural convection.

FREE CONVECTION

Most standard texts pay some attention to free convection on a
vertical surface, but é more detailed review was made by Ede {53 } in
1967, from which some of the information presented here has been taken.
Tre first successful attempt to predict the laminar heat transfer was
made by Pohlhausen, in collaboration with Sehmidt and Beckmann. They
solved the flow and energy équations by applying Prandtl's boundary
layer approximations, and experimentél values of the velocity and

temperature gradients, obtaining a solution for a Prandtl number of

0.7%3 of

Fi~

N = 0.29 ( Gr Pr ) (2.35_)

The Grashof number, Gr =g B 239 , is a dimensional number which
2
\Y

reflects the size of the buoyancy forces affecting the flow in free

convection, {ulfilling the same function as the Reynolds number in

forced convection.
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In 1953 Ostrach {54} obtained exact solutions of the Schmidt and

Deckmann eguations for Pr from 0.01 to 1000, by means of a computer.
for Pr = 0.733 tne following result was found, which is very close to
that found by tne approximate method.

Nu, = 0.388 ( Gr_ Pr ) (2.36)

In experimental work difficulty was found in reproducing the
idealized situation assumed by theory, especially that of uniform surface
temperature, but it has since been cstablished that the effcect of this
on the result is less than might be expected. At a Prandtl number of
one the ratio of Nusselt number with a uniform heat flux and the Nusselt
number with a uniform surface temperature was 1.07. The various
experimental results tend to run slightly above the theory, probably due
to stray currents of air and disturbances, which always occur to some
degree, depending on the amount of care taken during the experiment.

In 1954 Hara { 58} calculated the heat transfer ffom a vertical
heated plate, allowing for the variation of fluid properties dependent
on temperature. He assumed that the specific heat was constant, and
viscosity and thermal conductivity varied with TO'76 where T was the
absolute temperature. For a Prandtl number of 0.733 he obtained the
result

Nux = 0.388 ( er Pr )%. 630.055 T - T‘f> (2.37?

o0

'In a later peper Hara {59} solved the same problem by a more

rigorous method, valid for values of Tw - T\ up to four, and achieved

Tw

the same result as equation (2.37).

Turbulent flow in natural convection on a vertical flat plate was

first noticed by Griffiths & Davis {55} in the 1920's. The first

theoretical approach was made by Colburn & Hougen {56} , who assumed

that in the laminar sub-layer both the velocity and temperature varied

linearly with the neight above the plate, z, up to the sub-layer edge,
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where z = m valis 5 a R . R
ne z 55. The value of 65 was found from experiments which
ot ined tn i 7 3 :
determined the critical Reynolds number. If the area under laminar
flow was small enough to be neglected the mean Nusselt number for air

was found as

Nu = 0.108 GrL1/3 (2.38)

Eckert & Jackson{ 57} obtained a more direct solution by using the

integral equation method and assumed that the velocity and temperature

1/7)'

profiles followed the equations
z -
o= 0, (1-25_ (2.29)

1/7
u = U (‘8") Y

These equations were found by examination of the experimental profiles
of Griffith & Davis {55} . If the flow was assumed turbulent over
most of the surface they derived the equation, for Pr = 0.753,

Nu = 0.0187 GrL2/5 (2.40)

The small amount of experimental data on turbulent free convection
correlates with both of the above results but has too much scatter to

choose with any confidence between them.

FORCED CCNVECTION

Isothermal Surface-Leading Edge Effects

Forced convection heat transfer from a flat plate has been well
explained in the texts of Eckert & Gross {71} and Schlichting {74},
among others. For the laminar region the former gave an analysis

which assumed that the temperature profile followed the eguation

3 (2.41)

=

()

3z
W 2 6te te

This was substituted in the heat flow equation, which was integrated to



give the heat transfer
Moo= 0.589 VRe (2.42)

Schlichting gave a comprehensive coverage of forced convection in
his text. In his treatment of the thermal boundary layer in laminar
parallel flow past a plate he reduces the Navier-Stokes continuity and
energy equations to ordinary differential equations by substitution of
tne variables, a technique attributed to Blasius. These differential
equations were solved to give the temperature profile and the heat
transfer for all values of the Prandtl number. ‘
for 0.6 < Pr < 10

o 3 e
Nu = 0.332 /Pr- /Re_ (2.43)

an identical result to that of Eckert & Gross.
Schlichting quotes the turbulent flow heat transfer equations as

No = 0.296 /Br Re - (2.44)

giving for the whole plate

Nog = 0.037 /F Re O (2.45)

As with free convection it is difficult to reproduce in experimental
work the ideal conditions assumed for the theoretical analyses. The
most troublesome factor appeared to be disturbances in the flow caused
by the shape of the leading edge to the plate. It was found that an
efféctive way to prevent this was to insert a long tapered nose onto the
leading edge of the plate and locate the heated or cooled test section
at some considerable distapce downstream of the leading edge so that any
Gisturbances had decayed when the test section was reached. However the
measured heat transfer was not then directly applicable to a plate
geated over its whole length as the thermal boundary layer had its
t the start of the heated section, whereas the momentum boundary

origin a

layer began at the leading edge. To bring the experimental data in line

with the theoretical predictions a characteristic length was calculated
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by Tribus & Klein {£3} in 19535, which corrected the results for the
unheated initial length of plate, for both laminar and turbulent flow.
Their paper also embodied an extremely useful table summarising the
analytical solutions deduced by earlier workers. |

The results of experiments onAhumid air in turbulent flow over a
plate containing an isolated cooled region were published in 1954 by
Furber {44} . The mass and heat transfer were measured at a cooled
test section. The characteristic length of the boundary layer was
taken as that from the leading edge to the test section with a
correction applied to allow for the uncooled starting length. This
correction depended on the Reynolds number of the flow. The results
followed the line

0.8

Nup = 0.034 ReL (2.46)

Fdwards & Furber {46} made a number of experiments to investigate
the effects of free stream turbulence on the heat transfer from a flat
plate in laminar, transition and turbulent flow in 1956. The heated
test section was located a considerable distance back from the leading
edge and two grids placed in the airstream altered the free stream
turbulence. Experiments showed that this turbulence affected the point
of transition, but did not effect the value of the fully laminar or
fully turbulent heat transfer. When a square nose was fitted to the
plate the flow was turbulent throughout the whole range of tests,
following the same turbulent line as that obtained with the tapered nose.
However, measurements of the velocity boundary layer revealed that it

was three times thicker than that obtained with a tapered nose.

The experimental data followed the equations

0.525 (2.47)

laminar NuL 0.39 ReL

]

: O 0786 t
turbulent Nu 0.038 Re_ (2.43),

In 1961 Tendeland, Nielson & Fohrman {52 } conducted experiments to

investigate the flow field over blunted flat plates and the effects on
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:urbu}ent coundary layer growth and heat transfer at a Mach number of
L.7. Although the velocity of the airstream is much higher than used
in the present work, their findings are relevant to present results.
Tney found, by velocity profile measurements, that for hatufal transition
the characteris?ic length of the tﬁrbulent boundary layer was less than
that from the leading edge but for artificially induced transition, the
length was not readily determined. The presence of a boundary layer
trip caused thickening of the layer wnich could not be correlated with
the geomeiric length of run of the layer. The effective length could
only be determined by empirical methods, by measuring the local skin
friction coefficient and calculating the length of run for a fully
turbulent layer to reach this skin friction coefficient.

It was found that with a plate of 6.4mm front edge radius the heat
transfer was higher than predicted for a sharp nosed plate at a distance
from the leading edge of up to 10 leading edge diameteré, but decreased
to only 80% of the sharp nosed plate values at a considerable distance
from the leading edge.

Ede & Saunders {48} published in 1957 the details of experimental
work done in 1938. Measurements were made of the heat transfer from a
flat plate in a stream of water. The plate had an unheated zone
upstream of the heated test section, and the effect of the length of the
unheated zone was investigated by placing the heated section in a series
of positions along the plate. Initial experiments with a wedge shaped

nose gave a generally higher, but erratic, heat transfer than found when

a tapered and sharply pointed nose was used. With undisturbed flow
the results indicated that there was laminar, transition and turbulent
flow over the plate depending on velocity and distance from the leading

edge. When the flow was disturbed artificially the heat transfer

results indicated turbulent flow throughout.. In the laminar region,

the combination of a large number of previous theoretical solutions
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allowing for an unneated region and uncertainty of whether the flow at
points of measurement was truly laminar over the whole heated section

or not prevented a firm conclusion being made and the need for further,
more prcecise, experimental work was observed. In the turbﬁlent region
tne theorctical.analysis of Rubcsiﬁ was in best agreement with experiment,
giving the heat transfer as

22
03 29 0.3 Prl/} (2.49)

wnere y<X, X being the distance from the leading gdge and y the distance
from the leading edge to wnere the heated section commences.

In 1961 Hanna & Myers {51} gave a theoretical prediction of the
turbulent heat transfer from a flat plate by using an analogy between
heat and momentum transfer. As a simple relationship between the
temperature and velocity fields does not exist because bf the dependence
of the velocity field on the kinematic viscosity the analysis was based
on finding an appropriate, but fictitious, velocity distribution related

to the actual temperature profile. Assuming that the velocity profile

1
followed a n th power law profile they derived the equation
(I\ +1) :
st pr Mt = g (2.50)

where f is the frictlon factor.

An experimental investigation of the boundary layer flow on a
rotating flat plate was made by Persh & Sherwood { 47 } in 1956. The
radius of the plate was large compared to its width so the plate
behaved more like a flat plate in an airstream than a rotating disc.
The plate extended poth sides of the centre of rotation so that each

plate travelled in the wake of the other. The boundary layer velocity

profiles, measured with survey rakes fixed to the plate, indicated that

a rather thick separated region occurred near the leading edge with

reattachment downstream and turbulent flow throughout. The separation

was eliminated by fitting extensions to smooth the flow at the leading

and trailing edges of the plate, but laminar flow could not be achieved,
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Trom wnich it & tnat
Trom wnich it appeared that a laminar flow could not be established on

~ DS eirils) wrieh Y < B .
a surrace which advenced into a wake or region of velocity deficiency.

Non~-Isothermal Surface

In 1950 Lighthill {42} made a theoretical examination of the heat
ransfer through a laminar boundary layer, for an arbitrary distribution
of main stream velocity and of wall temperature, for all values of the
Prandtl number and up to large values of Mach number. He analysed
viscous heating of the surface as well as dissipation from a heated wall.

Davies & Bourne {45} calculated the heat and mass transfer in
laminar and turbulent boundary layers on a flat plate with arbitrary
variation of surface temperature and mainstream velocity distribution.
In the laminar region this method represented an improvement on that of
Lighthill, which was based on a linear approximation to the exact
velocity profile, whereas Davies & Bourne assumed a poWer law
representation of the velocity profile of the for& u=20C xm. The
solution for the surface temperature was presented as a seriles in x,
the distance from the leading edge of the momentum boundary layer. The
heat and mass transfer 1in the turbulent boundary layer was analysed
using the same methods. This paper made no contribution to the
theoretical prediction of the neat transfer from a flat plate as an
exact solution already existed, evaluated by Chapman & Rubesin, but was

presented as proof of the validity of a new method of solution.

SUMMARY

An exact solution of the boundary layer equatlons for free convection

heat transfer with laminar flow was made by Ostrach, giving for air

1
L

Nu = 0.388 (erPr)
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The difference between this solution and an approximate one by
Schmidt & Beckmann, with Pohlhausen, was very small, the constant of the
equation being changed to .33, The experimental results correlated
well with this expression, being only slightly higher due té extraneous
air currents.

Tor turbulent flow, the experimental data, although considerably
scattered, supported the theoretically derived expressions of Colburn &
Hougen and Eckert & Jackson, which are respectively:-

Ny

Nu

0.108 GrTl/}

2/5
L 0.0187 GrL

it

The derivation of these results was semi-empirical; fér the first the
experimental value of the eritical Reynolds number was needed and for
the second, the velocity and temperature profiles were based on
experimental findings.

Hara studied the effects of the usual assumption that fluid
properties did not vary within the boundary layer, and he found that
this gave an inaccurate prediction when the temperature difference
between the surface and fluid stream was high. The equation for the
heat transfer, modified for variable fluid properties was given as

Nux

i

1
0.388 (G, Pr)* (1 - 0.055 Tw-ﬂn)
T

(2]

so for a 1% change in the predicted heat transfer a surface temperature
(o]
difference of 5300 is needed with an ambient temperature of 20 C.
The theoretical predictions of the forced convection heat transfer

by Zckert & Gross and Schlichting correlated well with experimental

data from Furber and Edwards & Furber when allowance was made for the

unheated initial length of the plate. The effect of this unheated

portion gave rise to considerable discrepancies during early experiments

but it has now been thoroughly investigated, a theoretical analysis

being given by Tribus & Xlein.
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A number of experiments have been made to investigate the effects
of leading edge shape and freestream turbulence. A blunt leading edge
caused turbulent flow over the whole plate whilst the heat transfer had
the same turbulent values as found after natural transitioa on a sharp
edped plate witb a long tapered noée; the latter caused the least
disturbance to the {low. However all heat transfer measurements were
made well downstream of the leading edge, whilst velocity measurements
immediately beyond the nose showed a separated region of flow with a
+hick boundary layer following it, so it is likely.that heat transfer
measurements taken there would have given results vastly different from
usual turbulent flow ones.

Freestream turbulence again advanced the onset of transition to
turbulent flow but did not affect the values of the heat transfer
coefficients compared to those found with natural transition to turbulent
flow. |

For many applications (aircraft, vehicles, etc.) it has been
desirable to produce a leading edge shape which caused a minimum of
disturbance to the airflow. For heat transfer applications (i.e. heat
exchangers) however, it is more often the aim to achieve maximum
efficiency of transfer and an increase in'the resistance to airflow may be
of secondary consideration, therefore it-is surprising that such a small
amount of work has been found on leading edge effects, whilst the

indications are that a large increase in the heat transfer coefficient

may be available.
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Chapter 3
APPARATUS AND PROCEDURE
2.1  INTRODUCTION
The conventional steady state technique was used to measure the
heat transfer coefficient. This method was used in preference to the

more recently developed mass transfer techniques and to cooling curve
methods. The apparatus was based on that of Cobb & Saunders { 32} ,
with some modifications in the light of their results. It consisted
of an electrically heated disc which was rotated both in still air in a
curtained enclosure, and in an air crossflow in a wind ﬁunnel.

The heat transfer coefficients were calculated from measurements
.taken when steady state was achieved,of the heat input to the disec, the
disc surface and ambient temperatures and the area of convective heat
transfer. Allowances were made for the heat losses to the rim of the
dise, to the shaft, and by radiation, all of which were minimised by
initial design and subsequent modifications to the rig.

Due to the iterative nature of the calculations of the mean heat

transfer coefficients, a computer programme was developed to process

the results.

The accuracy of the experimental data, as deduced from the accuracy

+
of the component measurements, was = 5%.

3,2  ALTERNATIVE EXPERIMENTAL METHODS

Experiments to measure the heat transfer from a rotating disc could

be performed in & number of ways, as {indicated by the methods described
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in previous papers. Kreith, Taylor & Chong {34 } eliminated the

problem associated with measuring temperatures of, and supplying heat to,
a rotating body by using a mass transfer technique. This was successful
for the disc in an open environment but when used to find the effect of
nearby stationary planes inaccuracies arose because the system was unable
to allow for recirculation of hot air. Direct measurement of the heat
transfer by Richardson & Saunders {35} showed that this recirculation
had a considerable effect on the heat transfer (see figure 2.12). As
experiments were to be made with sectors of material adjacent to the disc
surface, which could cause recirculation of the flow, the mass transfer
technique was rejected.

The heat transfer coefficient could also be found by measuring the
cooling curve of a disc brake when mounted on a vehicle or dynamometer,
but it is difficult to separate with any accuracy the heat losses due to
. convection, conduction and radiation. In addition the equipment needed
is costly and the environment difficult to control. For these reasons
the heat transfer was found by direct measurement with a steady state
system, using a rig to simulate the conditions of operation.

Having decided upon the experimental technique, the general
principles of the apparatus were next to be considered. The heat could
be supplied to the disc in a variety of ways, by friction through a disc
brake, by radiation transfer from a hot body located adjacent to the
surface, by induction heating, or by an electrical heater mounted inside
the disc, the heat being conducted to the surface. Friction heating
d not be effectively controlled due to temperaﬁure effects on the

coul

brake linings, and a close hot body or induction heating apparatus would

disturb the airflow in the vicinity of the disc, soO these could not be

used. Internal electrical heating can be closely controlled, the only

problem being to pass current to the rotating disc, using slip rings,

with their inherent losses. These, however, can be reduced to a very

small level by careful design. It was, therefore, decided to use an
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internal electric neater to supply the heat flux to the disc surface.

Surface temperatures were to be limited to 1OOOC so as to minimise
distortion of the disc and allow freedom in the selection of materials.
In addition, it was desirable to keep temperature differenées small to
prevent large cpanges in the fluid‘properties within the boundary layer.
For this temperature_range and for ease of use thermocouples were the |
obvious choice for measurement of the disc surface temperature. The
thermocouples were mounted flush with the disc surface to measure the
temperatures directly, whereas previous workers have mounted them below
the surface and applied a correction to the readings to obtain the
required temperature. The former method is more desirable provided the
thermocouples are mounted so as not to alter the characteristics of the

surface.

3,5  APPARATUS

GENERAL CONSTRUCTION

A number of requirements had to be considered in the construction of
the rig. Vibration at the disc needed to be negligible to prevent
interference with the natural point of transition. The electrical
supply to the heaters, being A.C., must be kept as distant as possible
from the thermocouple circuitry to prevent interference with the
thermocouple signals. The disc material needed to have a smooth surface
finish 1like a brake disc and a high thermal conductivity to maintain a
uniform surface temperature with a varying heat transfer coefficient.
These features will now be discussed in turn, as the construction of the
apparatus is described.

A scale drawing of the rig is given in figure 3.01, and a general

photograph in figure 3.02. Appendix 4 lists the manufacturers of the

component parts of the rig.
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In order to prevent vibration the rig was constructed to be rigid
and the possible sources of vibration were isolated. Four bearing
pedestals, made from channel section mild steel, were bolted to a 1.7m
length of heavy 0.%m wide channel, which was supported by é table
constructed from angle iron. Thé shaft was split into three parts,
connected by rubber flexible drives, to stop transmission of vibrations
from one shaft to the next, necessitating six self-aligning bearings.

One shaft carried the driven vee belt pulley and heater power slip rings,
with a cage around them for safety, the next carriéd the disc, and the
third the thermocouple slip ring units. The electric motor was mounted,
through rubber feet, onto a separate table below the main shaft and the
drive was transmitted with a vee belt and pulleys.

An enclosure was needed around the disc to shield it from air
movements in the room. The size of this enclosure was determined from
the measurements of Richardson & Saunders { 35} on the éffects of a
nearby stationary plane on the heat transfer from a rotating disc (figure
2.12). This revealed that with a reasonable enclosﬁre size of 0.6m
square, and a main disc diameter of O.4m (disc diameter to gap width
= 1.3) the heat transfer would be reduced to 98% of the isolated disc
value. The top of the enclosures was left open to prevent a large
reciréulation of hot air which would occur if the disc were fully
enclosed. ‘ This would lead to a lengthening of the time needed to
reach steady state and would also give problems in the measurement of
the amblent temperature. Cobb & Saunders {32} bad a ratio of disc
diameter to distance from the disc to the bearing support of 8.1, which
could have had an appreciable effect on the airflow near the disc, and
so for the present apparatus this ratio was reduced to 2.4. As this

lengthened the disc shaft it entailed a slight increase in the disc

" shaft diameter to keep the whirling speed above top operational speed,

taking it from 25mm to 32mm.
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Appendix 3 shows the calculation of the disc shaft whirling speed,
which was found to be 8870 r.p.m. for the disc and shaft balanced to an
accuracy of 3600g.mm. well above the top speed of 2000 r.p.m. It was
not expected that the disc shaft would appreciably affect ehe airflow
on the disc surface as the shaft eiameter was only 32mm, as compared to
the main disc diameter of 400mm, and would therefore impart a much lower

veloclty to the air.

DISC CONSTRUCTION

A scale section drawing of the disc is shown in figure 3.03. The
disc was formed of two outer aluminium plates, clamped over the main
electric heater. A ring of three countersunk screws held the plates to
a Tufnol mounting flange, which was in turn taper doweled to the shaft.
The outer partsof the plates were secured by an insulating ring, which
was held by the split guard heater ring, held in turn by a ring of eight
countersunk screws.

The surface of the aluminium disc was finished to O.2um by metal
polishing and, when mounted on the shaft, ran true to 0.32mm axially and
at the rim was eccentric by 0.015mm.

The main heater consisted of 0.64mm diameter "Wiggin Brightray
Alloy C" nickel-chromium wire (max. current 5 amp at SOOOC straight wire
free air temperature) wound in a constant pitch spiral on a sindanyo
former. Another sindanyo sheet of the same thickness was placed over
the former to give full electrical insulation to the heater. The heater
was wound to give a uniform heat flux, and as for most tests the heat
transfer coefficient varied little over the surface of the disc, and

the aluminium sheets transferred heat in the lateral direction very

quickly,this was sufficient to give a predominantly uniform surface

temperature. The outside surfaces of the sindanyo case were pressed

into close contact with the aluminium plates to ensure even heat flow.
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CCLSTRUCTION QF DISC
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The resistance of the main heater was 120 ohm at EOOC

The guard heater was needed because the rim of a thin rotating disc

convects away a considerable amount of heat, due to its large surface
area and high heat transfer coefficient, compared to the disc surfaces.
Therefore, eitber a thick insulating ring or a separate guard heater
must be fitted to the outside of the disc. A thick insulating member
would considerably increase the settling time of the system due to its
slow rate of heat absorption and the calculation of heat losses would

. be difficult as the ring would convect at both side surfaces and at the
im. In addition, a heat flow to the rim would set up a temperature
variation with radius on the surface of the disc, which is required to
be as near isothermal as possible. A separate guard heater was
therefore attached to the outside of the main heater. The power supply
to this was varied to bring the temperature difference between the two
heaters virtually to zero and prevent a loss of heat ffom the main disc
to the rim.

The guard heater was formed of two aluminium rings, with the same
heater wire as used in the main heater threaded into a glass fibre
insulating sleeve and wound in to a groove. The resistance of the
guard heater was 2% ohm at QOOC. Cobb & Saunders did not use an
insulating ring between the main and guard heaters, but machined the
adjoining faces to give a small area of contact. However, evaluation
of their heater balance graph (figure 3.,04) shows that the temperature
difference across the gap petween the disc and guard ring had to be
kept to 0.3% of the disc to ambient temperature difference to achleve

T =,  For a minimum temperature difference

an experimental accuracy of

o
of lOOC this corresponds to pa O.O}OC, whilst for a maximum of 80 C this

‘ +
difference was still only t 0.2400, or approximately -‘10.9 )LV potential

from a thermocouple. This was very small to be accurately measured

with the Pye thermocouple test set as the galvanometer needle can only
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FIGURE 3,04

Sensitivity of balance of guard heater to

main heater
—X— tests at 500 rpm, allowance made for heat flow
—+— tests at 500 rpm, no allowance made for heat flow
—O©— eXxperimental data from Cobb & Saunders [&2]
| { B R - " at 460 rpm T
_ I N S DR L
| C o
e . RS A R S S
: . | l
o | ] ;
I |

150 :
i
i
|
% S |
| % . |
,OO" ; ‘ i : -
i ; 1
— PRSI I v ! ,
i
e UV SIS SIS PSS -
i ;
L . l l o) +30
50 -30 -20 -i0 0 +0 2

nce across insulating ring as

fere
temperature dif o 1o air temperature difference

a percentage of dis



69

be set to an accuracy of I 2.5V, equivalent to 25% of the maximum
allowable error.

Initial tests were made without an insulating ring between the main
disc and guard ring, and the heat transfer results verifiea that a
balance could not be accurately méintained, calculations showed that for
a reasonable temperature difference of 1.OOC, a heat flow of 760 watt
was created, equilvalent to the maximum main disc power. By inserting
two plywood insulating rings with an air gap at the centre, as shown in
figure 3.03, this heat flow was reduced to only 2 watt. Experiments
with this arrangement produced the heater balance graph shown in figure
3.0&. For a ratio of temperature difference across insulator to disc
temperature above ambient of t 5% an experimental accuracy of pa 2.1%
was reached. This was further reduced by calculation of the heat loss
across the insulator to b 0.7%, as explained in the section on

"Calculations".

THERMOCOUPLES

Eight thermocouples were mounted on the disc assembly, two to
difference
measure the temperaturéﬁécross the Tufnol mounting flange,two to measure

the temperature difference across the rim, and the remaining four

mounted flush with the disc surface at different radii on one side only.
They were mounted all on one side to measure as closely as possible the
temperature variation with radius. Other tests, to be described later,

were made to see if both sides of the disc were operating at the same

temperature.
The two rim thermocouples were mounted on opposite sides of the

plywood insulating ring, on the same radius, inside the disc. The

two thermocouples which measured the heat loss to the shaft were placed

one on the Tufnol mounting and the other on the shaft as shown in

figure 3.03. Tt was assumed that the shaft, having a much higher
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thermal conductivity than the Tufnol, would be of constant temperature

in the vicinity of the flange, and so the thermocouple was fixed to the
snaft surface at the side of the flange.

The four surface thermocouples were placed at radii of 95%, T0%,
45% and 20% of the main disc outer‘radius. They were fitted in grooves
flush with the surface, and cemented in position with Araldite. As
Araldite is a good insulator the thermocouple Junctions were fixed in
position to protrude slightly above the surface and were then ground
down to be perfectly flush. With a Junction diameter of 0.76mm the
temperature rise from the surface to the Junction centre position was
calculated as 0.1500 for IOOOC disc surface temperature. Araldite was
not allowed to cover the thermocouple as this would lead to a much
higher error, for example, an Araldite thickness of only 0.03mm above
the thermocouple would give a junction temperature loc above the surface
temperature when the latter was 100°C. The thermocoupie leads ran level
with the surface for 100 wire diémeters, to minimise lead conduction, and
were then channeled into the interior of the disc.

The leads from all the thermocouples ran in a channel inside the
disc on one side, came out at the base and then travelled along a channel
in the shaft. ‘The heater supply wires travelled along a channel on the

opposite side of the disc.

ROTATION

A continuously variable speed from %0 to 3000 r.p.m. was decided

upon, corresponding to a rotational Reynolds number from 8000 to 800,000.

This gave a rotational speed slow enough to observe natural convection

heat transfer effects, shown by Young {31} to be effective up to a

Reynolds number of 40,000, and at the maximum speed 70% of the disc

would be covered by turbulent flow, assuming a transitional Reynolds

number of 240,000.
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The power required to rotate the disc against frictional resistance

was found from the equation for the moment coefficient by Theordorsen &

Regier {10} .

o -0.2 :
Cm = 0.146 Re for turbulent flow (3.01)

At 2000 r.p.m. Reo = lO6

giving Cm = 0.009

i _ T
using Cm = q (3.02)

3w?Rop

we have LT qQ = 0,335 N.m.

This requires a power of 106 watt at 3000 r.p.m. (0.142 hp). In
addition the losses in the bearings, belt drive and slip rings have to be
overcome.

A 375 watt (O.5hp) variable speed D.C. motor with a Variac and
rectifier control gave a speed range of 70 to %000 r.p.m. at full load
and was used with a Fenner vee belt drive of two ratios, 1l:1 and 1:2.26.
A single pulley of 0.15m (6 in) was fixed to the pulley/slip ring shaft,
whilst two pulleys of 0.15m and 0.07m (2.65 in) could be interchanged on
the motor. Two belts were needed, the one not in use being stored
around the pulley/slip ring shaft, and the height of the motor table was
adjustable to give the correct tension to the belt.

Subsequent tests proved this motor to be overloaded when tests were
made with sectors on the dise, which occasionally rubbed the disc and
considerably inéreased the friction drag. The motor continued to
function, but required frequent renewal of the carbon brushes. To
check for overloading an ammeter and voltmeter were connected to the

motor supply. Tt was found that mains variation only occasionally

caused speed changes greater than b %, and when this occurred the test

was repeated, so an electrical damping circuit was not required in the

motor supply.
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The rotational speed was measured with a Hasler hand tachometer,

located in a centre at the end of the pulley/slip ring shaft. This
tachometer had graduations of 2 r.p.m. It was calibrated with an
electronic pulse counter focussed on the eight bolts at thé periphery

of the dise, giying eight pulses ﬁer revolution. A discrepancy of

2 r.p.m. was found throughout the speed range, which was lgnored. Below
approximately 60 r.p.m. the speed was measured by counting the revolutions

in a minute.

ELECTRIC HEATERS

The construction of the heaters has been described and the method
of power control will now be shown. The supply was taken from 240v
AC mains and reduced to the required voltage with a sefies of resistance
circuits, or alternatively increased with a Variac connected in the over-
voltage position. The electrical circuits are shown in figure 3.05.

The required main heater power was calculated from the rate of
convective heat transfer found by Richardson & Saunders and the maximum
required surface temperature of IOOOC. The guard heater power was
estimated from the guard ring surface and rim rate of convective heat
transfer, as shown in Appendix 5. These calculations gave a requirement
of 470 watt for the main heater and 235 watt for the guard heater, a
ratio of 2:1. However, when tests commenced it was found that more

power was needed for the guard heater, as the dissipation from the rim

wes much hicher than expected, lowering the ratio to 1.27%5:1. The power

of the guard heater was therefore increased to 360 watt by reducing the.

resistance of the control rheostats. when the tests were run in the

wind tunnel the main heater power was increased due to the high heat

transfer coefficients found with air crossflow. An over-voltage

connected Variac was used giving up to 750 watt for the main heater.
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Figure .06 shows the box of slidewire resistors used to control
the heater power.

The power to the main heater was measured with a O-3A ammeter and
0-200v voltmeter connected into the circuit. The voltmetép could also
be switched intp the guard heater'circuit to measure the voltage there.
A voltage reading was sufficient as an accurate measurement of the guard
heater power was not needed. These gauges were calibrated with a
Cambridge AC dynamometer wattmeter, of accuracy to BSS 89, Pr grade.

The resultant calibration curve is shown in figure 3.07 and this was
incorporated into the computér programmes which processes the results.
The maximum error was 2.5% at 50 watt, and above 140 watt the error
settled to an average of -1.1%.

The power was transmitted to the heaters through four gun-metal slip
rings, with low metai grade graphiterbrushes, supplied by Star Electro
Carbons Ltd. Preliminary tests were carried out on these rings to
determine the power loss. Two rings were connected in series and
resistance readings taken at rotational speeds up to 3000 r.p.m. For
poth pairs of rings the resistance was less than 0.01 ohm at all speeds,
both with the rings dirty and cleaned with fine emery. A photograph

of the slip rings is shown in figure 3,08,

TEMPERATURE MEASUREMENT

The location of the thermocouples in the disc assembly were
described in a previous section. Eight other thermocouples were

positioned in the enclosure around the disc to measure the ambient

temperature.

Nichrome-Constantan thermocouples were used for their high e.m.f.

per temperature difference value and the low thermal conductivity of

both of the constituent wire materials, hence increasing the accuracy

of temperature measurement and reducing the lead conduction. The

Junctions were formed by resistance welding, using a capacitor
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discharge machine, which gave junctions of approximately O.75mm diameter.
The thermocouples were calibrated from O to IOOOC, prior to installation
onto the rig, against a N.P.L.-calibrated mercury-in-glass thermometer.
A1l the thermocouples agreed to within 0.6%, and the averaée potential

| over this range.was 45.3 uV/OC. Both calibration and rig tests used an
ice/water cold Jjunction and a Pye thermocouple test set to measure the

potential. The potentiometer needle of the test set could be zeroed to

+ 0
I 2.5 4V (0.06°C), whilst the set was calibrated to 10.1% or t 54y,

whichever was the smaller. Therefore for a measurement of 100°¢C

(4700 uV) the accuracy was : 4,7 uv. A fifth order polynomial equation
was fitted to the thermocouple calibration curve to facilitate computer
calculation of the temperature from the potential reading. This
polynomial

was T = 0.08814 + 24.66 Em - 2.169 Em2 + 0.8452 Em’

- 0.1823 Em* + 0.01473 Em5 0C (3.03)

with Em in mV. This showed a zero error of -0.08800 and a deviation of
+ 0.196, - 0.10200 from the experimental results. After installation

the thermocouples were checked at ambient temperature and the readings

were all within 0.3°C at 20°C.

Richardson & Saunders discovered recirculation currents inside the
enclosure of their rig which required more than one thermocouple to
determine the mean ambient temperature. With the present apparatus it

was found that four thermocouples placed in the axial inflow stream of

air on each side of the disc were sufficient to find the ambient

temperature. There was & noticeable difference between ambient

temperatures taken on elther side of the disc, but very little variation

between measurements taken on the same side. Experiments were made

with shields on the ambient thermocouples to stop radiation heat transfer

from the disc, but the i{ncreased surface area of the shield increased
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the recorded temperature instead of decreasing it. An unshielded
thermocouple increased from 27.}00 to 27.&00 for a disc temperature of
SNOC, whilst with a shield it increased to 27.700. Recirculation
within the enclosure at 700 r.p.m. increased the ambient femperature to
32.9OC for no §hield, and 33.300 With a shield. These tests verified
that the recirculation error must be measured but the radiation effeét
from the disc to an unshielded thermocouple can be neglected.

The thermocouple circuits are shown in figure 3.09. The nichrome
and constantan wires are brought from the disc, through channels in the
shafts to the extreme end of the thermocouple slip ring shaft where they
are left to protrude beyond the last bearing. Here they are soldered
to copper wires which return to one slip ring each. From the slip ring
brush copper wires go to a multi-position switch which connects one pair
in turn to the measuring circuit. Copper wires travel from the multi-
switch to a point very close to the rotating soldered Joints at the end
of the shaft, to give as near equal temperature to them as possible.
They are then soldered to nichrome and constantan wires again, which in
turn have their Jgnction in an ice/water mixture in a wide mouth thermos
f£lask to form the cold junction. This circuit fulfills a number of
requirements. The comnections from thermocouple wire tq copper wire
are all within a small area, as near a constant temperature enclosure
as possible, shown in the photograph of figure 3.10. The rotational

movement of the shaft prevents hot-spots in this region by ensuring a

continuous movement of air. Only one cold junction is needed, as this

{s in the measuring circuit and so if a variation in the temperature of

the.ice/water mixture occurs it affects all thermocouple readings alike

and minimises the error. The ambient thermocouple wires are brought

to the constant temperature enclosure, where they join the same circuit

as the disc ones.
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The slip rings are made of gun-metal (88% Cu, 10% Sn, 2% Zn)

using high metallic copper-carbon brushes. These brushes are small
compared to the ring, and work under a very lightly loaded spring.

They make reliable transmitters of thermocouple e.m.f.s fof two reasons,
the rings and ?rushes both contain a high percentage of copper, reducing
the chances of producing an e.m.f. due to the contact of dissimilar
metals, and the low spring load and high ring mass keep running
temperatures low, agaln reducing any potential created at the brush-ring
interface.

The rings were tested to find the effect of speed and running time
on e.m.f. transmitted. The rings were cleaned with very fine emery
before tests commenced. Speed had no effect on the readings, and during
a run of T: hours the reading rose by only 0.375°C at around 25°C.  The
rings were not re-cleaned during this time but it was subsequently found
that they oxidised whilst they were stationary, rather than accumulated
a film of carbon during a run, so they were cleaned prior to each daily
run of tests. However, dirty rings were noticed immediately as they
gave an erratic reading, not a consfant inaccurate one.

Two thermocouple multi-switches were used to feed all sixteen
thermocouples to the measuring circuit in turn. These had silver plated
contacts for a long wear life and low electrical resistance. Frequent
switching over a period of a few minutes was occasionally made during

the tests, with no effect on the thermocouple readings.

WIND TUNNEL

The wind tunnel was a blower type with a closed working section and

open return. The air was supplied by a centrifugal fan driven by a 20

hp motor. From the fan the air entered a large expansion and

contraction chamber with flow diffusers, which gave a more uniform

velocity distribution and reduced the level of turbulence intensity.
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with the original test section of 0.46m square the level of turbulence
intensity was guaranteed less than %% of the mean velocity. A new test
section was designed to fit around the disc and between the bearing
supports of the rig resulting in a duct of 0.7m by 0.25m. | The new duct
changed from the original size to.the new one in a length of 0.46m and
then ran for 0.56m before reaching the test section containing the disec.
A photograph of the rig in position with the tunnel and showing the new
ducting is given in figure 3.11. The tunnel was manufactured by Plint
& Partners Ltd.

Calculations of the friction in the original duct at Z0m/s
entrance velocity gave a loss of 1.5m of air (5.um/$) and with the new
duct the friction loss was 3.7m (8.5m/s), but the reduction in area gave
an increase of 9m/s. Therefore the air veloéity in the new test section
was calculated to be 30.5m/s for the same setting that gave 30m/s
originally. In fact, measurements of the duct effect Qere only made at
the maximum speed, where the original'speed was 36.5m/s whilst the new
one was 34.5m/s, indicating that the frictional resistance was slightly
higher than expected.

The details of the entrance velocity variation and temperature

measurements, blockage area and wall constraint effects are given in

chapter 4, part 3.

VELOCITY MEASUREMENT IN THE BOUNDARY. LAYER

To measure the velocity in a boundary layer a very small bore pitot

tube is needed due to the rapid change of velocity with distance. In

addition a large range of velocity has to be measured with close accuracy

to obtain a good representation of the profile. To achieve these a

pitot tube was made from a hypodermic needle. The -end of the needle was

modified to a rectangular shape O.l2mm X O.76mm, and the long side
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mounted parallel to the disc surface in order to measure across as small
an axial width as possible. The total pressure was transmitted through
a plastic tube to a Hilger & Watt type MDC electrical micromanometer.
This is a transducer which converts pressure to an electrical signal
which 1s then read directly on a éauge. By using three transducer heads
(500-0-500, 50-0-50, 5-0-5 N/mg) pressure heads from 0.2 to 1000 N/m2
were measured, giving air velocities from 0.58 to 40.6 m/s at 20°c.
Each head had a guaranteed accuracy of 1%. The static head was taken
as atmospheric pressure outside the boundary layer. |

. To measure the angle of yaw the pitot was mounted onto an arm which
rotated against an angular scale, of accuracy I 0.50, such that the end
of the pitot tube moved around a point. The pitot was then rotated
until maximum velocity was recorded on the micromanometer, and then that
angle was the angle of yaw at that point. The yawmeter is illustrated
in a photograph in figure 3.12. The axial position of the pitot was

set with a depth micrometer, reading to 0.025mm (0.001 in).

FLOW VISUALIZATION

Flow visualization was achieved by releasing a visible gas into the
airstream. Two gases were used, titanium tetrachloride, which smokes
in contact with air, and paraffin smqke. The former was kept in a wash
bottle and air was blown through it, forming smoke, which was carried to
the required release point throﬁgh a rubber tube. This arrangement was
portable but had to be used with care due to the corrosive action of the

smoke. Paraffin smoke was made with a smoke generator. This was

safer, although Jjust as unpleasant in heavy concentration. The machine

took a few minutes to warm up and waswcumbersome, needing a long tube to

carry the smoke to the release point. The rate of release of either

smoke could be easily varied.
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EXPERIMENTAL CHECKS

During construction of the disc the main heater was clamped firmly
against the inside faces of the aluminium plates and each side of the
disc was made and treated identically. This meant that each side of the
disc should conduct the same amount of heat from the middle and both
surfaces should be of the same temperature. All the thermocouples were
mounted on one side of the disc to obtain a good coverage of the surface
for an accurate picture of the variation of surface temperature with
radius. Therefore the temperature of each side of the disc could not
be checked with the disc rotating. Since a high rate of convective
heat transfer was needed to show up any discrepancies tests were made
with the disc stationary in the wind tunnel with an air crossflow of
15m/s. Thermocouples were taped to each side of ﬁhe disc in identical
positions and they gave the readings shown in figure 3.13, where they
indicate that the heat flow to each side of the disc was not identical
but followed the average ratio

() couple = 2 0O couple - 1.148" 8'883 (3.04)
5 Q total o couple + © no-couple B

Tests were also made with the disc stationary in still air but thev
results were too easily affected by stray air currents and were
considerably scattered.> The above ratio indicates that there was 15%
extra heat flow to the side of the disc with the thermocouples mounted
on it. As the disc was not diémantled whilst all the other tests were
made it was reasonable to assume that this ratio{remained constant; it
could oﬁly depend on the internal resistance to heap flow of the disec.

When the ambient temperature was measured in the enclosure it was
found that those thermocouples on the hotter side of the disc

consistently indicated higher temperaﬁures, due to recirculation from

this Hotter surface. Therefore the heat transfer calculations were

made for one side of the disc only, as the surface whose temperature was
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Measurements of heat flow to each side of the experimental

di sc

crossflow velocity 14-6 m/s, disc stationary

tempera@ure of thermocouples
power placed in identical positions correction facton
On opposite sides of the disc
input above ambient 2 Ocouple
watt o Ocouple ©non-coupls
0couple enon—couple
. 35+5 25-1 1-170
716 38-2 29-3 i 1:130
36-8 27:6 f 1-142 ]
average | 1-148 ;
25-1 17-9 § 1-169 5
524 278 20-8 ! 1-144 |
26 -0 19-7 | 1-139 |
average E 1-151
164 11-7 1-169
%34 18-0 1%-5 1-142
16-8 12-7 1-139
average 1-150
17.7 12 .l 1'189
324 17-8 13-0 1-156
average 1-145
27_4 18-6 1'190
509 o7.7 203 1-152
on.g8 219 1-119
average 1-154
29 4 28-7 1-156
54 413 30 -3 1-152
41-4 32-8 1-116
average 1-141

average correction factor from all the above
+Q0-003

‘readings = ;-148 - 0-007
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continually measured could draw an ambient supply from that side of the
enclosure only. The heat flow to that side of the disc was easily
calculated from the total heat input multiplied by the ratio of heat
flow to that side (equation 3.04),. |

Previous work has shown that.the heat transfer‘coefficient is
independent of radius for laminar flow and varies with radius to the
index 0.6 for turbulent flow, hence for a uniform heat flux the surface
temperature should not deviate greatly from constant. In addition the
high thermal conductivity of the aluminium relative to the low thermal
conyection from the surface should further help to produce a uniform
surface temperature. Experiments showed that the surface was uniform
to within p 8% of the disc to air temperature difference for the worst
case of a stationary disc in still air (natural convection) and to T oug
for all the other cases.

The heat transfer from a rotating disc in still air was measured
at a rotational Reynolds number of 120,000 with the disc in a curtained
enclosure, in a test section of a wind tunnel and with the curtains
removed, leaving the enclosure as a large room. The same results were
found for each case, indicating that the enclosures did not affect the
heat transfer, with the proviso that in the curtained enclosure and the
wind tunnel the ambient temperature was measured with care to ensure
that any recirculation of hot air was allowed for. Natural convection
was negligible at that Reynolds number.

The overall accuracy of the results, as deduced from the accuracy

of each component measurement was b4 5%. The scatter of results for the

disc rotating in still air and in an air crossflow was ¥ 4% but a larger

scatter was created by friction effects when sectors were placed on the

~

disc.
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3.4 PROCEDURE
In this section the method of taking the measurements will be
described along with the checks that were needed. Certain assumptions

had to be made-in the calculation of the experimental data, and these
will be described along with their justification and the effect of their
being in error, and finally the processing of the results will be
explained.

Preliminary tests were made to discover the length of time needed
for the system to reach steady state. The longest time was with the
lowest rate of convective heat transfer, which was natural convection
from a stationary disc in still air, taking four hours to reach steady
state. The shortest was with an air crossflow on the disc, taking
about thirty minutes to reach steady state. The rotational speed took
forty-five minutes to one hour to stabilize at the start of a day as the
bearings warmed up slowly, allowing a gradual increase in speed.

The first test of the day would commence as follows. The guard
and main heaters were set at approximately the powers required, the
average ratio was found to be approximately

main heater power = 1.275 (3.05)
guard heater power

The speed was set just below that required and then while the system wéas
settling down the ice/water cold Jjunction flask was prepared, and the
thermocouple slip rings cleaned and checked. Surface temperature
readings were taken at intervals until they remained constant,
indicating that steady state had been reached. The temperatures on each

side of the insulating ring between the guard and main heaters were taken

and the guard heater power adjusted to bring their difference to within

*. 5% of the disc to ambient temperature difference. The guard heater

heater and

was designed to have a much quicker response than the main
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therefore settled to a new temperature much quicker.

When the system had settled to a steady surface temperature the
heater power inputs and the rotational speed were measured, then the

disc and ambient thermocouple potentials. The power inpufs and the

rotational spegd were then measured again and if they deviated from
the first readings by more than & 3% (due to mains variation) the test
was repeated. It was found that only at certain times of the day,
corresponding to dinner-time and evening shut down in the factory, did
the mains fluctuate more than this.

The measurements that were taken with auxiliary equipment, the
wind tunnel and the air jet, are described in the relevant section in

chapter 4.

3.5  ASSUMPTIONS

| The majority of the assumptions are concerned with the calculation
of the heat losses to the rim, to the shaft and due to radiation.

To calculate the heat loss to the rim it was assumed that heat was
conducted unidirectionally through the insulating ring, with no loss to
the edge and no heat }oss through the central air gap. The thermal
conductivity of the wood was taken as 0.125 J/m s OK. The accuracy of

the allowance for rim loss has already been shown to limit the error of

the heat transfer coefficient to only s 0.7%.

The heat loss from the disc to the shaft through the Tufnol mounting
was treated as a unidirectional flow through three thick cylinders. The

two outer ones had an outside edge temperature identical to the disc

surface temperature. The inner cylinder had an outside temperature as

measured by the thermocouple fixed to it. A1l three cylinders had an

inside temperature jdentical to the shaft. The thermal conductivity

o
of the Tufnol was given as 0.356 J/m s K by the manufacturers.
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Tne i i
emissivity of a polished aluminium surface was given as 0.039 to

0. b
057 by Kaye & Laby {70} , and a mean value of 0.048 was used in the

calculations.  The maximum heat loss by radiation was 4% of the total
heat input so the range of 19% in the emissivity only givés a possible
error of 0.8% in the heat transfér coefficient.

The fluid properties were taken at the mean of the disc and ambient
temperatures. Values of the viscosity and thermal conductivity for air
were taken from tables of measurements by K. Sigwart, reproduced in the
text of Eckert & Gross {71} . The relevant section of these tables

is given below, converted to S.I. units; values at intermediate

temperatures were found by linear interpolation.

Temperature Viscosity Thermal Cond. Prandtl No.
T % Y m2/s k W/m %k Pr
-23.3 9.51 x 1076 0.02223 0.722
26.6 15.7 x 107 0.0262 0.708
76.6 20.8 x 1076 0.03 0.697

It is worthy of note that for all the experiments the Prandtl

number was within the range from 0.699 to 0.708.

3,6  CALCULATIONS

The processing of each set of measurements would have been
extremely tedious and time consuming and as the calculations were of
an iterative nature a computer programme was developed to do them

(Programme no. CVAE 21).

The computer programme is shown in figure 3,14 and a print-out

shown in figure 3.15

~

All measurements were recorded in laboratory books, with each

item dated. The date was also recorded on the computer print-out

and the processed results were assembled into a loose-leaf folder,



f£IGURE 3,14 89
“BEGIN' "REAL' W 5
2 R1aUs RET, P:, sz §: ?T?EY;}ZAV} TC: VI SJK: PR> REDJLSJLRJLRADJ @sH>NU,»
"INTEGER" ALKK3;
"ARRAY' TL3:123];
""INTEGER'™ "ARRAY'"™ CL1:53;
"SWITCH' SS:=J;

""READ" N3
J
KKe:=13

INSTRING(CsKK);
"READ" Ws,P,AMP, V;
"FOR'"™ A:=3 "STEP" 1 "UNTIL'"™ 12 'DO"
“"BEGIN'" "READ'" T[Al:;
TLAJ:=3249/5% (- Q881 442 4. 66% -0, -
*T[A]f4+-®1473*T[A]15)?4 66%TLA)~2.169%xTLA) t24.8452xTLAI*t3-.1823
**END';
"*READ'" PA, TA;
TAV:=(TL6]+TLT7I+TL(8I+TL91)/ 43
TC:e=(TAV+TL123)/72;
"IF'" TC < 8@ "THEN" _
“"BEGIN' VISi=10.224(TC+10)/90%6¢665
t=.012874+(TC+10)/90%.002293
PR:=722-(TC+10)/90%.01 45
""END' '"EL SE"
"“BEGIN' VIS:=16.88+(TC~80)/90%5.5;
Ke=eD1516+(TC-80)/90%.002193;
PR:=«708-(TC-80)/90%.0113
** END''s
t=7.93753
R1:=.875;
RED:=3.14159%WxR12%1,5/(30%VIS*x144);3
LS:=(TL101-TL113)%2%3e14159%+ 4375%8 e Su= 4% 4e 1868%2+54%5/(9*LN(1+37%
/o625))+(T[9J-T[11])*2*3-14159*-4375*8o5n-4*4-1868*2o54*5/(9*
LNC.B75/.625)); N
LR:=(T£4]-T[3])*1-25o-3*2*3o14159*8-@9375*2-4*5/(-1875*9)$
LRAD.=o®48*-1714*(((46@+TAV)/100)?4-((46@+T[12])/180)t4)*2*3-14159
* (R12-R112)/144%.29307;
: =AMP* V3
"IF"™ Q<48 '""THEN' :=Q/ 48%2.7 '"ELSE"
YIF' Q<142 "THEN'" Et=-.0405%Q + 4074 “ELSE" E:=-1.1;
Q:=Q*%C1+E/Z7100); '
Q@:=Q-(L S+LR+LRAD);
Q:=N*Q/2;
::144*@/(3.14159*(R12-R112)*(TAV-T[123)*-293@7)3
NU:=H*R/(K*x12)3;
F:=.99820~-.00116%(TA-208)/5;
Fl1:2.07678%x520%PA/((TA%x9/5+492)%762)}
Ut =SORTC64e 4%PxkF%x62¢ 43/ 12/F1)3
+=256%xU/2363
RET:=Ux17.813%15/(VIS*12)3
TAV:=TAV-TL 1213
KK:=13
" PRINT' *°LS5**;
OUTSTRING(C,KK);

“"PRINT"
» 2 o*EXPERIMENTAL RESULTS FOR ROTATING DISC IN AIR CROSSFLOW

NETT HEAT INPUT‘,SAMELINE,ALIGNED(S:l):Q:
* ¢ WATT*SS* TEMPERATURE DIFFERENCE® » TAV,

"S‘F‘L‘LOSSES‘,ALIGNED(Z:l),LS,
"S“,LR:"S“)LRAD,"SS‘PR‘,ALIGNED(I,3),PR,

* 3))H: ’
* 4 *HEAT TRANSFER COEFFICIENT » ALIGNED(2» ’
'j;‘B?TH.U./FT2.H.F.‘L‘AIR CROSSFLOW VELOCITY »ALIGNEDC(351)5 Us

**S'F T/SEC’S4* DISC R-PiM-‘,ALIGNED(AJG):W:"L'RE DISC*»
Ay TN L. Y. RED, * LY RE CROSSFLOW®» RET»
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FIGURE 3,15 ¥0

Data input and Print out from computer programme CVAE 21

used to process expsrimental results

Data input

1148

*7-8-68"

S18 2435 2427 278 2.136 2.061 2.061 1942 1.959 2.009
196 24532 14341 1136 7508 25

CVAE21

Computer print out

7-8-68

EXPERIMENTAL RESULTS FOR ROTATING DISC IN AIR CROSSFLOW

NETT HEAT INPUT 357.1 WATT TEMPERATURE DIFFERENCE 32.6 F
LOSSES 18 =1.3 1¢5 PR 0.706

HEAT TRANSFER COEFFICIENT 274570 Be THeUs/FT2¢HeFo»

AIR CROSSFLOW VELOCITY 1124 FT/SEC DI SC RePeMs 518

RE DI SC 133251
RE CROSSFLOW 936352

NU 1174.2
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with the data input.  Any test could then be traced from the computer

print-out, to the data input and to the laboratory book, by following

the date. A maximum of five tests were conducted in any one day, SO

it was comparatively easy to locate any individual test shéuld the

results give cause for further stﬁdy of the experimental measurements.
Each of the calculations in the programme will nov be described.

These are in English units as the programme was written at the beginning

of the project before the S.I. system was introduced.

GENERAL HEAT BALANCE

The general heat balance equation for the experimental disc is

Q hm Ao ('1*w - T (3.06)

couple

In these experiments the total heat input to the dise, Q, and (Tw - Tm)

the temperature difference between the surface and the enclosure on the

thermocouple side of the disc, were measured.

Q was calculated from
couple
ouple = 9—5—15132 (3.07)

and Ao was found from

2 2
A, = T (R,° - Ry") (3.08)

The total heat input, Q, was found by
Q = amp x volt x calibration factor (3.09)

-(rim loss + shaft loss + radiation loss)

LOSSES

The heat losses from the disc 1n;§LzP.U are calculated as follows

- 1.5 x 1070x 2 18.09375 x 2.4 x 5(72-11)  (3.10) ¥

rim loss = kA, d@
across Iin dl, 0f1875 x 9
insulating ring
. 3 Note, The nusber following T refers to the thermocouple

position indicated in figure %,0%, vage 02.
L 4
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shaft loss =k 2'n1(TSO~TSi)where Ry, and R, are the inner
1op;e(Rso/Rsi) and outer mounting radii (3.11)
across tufnol = (07-18)27 0. 0375 x 8.5 x 10““ x 4.1868 x 2.54 x 5
mounting 9 1oge (1.375/0.625) -
M

+ (16-13)2 10.4375 x 8.5 x 107" x 4.1868 x 2.54 x 5
9 log, (0.875/0.625)

4 4
radiation loss = €0 (Th -T_.) Ao (3.12)
4 4
= 0.048 x 0.1714 4o + T, - 460 +
100 100
~

X 27 (Ro2 - R12 ) x 0.29%07
144

DIMENSIONLESS PARAMETERS

The Nusselt number, Nu, and Reynolds number of rotation, Reo were

found as below

NU = hm Ro Re =N RO am (3.13)
k 60

The Reynolds number of crossflow, Ret, was found from the wind tunnel

air velocity, U, and the characteristic length, taken as the main disc

diameter, giving
Re, = U 2R (3.14)
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Chapter 4

PRESENT WORK

The experimental work was divided into six sections. The first
consisted essentially of a repetition of some investigations into the
flow and heat transfer from a rotating disc in still air which had been
carried out by earlier workers. The remaining sections were concerned
with the study of the heat transfer from a rotating disc in situations
which had not previously been examined. The effects of superimposing
a crossflow of air, and masking certain sectors of the disc, were
considered both sepafately and together. Finally thé effects of
disturbing the boundary layer with trip wires and scrapers, and of
directing a jet of air at the disc, ﬁere studied.

The experiments were idealized representations of a disc brake
fitted to a vehicle. Masking the disc simulated the brake caliper;v
the crossflow over the disc simulated that normally induced by the
movement of the vehicle. The experiments with boundary layer disturbing
devices and air jets were concerned with possible methods of increasing
the heat transfer from disc brakes.

Where possible, an attempt has been made to provide a theoretical
analysis of the effect of the variable under study, and in all cases
the experimental data are presented in a non-dimensional form.

The basic experimental procedure that applies to all sections of

this chapter has been described in Chapter three. However, the

procedure and checks that apply to a particular investigation only will

be outlined in the section concerned with that investigation.
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4.1 ROTATING DISC IN STILL AIR

A number of researchers have measured and predicted the heat
transfer from a rotating disc in still air, and their resuits have
alrcady been d@scussed in Chapter.two. There 1s some disagreement in
their findings and hence it was thought worthwhile to repeat some of
their work in an attempt to clarify the situation. A further object
of these tests was to prove the equipment by taking results, under
conditions already investigated, and comparing them with previous ones.

When a disc rotates in still air it causes the air to be drawn in
an axial direction to the disc surface, where the rotation imparts to
the air tangential and outward radial components of velocity which cause
it to flow in a spiral path over the surface, eventually to leave at the
rim, The airflow comes into the category of forced convection as it is
induced by the motion of the disc and not by its temperature. At low
Reynolds numbers the airflow over the disc surface is laminar, and as
the Reynolds number increases the flow goes through a transitional region
to turbulent flow. Therefore, at any rotational speed, on a disc of
sufficiently large radius, one would find an inner laminar region, then
a région of transition and an outer region of turbulent flow. At very
low rotational speeds vertical natural convection currents are set up

over the disc surface due to the buoyancy effects of the hot air layer

close to the surface.

Measurements have been made of the heat transfer with laminar,
transition and turbulent flow, and with natural convection. Flow

profiles have been measured and flow visualization techniques used.

NATURAL CONVECTION

n

At low rotational speeds, with Reynolds number below 2x110,

natural convection has an appreciable effect on the heat transfer
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coefficient, Richardson & Saunders {351 gave the following result for

the heat transfer in the region of laminar and natural convection flow,

in terms of the Nusselt, Grashof and Reynolds numbers.
— 2 _l- ‘
Nu & = 0.4 (GrO + Re_)* (4.01)

1
This result was- supported by measurement down to (Gr + Re2)§ = 104,

In the present investigation it was found that random air movements
in the room had a significant effect on the heat transfer at low
rotational speeds although the disc was isolated by a curtained
enclosure, open only at the top. Further experiments were made when
the room was empty of other people which resulted in a lower heat
transfer every time. Figure 4.01 shows that the experimental data
follows that of Richardson & Saunders down to (Gr + Rea)% = 1.5 x lO4
but then the results taken with the disc stationary deviate from
equation (4.01) and give a higher heat transfer.

The average heat transfer coefficient for a disc, treated as a
stationary vertical flat plate, can be calculated from the equation for
natural convection heat transfer evaluated by Ostrach {54} , which has

been shown to correlate well with earlier experiments. This is

described in detail in Appendix 1, where the following result is

obtained

Fl-

Nu, = 0.38 (Gro) (4.02)

which is not far removed from the result of Richardson & Saunders for a

stationary disc. The combination of Richardson & Saunders' results

and the calculation of the heat transfer coefficient at zero speed make

it seem unlikely that the heat transfer coefficient should deviate from

the line of equation (4.01).

Tt is significant that only the present results taken with the disc

stationary deviate from that line. In this condition the surface

temperature is only uniform to within 15% of the disc to air temperature
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FIGCRE 4.C1

Heat Transfer from a Disc rotating in Still Air

Showing the Influence of Natural Convection

K experimental data, with extraneous air disturbances
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difference whereas the slowly rotating dise was uniform to within 1.
Therefore it is assumed that the heat transfer from the stationary disc

was increased due to a non-uniform surface temperature.

LAMINAR REGION

The experimental results in the laminar region are given in figure
4.02, where they are shown to be in close agreement with those of
Richardson & Saunders, following the equation

1
Nu_ 0.4 Re02 (4.03)

giving hm

0.4 k ()3 (4.04)

\Y

This illustrates the interesting phenomenon, predicted by Karman
] } in 1921, that the heat transfer coefficient is independent of disc
radius for laminar flow, and so if all of the disc surface is under
laminar flow then the local and mean heat transfer coefficients are
identical.

Later in this chapter some experiments will be described with the
disc rotating in a crossflow of air in the test section of a wind tunnel.
At the same time some measurements of the heat transfer were made with
the disc in the tunnel duct but rotating in still air. These are
compared with measurements taken whilst the disc was rotating in the
curtained enclosure in figure 4.02. As they do not differ it is
reasonable to assume that neither enclosure was having any effect on
the heat transfer from the disc. When the rig was designed the size of.
the enclosure was determined on the basis of work by Richardson &
Saunders on the effect of stationary planes close to the disc, to ensure
that the enclosure did not effect the airflow induced by the disc
rotation.

Particular attention was paid to the measurement of the ambient
temperature in the enclosure, as described ear}ier in Chapter three,

pp 74 , as Richardson & Saunders found that Cobb & Saunders{ 32 }
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Heat Transfer from a Rotating Diso in Still Air

Laminar and Turbulent flow regions

exXperimental data

X disc in curtained enolosure
© diso in wind tunnel
@ Do enolosure around disec

3
L) B A B B B B e )/5
s " Cobb & Saunders [32] (assuming all disc under padn
M turbulent flow) S
f—o 1t A
§
‘_. ———— -
sl -
3 allowing for
2 ; - part under -
laminar flow
L M“wﬁ__j“, ! i
Nug X T e ! |
o, A x '
:- | . Richardson & Saunders [35] (laminar
| flow)
¢ : - !
i ! . 0+5
b Nu = O-4 Reg
4 } -
3 .
|
i
10 = ) v F ¢ 1 6% ¢ T4 s+ -rcvl"o
jo* Lo



— R ————————.

99

had incorrectly measured this parameter, which had produced a 10% error
in their results.

Some laminar flow profiles were measured with a 0.12 x 0.76mm pitot
tube connected to an electrical micromanometer. The static pressure was
taken outside phe boundary layer.‘ The tangential profile, plotted non-
dimensionally in figure 4.03%, is the same for all Reynolds numbers, as
snown earlier for the heat transfer, and agrees with the prediction of
Cochran {4} , and the measurements of Gregory, Stuart & Walker {11} .
The radial profile proved too small to be measured with any consistency.
The angles of yaw of the flow were found by determining the angle of
maximum velocity when rotating the pitot against an angular scale. The
rectangular shape of the pitot was chosen to get velocity readings close
to the disc and gave good results for the tangential component of the
velocity but this shape made the pitot insensitive to direction of flow
and not a good tool for measuring angle of yaw. It can be seen from
figure 4.04 that the measurements taken were scattered around the
results of Gregory, Stuart & Walker. As the previous measurements of
flow profiles, by different people, agreed well the achievement of a

general correlation was considered sufficient and no attempt was made to

improve the results.

TRANSITTION REGION

Gregory, Stuart & Walker {11} reported that above a fixed Reynolds
number instability appeared in the form of stationary vortices in the

boundary layer. Theyvfound that an acoustic stethoscope made from a

length of plastic tube could be used to determine the onset of instability

and turbulence. By listening to one end while the other was held in

the boundary layer, the critical radii could be detected, as there was

silence in the laminar region, a note of fairly definite pitch as

vortices were formed and a roar in the turbulent region. The vortices
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existed only over a short range of Reynolds numbers beyond which full
turbulent flow developed.

The author repeated the experiments with a stethoscope and found
the results shown in figure 4.05, the average values being:-

Instability began at RCI = 1.27 x lO5

2
5 (4.05)

Turbulence began at ReR = 2.3 x 10

The onset of instability and turbulence came at lower Reynolds
numbers than found by Gregory, Stuart & Walker, but the point of
transition on the graph of heat transfer, figure 4,02, agreed with that
of Richardson & Saunders and with the present stethoscope measurements.
The most likely explanation for the high readings of Gregory, Stuart &
Walker is that they probably had an extremely smooth and flat disc, and
no disturbances in the vicinity of their rig, both of which would serve

to delay the onset of instability.

TURBULENT REGION

As the disc speed increases, the radius at which transition occurs
is reduced, so that the mean heat transfer coefficient increases rapidly
at first due to the combination of the higher local coefficient§ caused
by turbulent flow and the fact that they operate on a large radius and
therefore a large area. With further increases in speed the rate of
growth of the mean heat transfer coefficient is reduced because the
turbulent flow affects a progressively smaller extra area.
Correspondingly, in figure 4.02, a line through the experimental data

rises steeply from the onset of transition but flattens off to become

asymptotic to a line representing the whole of the disc under turbulent

flow.
At the maximum speed turbulent flow covered only 70% of the disc

surface, but the results indicated that turbulent flow over the whole

-
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FIGURE 4.05 103
Table of Acoustic Measurements of Onsst of
Instability and Transition on a Rotating Disc
Author's Measurements
4150 spoed | omset of instability | oumsst of tramsition |
eopeme | Tnl® | meox 10 | TAINS | pegy 107
2830 739 1-08 10-22 . 2-08
2220 8:96 1-26 12-76 2°55
1730 9.91 1:25 1452 1:96
1292 12-78 1-49 1690 2:62
me an | 1-27 2+30
Gregory, Stuart & Walker Measurements (1}
3200 8+9 1-82 11:04 % 2-82
2900 9-4 1-85 11-50 g 277
2585 9:82 1-80 1250 g 2:91
2200 10-68 | 1-81 13-20 % 277
1950 12:26 2-12 14-58 % 2:99
1700 12-02 178 15-22 | 285
1370 1371 1-86 17-13 2°90
1250 15-22 2-10 17-78 285
600 21-5 2.00 25:00 | 2.70
mean 1-904 2°:84
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surface would give the mean turbulen® Nusselt number

. _ - 0.8
Nu = 0.015 Re (4.06)

This 1s identical to the findings of Cobb & Saunders {32}, who have
also snown that the mean heat transfer coefficient can be predicted in
the transition region by allowing for part of the disc under laminar flow
and the remainder under turbulent flow. This was repeated for the
present results, as follows: -

assuming that the local turbulent heat transfer is given by

0.8
Nu, = C Re_ (4.07)

and the laminar heat transfer is taken from eguation 4.03
Nu = 0.4 Re 0.5
T T

Each local heat transfer coefficient acts over an area of 27R dR giving

the average heat transfer coefficient as

hmnR02=f§rh

.(laminar)27RaR + ["°h.(turbulent)2nRdR (4.08)
R
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For turbulent flow o the &1 s .
194 av 110w over tne calsc, ReCI’ = O, eguation 4.09 glves
M - ¢ ne 08

B o
1.3

so that from eguation 4.06 we have C - 0.0195

Using this value in equation 4.09, Nuo was calculated for a range
of Reo, with Recr = 2.3 x 105, to give the curve plotted in figure 4.02.
This curve deviates from experiment by a maximum of 15%, during the early
part of the transition region, but is in agreement above a Reynolds
number of 650,000. It was thought that this mipght have been caused by
recirculation of turbulent disturbances within the enclosure but when
experiments were made with the curtains removed from the rig the same
results were found. No other reason for the deviation could be found;
however, analysis of behaviour in a region of transition has always been
difficult and many characteristics of the flow have yet to be explained.

The measurement of the turbulent tangential profile, shown in
figure 4.06, is close to that of Gregory, Stuart & Walker. In this

graph the distance from the disc, z, is made non-dimensional by

comparing it with the boundary layer momentum thickness 6%

where §% = displacement thickness = 1.4 (4.11)
R momentum thickness
and 8% = 0.0656 R (_v_] (4.12)
RZw

The radial component of velocity and angle of yaw were not explored

due to the insensitivity of the pitot, as explained in the section on

laminar flow.

SUMMARY

The heat transfer from a rotating disc in still alr has been

measured for laminar, transition and turbulent flow over the disc, with

the following results:-
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convection flows, the results agreed with

those of Richardson & Saunders {5} down to( Re © + gp )02 - 1.% x 10
o o

viz Nu = 0.4 (=Re + Gr )0.25

below this, the discrepancy was attributed to nen-uniformity of the disc
surface temperature.
2. Transitlon began at a Reynolds number of 240,000, in agreement with
the findings of Cobb & Saunders {32 } .
e The heat transfer for all the disc under turbulent flow was found,
by extrapolation of the results, to be given by

0.8

kuo = 0.015 Reo

identical to the results of Cobb & Saunders {32} . By allowing for the
outer part of the disc under turbulent flow, and the inner under laminar,
reasonable agreement was reached with the measurements in the transition
region.

The tangential profiles measured in the laminar and turbulent
reglons were close to the results of Gregory, Stuart & Walker {11} but
the pitot tube was not sufficiently sensitive to be of use in the
measurement of the radial profile or the angle of yaw.

An important aim of this set of tests was to check the apparatus and
the consistency of results from it. These showed that the apparatus was

behaving as expected and further experimental work could then proceed

with confidence.

L, ROTATIIG DISC IN STILL AIR WITE A SZCTOR MASKED OIF

A caliper provides the means of applying the torque to a disc and

L] y 1 K - D Y B
hence is an essential part of a disc breke, which by 1ts presence olanks

of f a sector of the disc surface and destroys the rotationa} symmetry of a

PR . N
free disc. The caliper reduces the area available for convective heat

transfer and also disturbs the airflow indgced by rotation over the
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remaincer of thns 3&i surs : © £ thi
L disc surface. Tne effect of this on the flow and

aYyoaYr A _'4.,:_9 Sos s
average heat transfer coefficient of a roveating disc was tnerefore

It was assumed that any obstacle thicker than the pouncary layer
would have the same effect on the flow and so the caliper wns simulated
by two scciors of wood 1l3mm thick, one mounted each side of the disc.
Tne accuracy of this assumption was verified by tests with sectors of
different thickness. To obtain a complete analysis the sector angle
was varied from O to 360 degrees. A zero degree sector was formed from
a pilece of thin wood, 40mm wide, tipped with baize and resting on the
disc surface. This interrupted the airflow on the surface without
significantly reducing the convective area. The other sectors were
faced with balze to allow for the slightly uneven disc surface, so that
close contact could be maintained without high ievels of friction heating.
The 10 degree sector is shown in position in the photograph of figure

4.07.

PRELIMINARY EXPERIMENTS

The procedure particular to this set of tests will now be discussed

along with the experimental checks.

To determine the amount of heat caused by friction between sector
and disc a number of heat transfer tests were made on the same run, with
different heat inputs, whilst keeping the disc speed and sector angle
constant. The net heat input, after allowing for rim, shaft and
radiation losses, was plotted against the surface to ambient température

difference. An example of this is given in figure 4,08. For no

friction heating the line should go through the origin, but if it reads

a negative value of heat input for zero temperature difference an

allowance nas to be made for friction heating. This negative value of

heat input is subtracted from the net heat input‘for each test, to bring

-
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compuver progremme CVAR 22, wnich processed the cxperimental results.

The heat loss through the sector was calculated by measurement of the
trhermal conductiviiy of the sector and the temperature on cach side of it.
The heat losses through the edges of the sector were neglected as the edge
rea 1s small compared to the face area of the sector, except for small
angles, where the total loss is small compared to the heat input to the

-

disc anyway. ‘ne thermal conductivity of the wood and baize sectors was
found by measuring the heat loss through the %60 degree sector witnh the
disc stationary. The outside surface temperature of the sector was
measured with thermocouples taped to the surface whilst the inside surface
was assumed to be the same as the disc surface temperature. The rim and
shaft losses were zllowed for in the usual way, leaving the thermal
conductivity of the sector as the only unknown. Figure 4.09 shows the
plot of temperature difference across the sector against heat flow

through it, which gave

§ = 0.834 k

Q W

therefore X = 0.1208 W
O,
m X

This compared well with a value for wood from Kaye & Laby {70} of
kK = 0.15 W __
m %K
During the heat transfer tests with the‘disc rotating it was again

assumed that the temperature of the inside sector surface was identical

to the disc surface temperature and the outside temperature was measured

by taping thermocouples to it.

The ambient temperature was taken from thermocouples placed in the

airstream travelling to the uncovered disc surface, the temperatures

recorded by thermocouples facing a sector were noticeably higher due to

the wood surface than from the polished

the greater rate of radiation from

i i ignored.
aluminium surface of the disc, and these readings were therefore ig d
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Experiments were made to check the assumption that the thickness of
the sectors did not affect the heat transfer and therefore that they
accurately simulated the much thicker calipers. As it was not desirable
to alter the whole sector thickness, and hence its heat absorption rate,
the effect was achieved by fixing false cardboard edges to the sector,
this being the only region that could affect the airflow. Figure 4.12
shows that with a 90 degree sector of 13, 25, and 51lmm effective
thicknesses, at a Reynolds number of 120,000, there was no difference
between the measured heat transfer coefficients and hence no change in

the airflow.

HEAT TRANSFER EXPERIMENTS

The mean heat transfer coefficient was measured at various sector
angles over the full range of disc speeds. Two sets of graphs were
plotted, one with fixed angles and varying speed and the other with
fixed speeds and a varying sector angle. The sector angle was not
continuously variable but was limited to steps of 300.

The results were plotted in dimensionless form, for sector angles
of 0°, 10°, 90°, 18°, 270°, 1in figures 4.10, 11, 12, 13 and 14,
respectively, compared in each case to the heat transfer from a rotating
disc with no sectors. Figure 4.15 reproduces the mean lines through
the experimental data for ease of comparison. Figures 4,16 and 4.17

show the effect of sector angle at two rotational Reynolds numbers, one

each in the laminar and turbulent regions.
The rather complicated effects of the scraper and sectors on the

heat transfer were due to a combination of the following disturbances

to the flow, revealed by flow visualization experiments made with

titanium tetrachloride smoke released into the airstream.

At low rotational speeds the poundary layer of air was deflected

back across the disc surface by the front ‘edge of the scraper or sector,

-

T
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Heat Transfer from g Rotating Disc in Still Air

with one Seraper on sach side of the Disc
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Heat Transfer from 2 Rotating Disc in Still Air
with a 10°

Sector on each side of the Disc

127 mm thick sector

——X—— 6Xperimental data, no shield on sector

© " " , shield across from sector to

bearing stand

B e " " , shield extended to floor,
completely preventing
s recirculation _
10 —+
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from figure 4,02 .y
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Heat Transfer from a Rotlating Disc in Still Air

90° Sector on each side of the Disc

——X—— experimental data
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Heat Transfer from a Rotating Disc in Still Air

0
180" Sector on each side of the Disc
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eXperimental data, 12-7mm thick sector
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Heatl Transfer from a Rotating Disc in Still Air

270° Sector on sach side of the Diso
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experimental data, 12-7mm thick sector
~— — — disc with no sectors (figure 4.02)
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Comparison of ZTxperimental Data for the Heat Transfer

from a Disc rotating in Still Air with various Sectors

of the Disc lasked Off
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FIGURs 4,186 120
sffect of varying the sector of Disc masked off on the
Eeat Transfer from a Disc rotating in Still Air at a
Reynolds number of 120,000‘
----- +----  eXperimental data for a sector 12-7mm thick
260 —— without a shield
). ——Xx— eXperimental data for the same sector with
a shield to prevent recirculation
————— theoretical data
f : : |
| b g
o i . [ |
'So o ..\_‘%’\.- - S e 4 e e ;e e m b e e en s - ;
freec' ﬂ"muw.mlina_ofwequationwié,la)“_%
disc ' 3
ém e ———— . S
Nu, !

ioo

(0] 100 200 300 340

Sector Angle ¢ ‘degrees



FIGURE 4.17

“frect of varying the sector of Disc masked off on the
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Heat Transfer from a Disc rotatine in Still Alr at a
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as shown in figure 4.18

AL higher speeds, in both the laminar and turbulent regions, the
leading edge of the scraper or sector created a swirl of air which
travelled across the surface in front of the leading edge,‘again shown
in figure 4.18. With a scraper or sectors of small angle some air also
travelled over the scraper or sector and returned to the disc surface.
When a cardboard shield was fitted from the top of the scraper or sector
to the adjoining bearing stand flow visualization showed that this
recirculation was prevented.

In the turbulent region, on a free disc, transition to turbulent
flow began when the boundary layer had travelled a certain distance from
the disc centre, therefore it always occurred at a radius the length of
which depended on the speed. However, with a sector on the disc and no
recirculation of flow a new boundary layer must be formed behind the
sector. This had to travel beyond the free disc radius of transition
before it changed to turbulent flow, and hence a larger area of the disc
surface was under laminar flow than occurred at that speed with a free
disc.

The effect on the heat transfer of fitting a scraper to each side
of the disc was shown in figure 4.10. For one set of tests a shield

_was attached to each scraper to prevent recirculation of air. At low
Reynolds numbers, around l.4 x 104, the heat transfer was 50% above that
for a free disc due fo the scraper deflecting the boundary layer of air
back across the disc surface. In the remainder of the laminar region
the scraper with the shield continued to have a heat transfer 17% above
that for a free disc due to the swirl of air over the surface in front
of the scraper. without the shield the heat transfer was reduced

slightly due to recirculation of air of above ambient temperature to the

disc surface on the other side of the scraper. In the turbulent region

with a shield, the heat transfer was identical to that of a free disc as

r



FIGURE 4,18 129

Visualization of Flow over Scraper on a Rotating Disc

in Still Air
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tre improvement in the heat transfer due to tre slight swirl ahead of the
scraper was counteracted by an increase in the area under laminar flow
benind the scraper. Without the shield some flow recirculated over the
scraper ard turbulent flow continued as with a free disc,.producing a
higher overall heat transfer due to the swirl ahead of the scraper.

The heat transfer curves for a disc with sectors of 100, 900, 180°
and 2700, shown in figures 4.11 to 14, all followed a similar pattern.
The heat transfer at low Reynolds numbers was conslderably higher than
with & free disc due to deflection of the boundary layer back across the
disc surface by tne front edge of the sector. In the remainder of the
laminar region the Nusselt number varied approximately with Reoo’5 in
the usual way. The heat transfer did not change sharply at the onset
of turbulent flow, as with a free disc, but gave a considerably ektended
transition region which changed gradually from laminar to turbulent heat
transfer. This was caused by the increased laminar area behind the
sector and the general disturbances caused to the flow. Near the
maximum end of the range of Reynolds numbers tested the heat transfer
approached the usual turbulent type; Nusselt number varying with Reoo'8’

Tt was expected that with a shield fitted to the sectors to prevent

recirculation the heat transfer coefficlent would follow the line

h = (zéggégé) hfree M (hscraper - hfree) (4.13)
where (h - h ) represents the increase in the heat transfer
scraper free

due to the disturbance of the air at the leading edge of the sector.

Tests carried out on a 90O sector showed that, beyond 15mm, the thickness

had no effect on the heat transfer, so that (hscraper - hfree) should be

the same for the scraper and all the other sectors. By plotting

equation (4.13) in figures 4.16 and 4.17 the results become somewhat

easier to explain.
) o
In the laminar region at Re_ = 120,000 (figure 4.16) with the 10

sector and a shield to prevent recirculation, the heat transfer dropped

-
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to &7 low th
to 5% below the expected val . s . . . .
pected value.  Flow visualization indicated no change

in the swirl over the disc surface ahead of the sector, shown in figure
#.19, and this was supported by experiments with the 90° sector whose
thicxness was varied from that of the sector to beyond tha£ of the
scraper with no effect on the heat transfer. No other reason was found
for this deviation from the expected result. With no shield, the heat
transfer was reduced further due to recirculation of air to the other
side of the sector. Figure 4.16 shows that recirculation occurred up
to a sector angle of 6OO at a Reynolds number of 120,000, so no shield
was needed beyond this. At higher angles of sector, in the laminar
range, the heat transfer gradually came back to the line of expected heat
transfer, from which it had deviated by a maximum of 5.5%.

In the region of turbulent flow, Re_ = 500,000 (figure 4.17) with the
100 sector, the heat transfer dropped below the expected line due to the
increased area of laminar flow behind the sector. The shield had no
effect on the heat transfer as the increased velocity of the air
prevented it from being recirculated back to the disc.

At higher angles of sector the effect of the increased laminar area
was gradually lessened until at an angle of 160° the heat transfer came
back to the expected line. Beyond this the heat transfer gradually
increased due to the swirl over the surface of the disc in front of the
leading edge of the sector, which affected a progressively larger
percentage of the uncovered area of disc.

The full range of sector angles has been covered, and it is unlikely

that information will be reguired beyond a Reynolds number of 800,000, so

an adequate range of tests have been made. Should values be required at

Reynolds numbers above this, extrapolation of the measured lines should

be sufficiently accurate, as with the flow predominantly turbulent it is

unlikely that further changes in the pattern of the airflow Will ocecur.
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Visualization of Flow over 10° Sector on a Rotating

Disc in Still Air
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A scraper with a shield to prevent recirculation increased the
laminar heat transfer to 174 above that from a free disc. . But in the
turbulent region, recirculation must be allowed to continue to get an
increase of 12% above that of a free disc.

For sectors covering from 0° to }60O of the disc surface a complex
pattern of airflowwas created which prevented the heat transfer from
varying directly with the area of disc left uncovered. The increase
in heat transfer due to the disturbance of the flow varied with
rotational speed in such a way that it proved too difficult to fit an
equation to the effect of sector angle on the heat transfer.

A brake extends approximately 70mm above the disc surface, and such
a high obstruction coupled with the fact that the angle subtended by a
caliper will not be less than 40° makes it extremely unlikely that any
recirculation of air will occur over the caliper. Therefore it can be
assumed that for disc brake applications the effects of recirculation can
be ignored.

Interpolation and cross-plotting between the curves in figure 4.15
will give the Nusselt number for any caliper from 0o to 360o and any

rotational Reynolds number from 104 to 106.

4,% ROTATING DISC IN AN AIR CROSSFLOW

Disc brakes are usually fitted to vehicles and hence operate in an

airstream which flows across and parallel to the disc surface. The heat

transfer coefficient of a rotating disc in an air crossflow is therefore

an important parameter in the calcula?ion of disc brake operating

temperatures.

An air crossflow was obtained by mounting the disc in & wind tunnel

with a test section of O.7m X 0.25m which produced an airflow of from 5
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to 2 m’s velocity. Ihe heat transfer coefficient was measured for a

range of rotational and crossflow speeds.

The theoretical treatments of the heat transfer from a rotating disc
and from forced convection over a flat plate are very différent and an
exact solution of the superposition of the two systems could not be found.
An approximate analysis has been evolved which agrees well with the

experimental results and may prove to be useful with other systems.

PRELIMINARY EXPERIMENTS

A survey of the airflow ian ihe entrance to the test section was
made, following the procedure of British Standard 848, Part 1, 1963.
This is described in Appendix 2 , where it is shown that the mean
velocity differed from that measured with a pitot tube at the centre
point of the entrance by 1.6%. Therefore, during tests, the velocity
was measured at the centre point as this was much quicker than taking a
survey of the airflow and was more accurate than measurements from the
tunnel static pressure manometer. Heat transfer tests taken with the
pitot tube left in the centre position did notvdiffer from those taken
with it moved to one side, indicating that the pitot did not affect the
airflow in the test section.

As the cross sectional area of the disc varied with distance down
the test section the height of a plate of equal area and length to the

disc was used to calculate the disc blockage area. The effective plate

height was found to be three-quarters disc diameter. The disc blocked

6% of the test section, which was within the recommended maximum of 8%.

The measured airspeed was increased by this percentage. Flow

visualization showed that distortion of the airflow caused by the disc

did not reach the tunnel wall, SO there were no wall constraint effects.
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The temperature of the air was measured with a thermocouple
positioned upstiream of the disc. This was initially traversed across
the entrance to the test section and showed no variation in stream
temperature.

The main disc diameter RO was used as the effective plate length for

the calculation of the crossflow Reynolds number Ret =U R_. The
0

\Y

Reynolds number due to rotation and the Nusselt number remained the same

as used in 4,1,

HEAT TRANSFER EXPERIMENTS

Measurements of the heat transfer coefficient taken at various
crossflow and rotational speeds are presented as a plot‘of Nusselt number
against crossfloﬁ Reynolds number for a series of rotational Reynolds
numbers in figure 4.20. It is helpful to the discussion and analysis of
these results if they are re-plotted with the same data and the axes
interchanged as shown in figures 4.21 and 4.22. In figure 4.20, at high
crossflow Reynolds numbers, the lines tend to come together, indicating
that the rotational flow has only a small effect on the heat transfer, and
the crossflow Reynolds number predominates. A similar pattern can be
seen in figure 4.21, but ih this case the rotational flow does not
dominate the heat transfer so much at high rotatignal Reynolds numbers,
the crossflow still influencing the heat transfer to some extent.

Figure 4.22 presents the experimental results in yet another way,

plotting the crossflow against the rotational Reynolds numbers for a

series of values of the Nusselt number. This shows still more clearly

how the heat transfer tends to be dominated by each flow at opposite

extremes of the range of tests.‘
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sxperimental data for the Heat Transfer from a
Rotating disc in an Air Crossflow
4
lo ’—‘ | i 7 T ;
e m————t S - [N P 1 R — — - — —
v i : -
- — e e LA — -
! : y l .
= - | :
gt N . —. .: _— R —
bl i
. | , |
R
d’ 2 ; + .i AAAAA - i — ,_‘L‘
X ; i
‘_c [ S N
i
i rotational Reynolds number
2
010 _ea_Bn_v e
z el _._I,.___i. i ,
.1 765,000 B N L
P |
| ¢f- ‘ ! B
[4b]
'g 51 505,000 I
'.L:
2 st 256,L£00
[}
3 125,000 i
. square nose O _ |7 .4
rounded nose O |7
! |
| al ,
o* . rEE R 2 3 “ 5 e T 5T g
| IO4 2 3 4 ,‘ ‘o‘ 10

”~
crossfloWw Reynolds number Rey = Us Ra.



hy R
K

Musselt number

10—~ y — T r ;
N R | ! ' N
H | — - - - i
¢ ; ! B -
|
o 1 ] L
I
of —
i
5 | f
I
4.-— e - -4

Ny, =

T'FTQTTT)';,‘ 4 .31 151

™~ 0 a
LXperimental Data for the Feat Transfer from a

Rotating Disc in an Air Crossflow

Data repeated from figures 4.20 and 4.02
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~Xperimental Data for the Heat Transfer from a

Notating Disc in an Air Crossflow

Data repeated from figure 4.20
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Most of the t . , . o ‘ .
esis were taken with the leading edge of the disc

navings 1its normal square shape with sharp corners, but some tests were
made on a stationary disc with the leading edge built up with plasticene
to a more streamlined shape, as shown in figure 4.23. |

In figure 4.20 the curves at zero rotational speed for the
different edge snhapes both have a slope of 0.8 over most their length;
the usual slope of a turbulent heat transfer line, with the square-nosed
line running 14% above the rounded-nose line. Edwards & Furber {46}
studied the effects of freestream turbulence and leading edge shape on
the heat transfer from a flat plate and their measurements showed that
- the sguare nose produced turbulent flow at Reynolds numbers well below
that where the flow over a rounded-nose plate reverted to laminar flow.
However, as the line of heat transfer of the rounded-nose disc also had
a slope of 0.8 in figure 4.20 it seems reasonable to assume that this !
must have been caused by the other condition which maintains turbulent
flow; high freestream turbulence. This would not be unexpected as
the wind tunnel had a short settling length prior to the test section.
This could not be lengthened due to the dimensional limits imposed by
the installation. To further investigate this point, flow visualization
experiments were made with paraffin smoke in a stream of 5 m/s. This
revealed the airflow around the disc as shown in figure L.24,
Separation occurred at the leading edge of the square nosed disc,
indicated by a reversal of flow over a short initial length of the
surface, followed by reattachment further downstream and turbulent flow
thereafter. The rounded-nose eliminated the separation but the flow

still appeared to be turbulent along the whole of the surface. It was |

noted that when the wind tunnel fan was switched off and smoke

visualization continued, the flow eventually became laminar over the

rounded-nose disc at a very low airspeed, corresponding to .the findings

of Edwards & Furber. The extremely disturbed airflow over the initial
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Shapes of Ieading Zdges of Disc and Plate

Square leading edge of experimental disc

——
flow direction

Rounded leading edge of experimental disc i

™
_

Leading edge of plate used by Ede & Saunders [48]

i
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Flow Visualization on a Disec in an Air Crossflow
With a Square and Rounded Leading EZdgse
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sart of the disc surface (app?oximate;y 155 of the disc area) might well
~uaV8 given the higher heat transfer shown in figure 4.21 for the square-
nosed disc. Ecdwards & Furber were working well downstream of the
square leading edge on their plate, when the separation effects would
have disappeared, explaining why they found no increase in the heat
transier. Supporting this, Ede & Saunders { 48} noted an increase in
the heat transfer from a flat plate when it had a wedge shaped nose with
measurements taxken in a water stream, but the results were erratic and
no quantitive measurements were reported.
It is expected that the disc or plate thickness would have an
effect on the turbulence and separation induced by a blunt nose. The
isc diameter would also afiect the heat transfer coefficient as the
larger the disc, the smaller percentage of area covered by the separated
region of fléw. The usual brake discs have a thickness to dilameter i
ratio of %% to 8%, the experimental disc being 6.3%, so it would not be
unreasonable to assume that over this short range the increase in heat
transfer due to separation would be similar for all existing vehicle
disc designs.
From figure 4.20 the Nusselt number for a square-edged disc at zero
rotational speed varied with the crossflow Reynolds number to the index
0.8 over most of the range of crossflow velocities that were tested but
at the lowest speeds it began to deviate from that slope, indicating
that it was becoming more dependent on some other variable. At the
lowest crossflow velocity of 5 m/s and with the low surface temperatures
involved it is extremely doubtful if natural convection were causing
this deviation so it could only be attributed to the effects of
separation. Therefore at low airspeeds it Is possible that different
sized discs would

produce a greater or lesser deviation from the

experimental data.

The majority of present applications fall within the range of the

exper*mentél results, but in order to allow extrapolation with confidence
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tneoretical analysi Tt b1
a < aralysis of the heat transfer was attempted.

MTRATYTIMIT Y AT T e
PIIOUAT UL S N R VRIS ) unn.L:XS.LS

Obviously, the experimental measurement of tne heat transfer from a
rotating disc in an air crossflow involved rotating the disc and forecing
air over it iIn a direction parallel +to the face of the disc. It was
tnerefore natural to consider the theoretical analysis of the heat

transfer from the system as that of the two following separate systems

superimposed.
1. rieat transfer from a circular flat plate paraliel to an airstream.
2. tHleat transfer from a rotating disc in still air.

It has been shown in Chapter two that both of these systems have
been the subject of a number of papers, both theoretical and experimental,
so it Is not difficult to compare the theoretical_predictions of previous
workers with experimental results before attempting to use them in tne

present analysis.

Circular Flat Plate

The heat transfer measurements and predictions for a rectangular,
as opposed to a circular, flat plate are tabulated and plotted in figure
4,25, These are extracted from work by Schlichting {74}y , Edwaras &
Furber { 46} , Pohlhausen and Karman (the last two cited in {461 ).

It can be seen that they lie close together, predictions agreeing well
with measurements. The predictions of Schlichting will be used for
further evaluations of heat transfer from a circular flat plate, in both
laminar and turbulent flow.

The ‘heoretical prediction of Schlichting was converted from that

for a rectangular flat plate in an air crossflow to a circular flat

‘ plate with a heated rim in an air crossflow. This was achieved by

using the local heat transfer coefficient as predicted by Schlichting,
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Heat Transfer from a Rectangular Flat Plate
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which is Qependent on t 1istan R . .
naent on ithe distance of the point being considered from

the leading edge of the plate.

In fact :
n ract hlooal o 10.2 for
X
turbulent flow over the plate. The value of z-l was evaluated
0.2
X
for the author's experimental disc in the same way as ) 1 was
XO.QD
found in Appendix &, giving the result
lx=2R
A .S
= L =5 = 0.355 0.2 (4.14)
x=0 o
Now Schlichting gave, for turbulent flow
n = 0.0296 x °/FF Re " (4.15)
X
For a Prandtl number of 0.7
h, = 0.0296 x 0.887 kx ,U_ 0.8 1 (4.16)
x Gy 0.2
X
; = 0.0263 %k (U 0.8 1 (4.17)
J ('\TJ 0.2
1 X
Integrating this over the plate gives
» .8 =
h o = o.ozéjk(g_]O 10X %R A (4.18)
v A <=0 x0.2
Using 4.14 in 4.18
| | 0.8 .
h = 0.00935k (U , 1 (4.19)
m (3 ) 0 -2
For the experimental disc Ro = 201.6mm.
and NuO = hm Ro
k
o8 o8
Nu = 0.00925 (U , 2016 (4.20)
0 (=) -
v
_ 0.8 (4.21)

0.027 (U R%
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Now Ret = U Ro
vV

e Pal
Therefore Nu_ = 2 0.8 '

Nu 0.027 Ret (4.22)
A similar procedure for laminar Flow leads to

Nu = 0.5

Nu_ 0.364 Re,_ (4.23)

These are the predicted equations for the heat transfer from the
disc used for these experiments, when stationary in an air crossflow.

Figure 4.20 showed the measurements of heat trans%er from the dise,
when stationary in an air crossflow, and compared them with the
tneoretical predictions outlined above (equations 4.22 and 23%). The
theoretical heat transfer line was 20% lower than that found from the
disc with a rounded nose. It 1s most likely that the nose shape still
caused some disturbance of the flow, hence increasing the heat transfer,
as Ede & Saunders used the nose shape shown in figure 4.23% before laminar
flow was achieved 1n water. It was thought that the circular shape of
the disc might distort the airflow but flow visualization showed that the
flow across the disc remained parallel to the axis of the Tunnel as

assumed when calculating 1 for the experimental disc.

A
A L 0.2
X

As no qualitative evidence has been found on which to base a
prediction of the heat transfer over a square nosed disc, including the
effects of separation, the experimental work must be used as a basis for
the prediction of the heat transfer from a rotating disc in an air
crossflow. A law of the form Nu = C Ren can be approximated to the

experimental data for the statlonary disc with a sduare nose in an air

crossflow. The law was found to be

0.8
Nu = 0.03%6 Re, (4,24?

which represented an increase of 3%*% on that predicted from stationary

surface theories. By reversal of the procedure from equation (4.22) to

(4.17) we obtain the local heat transfer equation

0.8 (4.25)

‘ Nu = 0.0358 Re
X X
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"he neat . 2 .
-fie feav transier Irom a rotating disc in still air has been
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extensively investiszated and <he results were discussed in detzail in
i . .
Cnapter iwo. The present measurements of the heat transfer from this

system were described in Part 1 of this cheapter.

As the air crossflow induced a turbulent bouncary layer over the
wnole of the disc surface it is assumed that this disturbed the
rotational flow and caused it to be turbulent also, even as speeds wnhen
it would normelly have been laminar.

In Section 4.1 it was shown that the experimental results,
extrapolated for the condition of turbulent flow over the whole disc,
could be represented by the equation

Nuo = 0.0152 Reoo'8 (4.26)

This agreed with predictions by Dorfman {1} and Cobb & Saunders {32} .
From the same section is obtained the equation for the local turbulent
Nusselt number

Nu, = 0.0195 z\eRO'S (4.27)

Superposition of the Two Systems

The complicated flow pattern around a rotating disc in an air
crossflow results from a combination of the two flow patterns prcviously

referred to, and therefore the heat transfer will be regarded in a

similar manner.

Accoréing to Reynolds analogy, under suitable circumstances, the

heat transfer coefficient, the shear stress at the surface, and the

freestream velocity are related:-

h = 1s Cp

e ——————

u

. ) e P .
As an empirical device, tne heat transfer coefficient can be

regarded as a vector quantity instead of a scalar one, ana given the
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rean CGireciion (which is the same as tne shear stress direction).

o]

any roint on surface resulting

Trom the superposition of two streems can then be formally calculated as
the veetor sum of the two heat transfer coefficients that would exist at
that point if botih streams were acting separately. Tne mean heat
transler coefricient is then found from 2 numerical integration of the
resultant local coefficients over the surface.

To ascsess this method it was first used to predict the mean heat
transfer from square and circular plates with two different crossflows
existing simultaneously. For such systems the heat transfer can, of
course, be found directly by calculating the resultant flow and the mean
neat transfer coefficient due to that flow. The differences between the
two sets of results were:- for the square plate 6.6% and for the circular
plate 7.7%. As this seemed a reasonable agreement, the heat transfer
from a rotating disc in an air crossflow was evaluated in the same way.
The equations (4.25) and (4.27) presented in the previous sections were
used for the calculation of the local heat transfer coefficients.

The crossflow heat transfer coefficient was given the same cdirection
as that of the crossflow, which must be parallel to the direction in
which the distance from the leading edge, x, 1s taken. t was more
difficult to decide which direction to give to the rotational heat
transfer coefficient as the only flow at the surface is tangential, but
it is the radial component of the flow in the boundary layer which carries
heat away from the disc. However, examination of the method reveals
that the same mean heat transfer coefficient results whether the radial
the tangential direction is used, though local coefficients would, of

or un

course, be different. It is assumed, for these calculations, that the

disc is stationary with a rotational airsiream imposed on it. In

. ) . A ] = .
reality, as the disc rotates, eacn point on the surface would change its

heat transfer coefficient continuously in one revolution, so truly local
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L computer programme was developed (sse figure 4.28) wnich calculated

t

ues of the neat transfer ccefficients for given values of
rotztional and crossflow speeds from the ecuations Tor the local
coefficients for given values of rotational and crossflow speeds Irom iiae
equaiions Tor the lecal coefficients and added them vectorially, for a
cric of finite areas over the disc surface. Tt was found tnat wnen the
srid was incrcascd beyond GO arcas there was no dncrcase in the accuracy
of the answer.

mne values of the mean heat transfer coefficient calculated in tnis

. Witn

way are plotted in Tigure 4,27, along with the experimental dat

)

the disc stationary the predicted values deviate from experiment vy up

o 10%, due to the separation effects naving a greater influence on the

ct

heat transfer at low airspeeds. In the range of crossflow and rotation
existing simultaneously the meximum deviation is 5.3%35, with a mean of
2,735, As the experimental results ranged from dominance of one Reynolds
number on the heat transfer, through 2 region where tne Nusselt number
depended on both systems to a condition where the other Reynolds number
was predominant, then the theoretical analysis has been proved acceptable

over an adequate range of conditions.

Prediction of the Heet Transfer from a Brake Disc

Brake discs do not have a guard heater rim, which was a necessary
par®t of the experimental equipment, and so the heat transfer for these
was predicted by modifying the theoretical analysis just outlined.

mhe same local equations for rotation and crossflow convection heat

transfer are used

0.
0.0358 Rex

Z
(el
i

viz . crossflow

0.8

it

rotation Nu 0.0198 Re |
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FIGURE 4,26

LAlgol Computer Programme to predict the Heat Transfer from

8 Rotating Disc in an Air Crossflow

CVAE27;
“"BEGIN' "REAL' C1,C2,AS»RS»R1,R2,USsWsH»A»Bs» Xs TP> TD»HP»HD>»
" AREA»NU,VISsRE
"“SWITCH'™ SS:=J;
"READ'" AS,RS,Ci,C2;
AS:=AS*x3.1416/180;
R1:=8.906; R2:=7.938;
Je ""READ'"™ US, W;
H:=@; We=3.1416%W/30;
“"FOR" A:=AS/2 "STEP'"™ AS "UNTIL'"™ 6.2832 "DO"
"FOR" :=RS/72 "STEP* RS '""UNTIL" R2 **DO"
“BEGIN'
X:=SORT(R1*R1-(B*COS(A))>*t2) ~ B*SIN(A);
TP:=C1*USt1.8/7X10.2%1211.83
TD:=C2*Wt ] .8¥%B1t1.63
HP:=TPZUS3
HD:=12%*TD/(W%xB);
AREA:=ASxRS*B3
H:=SQRT(HP*HP+HD*xHD-2*xHP*HD* COSC(A) ) *AREA+H3}
END";
VIS:=19«50-5;
NU:=H/(3¢1416%R2*V]ISt10.8%12t2+6);
RE:=US*R2/ (VI Sx12);
“PRINT'" *“L3*ROTATING DISC WITH CROSSFLOW» BOTH TURBULENT
CROSSFLOW® » SAMELINE,ALIGNED(C 4» 02>, USs °FT/ SEC DISC SPEED®»
W*x 30/ 3«14165 " RPM L*NU =‘:ALIGNED(4:I):NU:'
RE =*,ALIGNED(7,0)REs
*GOTO" Js
**END';
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for a Rotating Disc in an Air Crossflow

10° [~ Rotational Reynolds No.
oL 2

e
65080
81905

Nu
o)

L]
T
wun
(@]
)
O
o
e}

o
2 a4k
4> 256000
i~ (1)
m
[ 2]
AN
125000 +aE@X  experimental data
§ () theoretical data
: o .
(X) l . . N (Y 1 —
2 IR A S 7S z 3 4 s 6

Crossflow Reynolds No. Ret



. 146
mis . -
Ine two systems are superimposed in the menner just explained but

the length x is calculated from the main disc edge instead of from the
guard rim edge.  The results are presented in non-dimensional form in
figure 4.28, which will be used as a data sheet for the prediction of

disc brake operating temperatures.

SUMMARY

VMeasurements have been made of the heat transfer from a rotating
disc in an air crossflow and a method of analysis has been presented
which agrees with these results to within 10%, the mean deviation being
2. 5%,

An increase in the heat transfer of 3%*% above that predicted from
stationary surface theories was caused by separation of the boundary layer
at the disc leading edge. This increase was assumed to be unchanged for
otner sizes of disc so that experimental data for a rotating disc in still
air and a stationary disc in a crossflow could be used to predict the heat
transfer from a brake disc (without a guard rim) for a wide range of
rotational and crossflow speeds and a data sheet constructed (see figure
4,28).

The method of prediction may be useful with other superimposed
systems which do not lend themselves to a complete theoretical analysils

but whose component parts have been thoroughly investigated.

L.+ ROTATING DISC IN AN AIR CROSSFLOVW WITH A SECTOR MASKZD OFF

When a disc brake is fitted to a vehicle not only is a crossflow of

air imposed on it, as studied in Section 3, but a caliper is also on the

disc, as described in Section 2. This section studies the combined

effects of blanking off sectors of the dise when it rotates in an air

crossflow.
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No further prelimins 3 . )
Lner preiiminary experimental work was needed beyond that

already cescribed in previous sections.

ExAT TRANSIFER EXPERIMENTS

The effect of sector position relative to the direction of air
crossflow on the heat transfer was first investigated by installing the
900 sector in three positions, as shown in figure 4.29. The table of
results in figure 4.29 show that the maximum difference was 10% between
the leading and trailing positions, which occurred at the highest
crossflow velocity. This was reasonable, as the position of the sector
would have no effect on the rotational heat transfer, but would affect
the crossflow heat transfer. Blanking off the trailing 900 gave the
highest heat transfer as the area with the lowest local heat transfer
coefficients was covered.

The brake caliper is usually fitted to the trailing sector of the
brake disc on a vehicle and so the remainder of the investigations were
conducted with the sectors in that position.

Some tests were made with the disc stationary and a crossflow of
15 m/s, equivalent to a crossflow Reynolds number of 180,000. These
are presented as a plot of Nusselt number against sector angle in figure
4,20, The heat transfer reduced slowly at first and then more rapidly
as the sector angle approached 3600, This was due to two reasons; the
| sector was fitted in the trailing position and hence first covered the
area of lowest local heat tranéfer coefficients (the heat transfer
coefficients are highest at the leading edge of a flat plate in a stream
and then reduce with distance from the leading edge) and then, with

increase in angle, progressively covered the areas of higher heat transfer.

Also , the area at the front edge of the disc has extremely high local

coefficients due to the separation of flow there, and this area 1s the

last to be covered. Secondly, the surface thermocouples were placed in

r
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At ) . . s
eding norizontal position, as shown in figure 4.30 and with the

L
the 1

[

surface temperature uniform to only 8% the thermocouples did not indicate
accurately the mean surface temperature until the sector angle approached
3600. For small angles they indicated a lower temperature than the true
mezn, whicn resulted in the calculation of a higher heat transfer
cocfficient than actually existed. This is shown up by the position of
the no-sector measurement of the mean heat transfer coefficient with the
thermocouples vorticgl, which differed by 15% from the result of
horizontal ftemperature measurements. An approximate correction was
applied by reducing the difference directly with angle, which is also
shown in figure 4.30.

TMurther experiments were made at various crossflow and rotational
speeds, giving the results plotted in figure 4,31, For these
experiments the disc was rotating, so the thermocouples mounted on the
surface were subjected to the full range of the local heat transfer
coefficients in every revolution. Therefore the temperatures indicated
by these thermocouples were mean ones and could be used to make a
reliable calculation of the mean heat transfer coefficient, unlike the
situation with the disc stationary, where the reliability of the
thermocouples to give the mean surface temperature depended both on their
position and the ability of the aluminium disc, with its high thermal
conductivity, to maintain a uniform surface temperature.

The sector of OO was the scraper. . For each pair of rotational and
crossflow speeds there was little difference between the Nusselt number

found with no sectors on the disc and that found with the scraper on the

disc. This is because the scraper covered a negligible area of the

surface and had little effect on the air crossflow as 1t was mounted

parallel to it.

For a data sheet it was desirable to construct a graph to give the

effect of caliper angle on the heat transfer at all crossflow and
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rotational speeds within the range of the tests. The average

percentage drop in the heat transfer from that for a free disc was

calculated for each of the exveriments (values of Nu for a free disc
o .

taken from figure 4.20) and plotted in figure 4.72. The variation of

Nusselt number with rotational and crossflow speeds for a fixed sector

angle was never greater than 1%%, so that a mean line through these

+ .
-5.5% y
0.5%, for the range of crossflow Reynolds number

points was accurate to
from 60,000 to 420,000 and rotational Reynolds number from 50,000 to
300,000.

This section of work, coupled with the measurements described in
Section 2, has given the efrlect of caliper angle for an adequate range

of crossflow and rotational speeds,.encompassing all applications of a

disc brake on a vehicle or dynamometer.

THEORETICAL ANALYSIS

A theoretical correlation was based on the method of prediction
used in Section 3. The local heat transfer coefficients were calculated
by vector addition of the two coefficients that would exist at that point
if the crossflow and rotational flow existed separately. The resultant
local coefficients were then avefaged, not over the whole surface as in
Séction %, but over the area of disc left uncovered by the sector under
consideration. The méan heat transfer coefficient was calculated thus

for the value of rotational and crossflow speeds used in the experiments.

The theoretical predictions are compared with experimental data in

figures 4.30 and 4.31. This method of prediction allowed for the fact

that the sector covered areas of low heat transfer for small angles and

moved progressively into the areas of higher heat transfer but did nov

maxe any allowance for the existence of much higher local héat transfer

g edge due to the effects of

coefficients Just behind the leadin

separation.
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.20 the experimental curve, even when correcited ‘or the

L
~

In figure 4

tnermocouples not reading the mean surface temperature, gives results
above the theoretical data. This deviation was probably due to
separation of the flow at the leading edge, causing a non-uniform
surface temperature, which was more marked with the disc stationary than
when rotating, and was not allowed for in the analysis.

Correlation between experiment and theory is more successful in
figure 4.31, where crossflow and rotation existed simultaneously, except
for the result at 15 m/s and 200 r.p.m. It was shown in Section 3 that
the effects of separation were more noticeable at low crossflow speeds,
indicated by the deviation of the experimental data from variation with
Reto'8 in figure 4.20. This effect of separation at low airspeeds was
almost certainly the cause of the discrepancy between experiment and
theory at 15 m/s and 200 r.p.m. At the rotational speeds of 1500 and
%000 r.p.m. the effects of separation were negligible compared to the

rotational heat transfer and so a much closer agreement was achieved by

the theory.

SUMMARY

The effect of sector angle at various crossflow and rotational
speeds was investigated. By allowing for the areas of the disc blanked
off, the theory presented in Part > gave results close to the measured
ones, except at low rotational speeds when separation of flow at the

leading edge had a considerable effect on the heat transfer.

A curve of the average effect of sector angle on the heat transfer,

for the range of rotational Reynolds number of 50,000 to 800,000 and

crossflow Reynolds number of 60,000 to 420,000, was prepared from the

; o
experimental data, and revealed a maXimum scatter of only 135%.
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4.5 EXPERIVMENTS TO TRIP THE ROUNDARY LAYER ON A DISC

ROTATING IN STILIL AIR

During the experiments in Section 2, the effect of diéturbing the
poundary liayer with a scraper was found, but the resultant increase in
neat transfer was found to be due to swirling of the air upon deflection
by the scraper; the flow beyond the scraper was not triggered from
laminar to turbulent type. rurther tests are described in this section
to find the effect of another type of boundary layer disturbing device,
the Prandtl trip wire. The phenomenon of artificially tripping a
laminar boundary layer, by placing a wire in it, in order to produce
transition to turbulent flow at a lower Reynolds number than natural
transition,was discovered by Prandtl, and named after him.

Firstly, experiments were made with the wires stationary, mounted
on a radius, both close to the surface and at one halfithe boundary
layer thickness away. Then one, two and three wires respectively were
attached to the disc surface, on equiangular radii, and rotated with the
disc. Finally, a circle of wire was attached to the disc surface. ror
all these tests both sides of the disc were treated identically in order
to ensure an even heat flow to each side.

The results of these experiments are shown in figure 4,33, compared

to the heat transfer from a free disc.

STATIONARY WIRES

Experiments were made at rotational Reynolds numbers from 40,000 to

800.000 with a 1.84mm diameter wire situated on a radius and mounted as

close as possible to the disc surface.. The results showed that the

heat transfer increased by approximately 10% in the laminar range, with

no increase in the turbulent range. This was the expected effect of

disturbing the laminar boundary layer and causing premature transition
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to turbulent flow. Yowe ; : 5 ..
v oW -owever, tne wire would not disturb the flow on the

wnole surface as the flow on tr 21 low i i
on Tne cisc follows an equiangular spiral path;

e diagram below indicsa - . )
the diagram below indicates the approximate area that would be affected.

As the angle of the spiral (angle of yaw) varied according to the
axial distance from the disc surface in the boundary layer it is not
vossible to predict the increase in the heat transfer as there is no way
of calculating the area affected by turbulent flow.

One test was made with the trip wire at 0.76mm distance from the
disc surface, or approximately one half boundary layer thickness at the
test conditions. This increased the heat transfer by 5% only,
emphasising that it 1s the flow close to the disec surface which

predominantly affects the heat transfer.

WIRES FIXED TO THZ DISC SURFACZE

Experiments were made with one, two and three wires of 0 .64mm
diameter, sellotaped in turn to the disc surface on equispaced'radii.
The results are again shown in figure 4,33, The tests with one wire

showed a large increase in the heat transfer, but this was not a

v, P
realistic result for the mean heat transfer as the surface thermocouples

were positioned Just behind the wire, in the disturbed region, and hence

they were reading local temperatures which were lower than the average

surface temperature.

The tests with one and two wires were conducted mostly‘at a

rotational Reynolds number of 2 X 105, which is Jjust prior to the point

of natural onset of transition.  Tests were made at this point as any
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remature change to turb - ] .
ore ure change to turbulent €low would give the greatest change in the

neatv transier because the laminar and turbulent lines of heat transfer

Fal 1

urthest apart there.

=
@
3
[¢]
-

'As the number of wires was increased to two and then three the
temperature measurement came nearer the average one. Both a stationary
wire anc one fixed to the disc should have the same effect on the heat
transfer as they botn disturbed the flow over an equal surface area.
Tnis can be checked from the tests with three wires on the disc surface.
At a Reynolds number of 2 x lO5

3 x (Nu( )

stationary wire) Nu(free)

.
* hu(free)

3 (210-176) + 176

= 273
whereas the measured value of Nu for three rotating wires was 290
'giving a discrepancy of only 5%.

It is interesting to note that the heat transfer with thnree wires
is higher than the line for all the disc under turbulent flow, whereas
if it were only triggering turbulent flow it could not go above this
line. This was probably caused by separation of flow behind the wires,
which has previously been found to drastically increase the local rate

of heat transfer.
As the flow follows a spiral path across the surface a wire fixed
to the surface in a circle should disturb the flow over the whole disc

area beyond the circle. An experiment was made with wire fixed to the

surface on a circle of radius 7Omm, which should result in 11% of the

disc having laminar flow and the remainder turbulent. The measured

Nusselt number, when compared to that for a free disc and to the value

of the Nusselt number if all the disc were under turbulent flow,

indicated that 25% of the disc was under laminar flow. There exists

an axial inflow of air to the whole of the,disg surface and it is
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possible that this demps the turbulent disturbance and eventually causes
the boundary layer to revert to laminar form. This would explain why

¥ Taminar Av i .
the measured laminar area was higher than expected.

SUMMARY

Prandtl trip wires were found to increase the heat transfer due to
their effect of triggering the flow from laminar to turbulent.

The unusual spiral path of the flow over a disc means that radially
mounted trip wires only affect a part of the flow, but a wire mounted in
e circle produced turbulent flow over a larger area of the disc. There
is an indication that the flow reverts to a laminar type some distance
after being artificially triggered to turbulent flow due to the axial
inflow of air stabilizing the boundary layer.

For disc brake applications it would only be possible to use the
stationary wires as the disc surfaces must be flat to contact the
friction pads. The small increase in heat transfer would be unlikely

to merit their use as it would make negligible difference to disc

temperatures.

4.6 ROTATING DISC IN STILL AIR WITH FORCED CONVECTION

FROM AN AIR JET

A disc brake on a vehicle is often shrouded by the surrounding body
and wheel parts or by a dirt shield, preventing the majority of the air

crossflow induced by the vehicle motion from reaching it. The

resultant mean heat transfer coefficient 1is low compared to that with

the disc in a full crossflow, and in order to prevent overheating of

the disc it may need to be cooled by other methods.

A possible metﬁod would be to provide a forced convection airflow

e from a nozzle with high pressure air supplied

across the disc surfac
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vy & pund on tne engine of ihe venicle. For power and weight reasons
the optimum compbination of maximum
increase 1n heat transfer for a minimum mass flow of air. . The air flow
would have meximum effect if it were directed onto the disc surface, so
as ﬁo combine with the rotational flow boundary layer, much as the air
crossflow did in Part 3.

The work described in this scction was to investigate the effect
of novzle exit width, angle of jet to the disc, distance from the disc,
ané alr jet speed, on the heat transfer. General trends were evaluated
to allow further and more detailed investigation of this method of
cooling should it be shown to provide a useful increase in the heat

transfer for an economical supply of air.

EQUIPMENT

Figure 4.34 shows diagrams of the nozzles, supply circuit and their
positioning relative to the disc and figure L4.35 gives a photograph of

the nozzle.

The nozzles were mounted one on each side on a radius of the disc
so that the whole of the disc continually passed under them, and to fit
there, they were made the same width as the main disc radius. The
nozzles were designed to give as near uniform airspeed across the exit
as possible, and subsequent measurements gave the velocity profiles

shown in figure 4.36,which were adequately straight.

The exit width of the nozzles could be varied from zero to 1.5mm

by means of two adjusting screws, and they were set by inserting the

appropriate feeler gauge into the slot.

The air velocity was measured with a small pitot tube held in the

+o a water manometer. The static

mouth of the nozzle, and connected

pressure was assumed to be ambient, due to the difficulty of measuring

it in such a narrow stream of air.
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Ny ne  + - 1 :
Durlng tests ine air velocity was measured indirectly by reading a
+ 1 v
static pressure gauge placed in the supply line immediately after the
pressure control valve, For each nozzle opening the gauge was

calibrated against the exit velocity, giving the calibration curves

shown in figure 4.%7,

HEAT TRANSFER EXPERIMENTS

Figure 4.3%8 shows the effect of the angle of inclination of the
nozzle to the disc surface. The 9OO position occurred when the nozzle
was normal to the surface. The tests were conducted with the nozzle
exit at 0.38mm and at three different airspeeds. In each case the
optimum angle was between 700 and 900, blowing against the direction of
rotation. When the airjet blew in this direction it supplemented the
rotationally induced airflow (which travels relative to the surface in
the opposite direction to the rotation), hence tending to increase the
heat transfer. However, the area affected by the flow from the air Jet
had a greater effect on the heat transfer than the direction of flow and

flow visualization showed (figure %.39) thaf at the 90O position the air
Jet split into two parts on nitting the disc, one half flowing each way
over the disc. As the angle of inclination was reduced so the jet

tended to flow in one direction only over the disc, halving the affected

surface area. For these reasons the optimum angle was only slightly

away from the 90o position to the side with the air Jjet blowing against

rotation. On a vehicle installation the ideal mounting position of the

air jet would be normal 1o the disc, as the same effect would result

with tne disc rotating in either direction, and as this position was

only marginally below the optimum one it was used for the remaining

tests.

The effect of distance from the nozzle exit to the disc was

investigated with the nozzles set to 0.76mm with 37.5 m/s airspeed.
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vIrfect of the Angle between Nozzle and Disc on the

Heat Transfer, Nozzle mounted in Radial Position

éXperimental data

0-58mm wide nozzle exit, 1l2+7mm from nozzle exit to
Reg= 200,000 disc

alr velocity at centre of nozzle !

|
© 35 m/s o

|
RS B R A S
X 38 m/s

T + 51 m/s | ,

’ 0o 40 30 120
6 30 40 SO 60 0 80 §o 10 0§

blowing against rotation blowingiwith rotation

j z isc degress
angle between nozzle and dis c

B e




FIGIRY 4,39

= < e

f Tlow with Nozzle mounted Radial to

Rotating Disc ’
i . ‘
k " ; \
[ N [V P
\ ! / \
.‘. ! ', / “‘.\
‘ ! // / n\ \t \
\ ! ' '
\ ‘ ! / ! !
fast / ; ‘
\ 4/~\ /
/J\\\( / ‘:\W// ’/,
\ =, e slow /|
Pt \ e 4 /’
{od \ . ,
1 ‘\ _
\\\ I \ ) N 4
[ ! \
4 o \
i \ -
. direction
\ of rotation

high nozzle jet velocity, low rotational speed

o
| i /
I i /
. /
o /
i i
o /
! I
Lo
1___1é‘

\

-

|
o

{

"_f;,//—/

e

y /
a

H

}hi /

o

o

I
0y

1y

P o wmv—\\ .
P sl ///
/
[
r/ t
)
| /
T N\ _ |
/\L\\ T~ / ,’j
/ NS
\‘ \ \ /'/
. NM_W’\‘\/ . —/
\ "dirsction

of rotation

low nozzle jet velocity, high rotational speed

Al




139

=11 < N . < 1
&b.e scalter was obtained with these testis,

n
.
e
%)
ct
V3
W
ol
m
,,_~J
|
03
)
(@]
O
£
P_l
©
<
O
ct
O

de drawn throush the experimental data with
any confidence. However, the general trend indicated thnat the heat
transfer increased as the distance was reduced, but tne effect up to a
distance of 60mm was very gracuzai. Ooviously, when a distance is reached
such that the air jet has consideradbly slowed before hitting the disc then
itne heat transfer would be considerably reduced, but this position appears
to be well outside the range of distances tested.

Figure 4.41 shows tha% the air Jet velocity affects the heat transfer
in tne usual forced convection manner. At low airspeeds the
relationship between the Nusselt number and the velocity is the laminar
one - plate length and viscosity are nearly constant so the Jjet velocity
would vary with the Jet Reynolds number

Nu_ = K(V)O'5

o 1
and at higher velocities it changes to the turbulent relationship

0.8
Nu = = KQ(V)

With the nozzle in the radial position the heat transfer did not
vary greatly with change in exit width; from 0.38mm to 1.52mm there was
an increase of only 30% in the Nusselt number. Some change was
expected as the velocity of a thicker air jet would not decay as fast as
that for a thin one due to its higher momentum.

Experiments were made with the nozzle mounted sideways-on to the
edge of the disc as shown in figure 4.34. This increased the area of
the disc covered by the airstream and hence the Nusselt number was
expeéted to be higher than that with the Jjet in the radial position but
figure 4.41 shows that it had the opposite effect, the neat transfer was
lower than that found with the same nozzle in the radial position. The
probable explanation was that the radial air jet combined more
effectively with the rotational flow than the side-on jet, hence giving

a higher resultant velocity across the disc and a higher heat transfer.
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Figure 4.42 is a ; ~ 1y -
= plot of the Nusselt numper against the volume

airilow, snowing that the smallest opening of the nozzle is the most
effective in increasing the heat transfer, in terms of the mass of air
needed.  This is most important, as on a vehicle the air must be
supplied from a pump driven by the engine and the size of this pump is
strictly limited.  From figure 4.02 at Re_ = 200000, for a disc in still
air, the Nusselt number was 175. A reasonable sized pump for fitting to
a commercial vehicle delivers 0.025 kg/s of air or 1.3 mB/min at
atmospheric pressure. The nozzles used in this experiment are
approximately twice as wide as those needed on a vehicle, due to the
smaller disc rotor width, and there are four brakes per vehicle, so the
equivalent air supply to one brake on figure 4.42 is 0.66 m3/ min.  This
gives a Nusselt number of 350 for the 0.%8mm nozzle, double that for the
disc rotating in still air.

Results were taken with varying rotational Reynolds numbers for
fixed nozzle velocities to give the results plotted in figure 4.43.
This shows the same trend as found wiﬁh the air crossflow in Part 3. At
low rotational Reynolds numbers the nozzle air jet tends to dominate the
heat transfer, whilst at higher values of rotational Reynolds numbers the
rotational flow has a greater influence.

Finally, figure L4.44 shows the effect of angle for the side-on

positioned nozzle, showing that the smaller the angle of inclination, the

higher was the heat transfer. This is because the nozzle was aimed at

the edge of the disc and any air spilt behind the disc had no effect on

the heat transfer as it did not contact the disc surface. The higher

the angle of inclination, the more air was lost off the edge of the disc

and so less air was left to travel across the disc surface.
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FIGURE 4,43

Plot of Musselt number against Rotational Reynolds number

for Various 4ir Jet Velocities from Nozzle
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FIGURE 4,44
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SUMMARY

The meximum increase in the heat transfer for minimum mass flow of
air was achieved with the smallest nozzle exit width, with the nozzle

o ‘ .
mounted at 90~ to the disc surface. For a mass flow of air of 0.025

kg/s to two brakes the Nusselt number would be double that for a disc
in still air at a rotational Reynolds number of 200000. The distance
between nozzle and disc had little effect up to a distance of &Omm.

A yariety of graphs indicating the effects of air Je£ velocity,
rotational speed, nozzle angle and distance from the disc were
constructed from the experimental data. These would enable a number of

alternatives in the arrangement of air Jjet cooling nozzles to be examined.

4.7  COMPARISON OF RESULTS

At the beginning of tbe chapter it was eiplained how the conditions
of duty of a disc brake were to beﬁs%mulated foq the, experiments. This
involved dividing the environmental cond%tions into component parts and
imposing each one in turn onto a disc so as to isolate their effects on
the heat transfer and obtain a‘fuller understanding of them than could
be obtained if they were applied togethef. It now remains to compare
the data from these tésts to assess the influence that each condition
exerts upon the heat transfer.

Air crossflow (due to thiclé motion) was found to have the most

marked effect on the heat transfer; fiéure 4.28 shows thatfor a typical

vehicle installation, at 65 km/h (40 mph) with a 0.4 m (15.5 in) diameter

disc and 0.5 m (20 in) rolling radius, giving Re .= 87000 and

Re = 225000, Nu_ = 440. From figure 4.02 the same disc rotating
' o

e

no crossflow gave Nu =190, so an increase of 150

with
awés found in the

convective heat transfer.
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Slightly different effects were found with a sector of the disc

masked off (simulation of a caliper) depending on whether the disc was
immersed in a crossflow or not. Without a crossflow the heat transfer
was 1lmproved from that of a free disc at low caliper angleé, but this
effect was considerably diminished with the addition of the more
effective crossflow. Masking a sector of the disc did not reduce the
heat transfer as much as might have been e xpected from the convective
area covered, due to the resultant disturbance of the flow and variation
of the local heat transfer coefficients across the surface. Hence, for
a caliper of 400 subtended angle, covering 11% of the disc area, the
heat transfer was altered to between 83% and 106% of that for a free
disc, depending on the environment.

Boundary layer trip wires had a small effect on the heat transfer
coefficient as they only changed the flow from laminar to turbulent over
a small area of the surface. Due to the direction foilowed by the
rotational airflow, a considerable number of wires would be needed to
promote turbulent flow over the whole surface.

A considerable increase in the heat transfer from a disc rotating
in still air was obtained by directing a jet of air at the disc, but in
reality the amount of air available would depend on the size of pump
that could be economically fitted to a vehicle. This improvement may
be useful as the airflow induced by vehicle movement in some
installations can be completely excluded by the surrounding body parts
and/or a dirt shield, so some form of additional_cooling may be necessary

in these cases, and in installations on slow moving vehicles.

TR AT
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Chapter 5

APPLICATION  OF RESULTS

5.1 INTRODUCTION

Thehexperimental and theoretical data described in Chapter four -
provided the informa?ion which was needed to make an analysis of the
temperature of discs during a braking operation, as well as giving an
understanding and allowing comparisoh of the effects of the environment
on the heat transfer from a disc. The results may also be useful in
other applications involving.rotating machinery, such as motors or
turbines.

In this chapter an approximate analysis is presented which predicts
disc brake operating temperatures both during a braking period and after
it. A considerable amount of work has been done by Newcomb {67} to
predict the temperatures of disc brakes installed on a vehicle or
dynamometer but he assumes that the disc only acts as a heat sink during
the braking period, and cools when the brakes are released. This relies
upon the usual small braking period relativé to overall running time and
hence is of sufficient accuracy for medium and heavy duty stops, above

0.1g, but introduces a significant error for low duty stops or constant

speed drag braking.
General computer programmes for use on an Elliot 903 have been
oroduced to make the calculations for the prediction and comparisons are

-

made with experimental results.
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5.2 PREDICTION OF DISC BRAKE TEMPERATURES

Heat 1s supplied to a disc by friction between the brake pads and
disc surface and is then dissipated from it by conduction, convection
and radiation.  During long stops or constant speed braking the cooling
of a disc has a considerable effect on the disc temperature, bu£ for
short stops it has no effect as all the heat is absorbed by the inherent
heat sink of the disc. The heat loss by conduction and radiation can be
calculated with existing data,‘and the present work has given the data
necessary for the calculation of the heat transfer by convection.

For any thermal system a heat balance can be constructed which may
be independent of time, a steady state heat balance, or may vary with
time; a transient heat balance. However, if an allowance is made in a
steady state heat balance for the heat absorbed by a heat sink then it
may be applied to each increment of time in a transient system. Only
when the time increment is given a finite size does the eguation become
inaccurate as it must then use mean values of the variables. The
resulting series of approximate equations are ideally suited to solution
on a computer by an iterative procedure.

The thermal system of a disc brake is rarely allowed to reach steady

state as the heat input is constantly changing, and so the method

described above is used to solve the transient heat balance for the disc

temperatures. This is equivalent to setting up a differential eguation

for the disc temperatures and solving it by a numerical method.
The following sections will describe the construction and solution

of the transient heat balance for a disc brake. Two conditions have

been investigated, constant speed drag braking and uniform deceleration

stops, from which it is possible to puild up any pattern of brake duty

and find the resultant disc temperature variation. The method can be

applied to any size spot-type disc brake.
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Fig 1 i 3 .
Ffigure 5.01 1s a diagram of a typical spot-type disc brake, showing

all the dimensions needed for data in the programmes

HEAT BALANCE

As previously deseribed, a steady state heat balance is constructed
and a term for the heat absorption by the dise is includedqd, giving
heat in by friection = heat stored in disc
+ heat‘conducted to caliper and disc mounting
+ convection from disc surface and rim
+ radiation from disc surfaces.

Zach one of these components will now be developed.

HEAT INPUT

Two types of energy input to the brake will be coﬁsidered, constant
energy and unilform deceleration; for the latter,energy varies with speed.

A uniform rate of energy input occurs when the brake is used as the
load on a dynamometer or with a constant speed drag application on a
vehicle. The data needed for the computer programme is the power

absorption, P, and the time increment, t.

E = Pxt (5.01)
The more usual vehicle stop is treated as uniform deceleration. If

the vehicle weight per brake is L and the vehicle speed at the beginning

of a time increment is Ul and at the end U2 then we have

E = 1L ( Ul2 - Ugg) (5.02)

2
The dise angular velocity w 1s related to the vehicle speed by the

rolling radius RR. N

100 (5.03)

Bl
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This gives the energy input ezs

no
[\®)

Eos 1D (0) - w,) (2 (5.04)

100

PO

HEAT ABSORBED BY DISC

It is assumed that the rotor stores heat uniformly throughout its
mass, nowever the surface temperature must be higher than the bulk
temperature to allow heat to flow in.

As this method of prediction is only of advantage for low energy
input rates, then the temperature gradient across the disc will not be
far removed from linear, and so it is assumed linear for these
calculations.

The following constants are assumed for cast iron (Kaye & Laby{ 70 })

. 7
density o = T7.26 x 10°g/ w0 ’ ‘ (5.05)
coefficient of specific heat Cp = .13 (5.06)
thermal conductivity k = 50.1W/ m °K (5.07)

If br is the rotor width and Ro and Ri the outer and inner radii

respectively we get the equation for the rotor mass

m = 0.0228 br (Ro2 - Rig) (5.08)
. and the thermal energy to the rotor is
Bq = Sk m (T, - Tpp) (5.09)

where T and Tbé are the disc bulk temperatures at the beginning and end

bl
of any time increment.

The equation for the conductive heat flow into the centre of the

disc is given by

2 2
Ed = k2m (RO - Ri ) (T52 - Tbg)t (5'10)
br/2 »
2
= 6.} ';;—"(RO - Ri ) (T52 - Tbg) . (5'11)
r

Equating 5.09 and 5.11 we get the relationship for the surface temperature

TsQ
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T, = w
§2 1.97 br (T - T,1) + Tyo (5.12)

CONDUCTIVE LOSS TO DISC MOUNTING

The disc loses heat through the bell to the disc mounting. The
volume of metal at the mounting is large compared to the bell and
therefore may be assumed to be an infinite heat sink. The heat path

area 1is given by

Abe = 27 mean bell radius x bell thickness (see
fig.
5.02)

and the path length, lbe i1s the bell length from the rotor, at disc
bulk temperature, Tb’ to the mounting, at ambient temperature Ta' The

convective loss from the bell is ignored as it is usually shrounded by

the vehicle axle casing and bearing housing. The mounting joint

resistance is assumed to be zero. The equation for the conductive loss
is then
Ero = Foefpe © ( To1 * Too = T ) (5.13)
lbe 2
= 0.501 Abe t (Tbl + Tb2 - Ta) (5.14)
1 2
be

CONDUCTIVE IOSS TO CALIPER

The friction heat is generated at the interface between the lining

and disc and hence some heat is conducted through the lining pad to .the

caliper. It is important to allow for this to obtain an indication of

the brake fluid temperature in the caliper bore as under certain

conditions it is possible the fluid may vaporize before the disc

overheats.

Due to the low thermal conductivity of the pad it is the dominant

factor on the conduction of heat to the caliper. If, on a typical
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caliper, only the pad is considered in the calculation of heat flow, then
an error of T% arises from the neglect of the pad backplate and caliper
flow path. Due to the complexity of these calculations and the
veriation from caliper to caliper, this error is acceptablé.
The equation for the conduction to the caliper is then
Peal™ Fun A1in (Ts1 " %o - Tcl.) (5.15)
liin /

The thermal conductivity of the lining material is taken as

ko= 0.836 W/m °x | (5.16)

Alirlis the total lining area contacting the disc and llirxis the
mean lining thickness (half worn).
The caliper temperature wﬁll increase as heat is fed into 1t, and
this can be calculated with the heat balance;
heat conducted to caliper = heat stored + heat lost byAconvection.
The heat losses by radiation and conduction are neglected due to the low
caliper surface temperature and the long éonduction path to the mounting.
The convection losses are due to natural and forced convection. To
calculate these the caliper is approximated to two flat plates, which have
Tne equation for the heat transfer by natural convection from a
vertical flat plate, as taken from Schlichting {74} is:-

1
Nu = 0.491 or* : (5.17)

0
which gives, using the properties of air at a temperature of 27 C from

Eckert {71} and omitting some lengthy arithmetic,
= 13.2 (5.18)

The heat transfer coefficient produced by forced flow over a flat

plate is again given by Schlichting

h = 0.0296 35 Re 08 . (5.19)

Qb=

giving
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ae 0.8
“forced 181 v (5.20)
CO.2
If interaction effects are neglected the total heat transfer
coefficient for the caliper is
h = -+ ¥
cal hnat ' nforced (5.21)
The heat balance for the caliper is then
e, & A, t T T - = T
0.0083 lin s1 7 lsQ Tcl) - hcal eDxC (Tcl - la) t (5.22)
llin 2 104
W . - . ¥
+ cay © 13(’1‘02 Tcl)u 186 x 10
Transposing
0.00836 A, t + - - -
2 lin Tsl ' T52 Tcl) hcal ELELf_E( Tcl Ta) K
T Lo = Nin 2 10
c2 cl
wca1544

CONVECTION LOSSES

The disc loses heat to the atmosphere by natural and forced
convection, the latter due to rotation and air crossflow induced by the
vehicle motion. It has been found that the natural convection heat
transfer is negligible, even on a stationary disc, when compared to the
conduction losses, and therefore it is ignored.

A number of experiments were described in the previous chapter,
which measured the heat transfer coefficient throughout a wide range of
rotational and crossflow speeds and caliper angles. Data sheets Qere
ted from thesé results and presented in figures 4.28 and 4.32.

construc

For rotation without crossflow figure 4,15 gives the effect of caliper

angle.

For the condition of constant speed which gives uniform energy

absorption, only one value of the heat transfer coefficient applies, for

the particular speed of rotation, airflow and caliper angle, read as a

value for Nu from one of the above figures.
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This 1s used in the eguations:-

fg = MNuXx100 (5.24)
R, _
to give
E = h + )
d g @it ( Ty +Tsp - T, ) (5.25)
oF »

If a constant deceleration stop is considered the heat transfer
coefficient will vary with time due to the continuous change of disc and
vehicle velocities. The wheel and vehicle speeds will be related for any
particular vehicle by the rolling radius according to the eguation (5.03).
This enables a series of points to be drawn on figure 4.28 for the Nusselt
nunber at the intersection of rotational and crossflow Reynolds numbers,
which will approximate to a st?aight line on the logarithmic plot and
hence obey the law:-

o = Cl (ReO)C2 | - (5.26)

The values of Cl and C2 are fed into the computer, along with the ratio

Nu with sector
Nu without sector

from figure 4.32, or if there is no crossflow, from figure 4.15. The
programme then calculates the heat transfer coefficient hd from equation
(5.24).

The convective heat transfer from the rim of the disc 1s calculated
from work by Kays & Bjorkland {39 }, who measured the heat transfer from
a rotating cylinder in a crossflow. However, this only dealt with wide
eylinders and it is not known how accurate this is for a narrow cylindér,

where the flow on tne rim will be affected by the flow from the disc

surfaces. They give the equation , ) y
Nu. = 0.1%5 [(O.S{QReO} +{2Ret} ) Pr]* > (5.27)
o 2o ml2

2
neglecting free convection effects.
) 241
i.e h = k 6 (2 Re ° + 4 Re, ) /3 (5.28)
: rim 7 o A
o)

s from the rim is

+ T, T
o)

Then the equation for the convective heat los
H = B 2 T ® ) (5.29)

t T
rim rim Arim [ bl
10" -2




187

where

>
]

rim = 27 Ry D (5.30)

RADIATION LOSSES

Calculations made with the radiation heat transfer included have
shown that it has only a small effect on the disc temperature when

compared to the heat losses by convection and conduction, and it is

therefore ignored.

SOLUTION OF THE HEAT BALANCE

The component equations may now be substituted into the heat balance
given earlier.

For the condition of constant energy absorption this gives

P x t =5kl m (Typ=-Ty,) + 0.00836 Aj;nt ( Ts1 + Tsp - Te
1 2

)

lin

*+ 0.501 Apyet Tpy + Tpp = Ta, * ha 2Agt Ts1 ¥ Tsp - Tﬁ

1ve 2 4 10" 2
+ hpip Arim v Tol * Too - Ta)
10" 2
(5.31)
2 2
where m = 0.0228 br ( R, - R, )
and Tgp = 1.97 pre (Tpp = Tbl) + Tyo
t
hy = Nug k 100
e
Ro
Ag = m(Re2 - RiZ)
1/3
n.:. =Xk 6(2 Reg? + 4 Ret2)
rim —
Ro
Arim = 27[ Ro b-

This is solved for Ty, to give
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‘ol ' Tsa

w.. o= I ~5— (108 o v Las )

“H2 I+ ()2 \lvu8m + UK2~A_1+Q1{3)_ 5 (K2+K3)+Tcll{2+’ra(I{l+1<3)
2 (1088m + K5(5+1F + Ky + K3 {8+ 11 )

ceveees(5.32)

where

X\l = O.SO Abe v + hl”lm Arim t (5 33)
1ye 104

K, = 0.00836  4y;, ¢ (5.34)

1lin

T — - b

Ky = 2x107% hg Ag t (5.35)

S = 1.97 bre (5.36)
t

E= P xt for constant energy (5.37)

or L (wlz - wgz)(RR) 2 for constant

2x10% deceleration (5.38)

During a stop the caliper temperature will rise, this is calculated

with the heat balance shown in equation (5.23). Equation(5.23) is solved

for Tb2 over the time interval t with initial conditions set for Tsl’

T

T ’I‘a and Tcl' t the end of time t the values of T and Tc

bl’ p2* “s2’ 2

and the process repeated.

are substituted for T T and Tc

bl’ sl 1

The iterative process is done by computer; the flow diagram of the
programme is shown in figure 5.02. A sample print out is shown in

figure 5.03.

Masinl

5.% COMPARISON OF PREDICTION AND EXPERIMENT

This method of temperature prediction has only been compared with
a small amount of experimental work to date (supplied by development

department, Girling Ltd.), then as further comparisons are made the

theoretical analysis will be developed. Two sets of results are compared

. v -+
here, one for constant deceleration stops and the other for constant

energy absorption braking, poth brakes are installed in still air, no

comparison has yet been made with a crossflow on the disc.




FIGURE 5.07 189
COMPUTER _PFOSRAMME  E10v) CHART
LEMPERATURE  OF ©Di8C SAAXET  DULING  CONSTANT
L ":"L D C \(XC‘A \
ST Tme  FIN L )
00228 B (R~ RL)
Ro™~ x\\,".“}
™ R,
(eo)
VES
N/
Ni= N- AxN
ST
N2= Ni-TIMExN
. ST
!
T -
UAV = Ulvuz | REOC = NAVy RoT , RET = UAVXRa_,
2 VIS < 109 Visx 10%
cz
NU= ApxCl REQ)TT , hd = muxzx:oo .
o .
AND  EQUATIONS §.28, 5.20,5.02 , §5.36, §.33 5.34, 5,35,
5.32, 5.2 5.23.
(PRINT A, TS2, TA2, TC2)
[tei=Tcz, Tsi= Ts2, Tel= T82
END )
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o
cemplo of Results from Computer Programme to Calculate
Disc Brake Temperatures
TS surface temperature °C N disc speed rad/sec
B bulk temperature U crossflow velocity m/s.
TC:L caliper temperature STOP TIND sec
16P CALIPER ON 11.06 DISC,NO CROSSFLOW
STOP TIME = 21.9 N = 75 U = 0
TIME TS R TCAL
.0 30.00 30.00 20.00
1.0 107.68 48459 20.02
2.0 122.13 66 .20 20.06
3.0 135.84 82.87 20.10
4.0 148 .63 98 .61 20.15
5.0 160.52 11343 20.21
6.0 171.50 127.33 20.27
7.0 181 .59 140.32 20.33
g0 190.77 152.40 20.40
9.0 199 .06 163.57 20.47
100 206 .46 173.83 20 .55
11.0 212.97 183.20 20.63
12.0 218.60 191.67 20.71
13. 22335 199.26 2079
14.0 227.22 205.95 20.87
15.0 230.22 211.76 20.96
14.0 232 .36 216 .69 21.04
17.0 233.63 220.75 2113
18+ 0 234.04 223.93 21.21
19.0 233.59 226.24 21.30
20.0 232.30 227 <69 21.39
51.0 230.17 228.28 21.47
22.0 227.23 228.03 21.56
53.0 . 225.63  227.46 21.64
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Figures 5.0 1 6 o
z 5.04, 5 and 6 give the results for various constant

deceleration stops. Previous experience has shown that although the
disc temperature is measured with a thermocouple rubbing on the surface
and should therefore indicate the surface temperature the response time
of the thermocouple tends to reduce the indicated temperature to well
below that of the surface and nearer to the bulk temperature.  For this
reason the temperature is compared to predictions of the bulk temperature.
The essumption that above 0.1g all the energy goes into the heat sink of
the disc 1is supported by these results. For the 0.106g stop tﬁe
experimental result, the predicted one and the result calculated on the
assumption that there 1s no cooling all lie within 7%. As the rate of
deceleration is reduced the reéults deviate more, until for the 0.0202g
stop the calculated temperature assuming no cooling is 80% above the
measured values, and that predicted by this theory is 40% above the
measured values. Therefore, in this area, the present method affords a
considerable improvement over the previous method but still leavesa large
discrepancy with experimental results.

Figures 5.07 and 8 compare results for three constant energy input
conditions, or drag braking. Good agreement is achieved with the
experimental results although the latter are not fully dependable as tney
were extracted third hand frombtests made by another company many years
ago, and the method of measurement is not now known. With this type of
braking the disc will rapidly achieve a steady state condition, shown

by the levelling out of the temperature, when the heat input due to

friction is equal to the heat lost by the three modes of heat transfer.

A\
5.4 LIMITATIONS OF PREDICTICH

A serious limitation to extending this prediction to decelerations

above 0.lg was found to be that under high rates of energy input the

temperature gradient through the disc deviated from the assumed linear

+
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FIGURE 5,04
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FIGURE 5,05 L
Comparison of Txperimental and Theoretical Results for 16P
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FIGURE 5,08

Comparison of Fxperimental ang Theoretical Results for 16P
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one to take the form shown below

[hise  Fhickness

Fe.rn p

The effective disc width is then smaller than the actual one which
causes the programme to calculate T, much higher than experiment shows.
However, with this rate of energy input, the cooling is insignificant so
the method of Newcomb { 57} to calculate the surface temperature is
quite acceptable. It was found that around 0.lg the surface temperature
predicted by Newcomb, that found by the present method and experimental
data all agreed, but for higher rates of energy input the present method
yielded surface temperatures higher than those of Newcomb. At energy
input levels below O.lg the prediction of Newcomb gave temperatures
above the present predictions due to the disregard of cooling in the
method of Newcomb.

No information is available at present to assess at what level of
constant energy input the surface temperature prediction becomes
inaccurate, and further experimental measurements at high input rates

will be needed to check this.

5.5 FURTHER WORK

It is obvious from comparison with experimental work that the
method needs to be checked over a much wider range of disc sizes and

operating conditions before {ts validity can be proved.

In the short term the programme can be modified to allow for the

variation of the fluid properties with temperature and the effect of

the caliper angle can be also incorporated. It is important that a

more accurate method of calculating the surface temperature‘be found,

probably by treating the flow into the disc as a transient flow of heat
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through a solid, rather than assuming a temperature gracdient through the

disc. The prediction would then

be applicable to all rates of energy

input and not limited to low ones.

The programme can be modified to predict the disc temperature during
acceleration and steady speed cooling conditions; a normal road cycle
of accelerate, cruise, brake, and accelerate again could then be studied.

Ultimately, it is intended that this temperature prediction should

form the basis for lining wear rate calculations.

/2

v
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CONCLUSIONS AND FURTHER WORK

Tne object of the investigation was to measure the heat transfer

from a rotating disc with emphasis on the effects of disturbing the

boundary layer. The methods of producing these disturbances were
linked with the environment éf real disc brakes. The effect of vehicle
motion was simulated by imposing a crossflow of air on the experimental
disc; and a brake caliper by masking a sector of the disc. As it was
desirable to increase the heat transfer coefficient in order to improve
disc cooling, further experiments were made with boundary layer trips
and air Jjets directed onto the disc surface.

The first set of experiments reproduced previous work on the heat
transfer from a rotating disc in still air in an attempt to_rationalize

the differing results of earlier publications. In the region of natural
| 4

convection and laminar flow, at rotational Reynolds numbers below 2 x 10
for the first, and below 2.4 x 105 for the second, it was found that the
measurements followed the equations presented by Richardson and Saunders,

o L ,
Nu, = 0.4 (Gro + Reg b (6.01)

except when the disc was stationary, when a higher heat transfer was

recorded. Tt was concluded that this discrepancy was due to a non-

isothermal\disc surface rather than an inaccuracy in equation (6.01).

: . PR
Ambient temperature measurements showed a large recirculation ot air

inside the enclosure, raising the ambient temperature by 22% with a disc

o a
to ambient temperature difference of 50°C.  Measurements of the laminar

flow tangential profile agreed closely with the prediction of Cochran,

and the experimental data of Gregory, Stuart and Walker, but the
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awmeter proved too i iti
v nsensitive to measure the angle of yaw to determine

the radial profile.  The onset of turbulence came at a Reynolds number
- 5
f p) > -)' 3 1Y o
of 2.2 x 107 and measurements of the heat transfer in the regiocn of
turbulent flow indicated a heat transfer for the whole of the disc under

turbulent flow as

. 0.8
Nu_ = 0.015 Re (6.02)

in agreement with the experimental data of Cobb & Saunders. It may
appear strange that the present laminar and turbulent results agree with
those found by different previous authors, both of whom used the same
apparatus as used in the present work, but this occurred because Cobb &
Saunders made an error in their measurement of the ambient temperature.
This affected the laminar measurements only as the ambient thermocouple
was probably situated in the more disturbed turbulent recirculation
stream but not in the laminar one. Richardson & Saunders discovered
this error and rectified it to give the result already described by
equation (6.01).

The heat transfer in the transition zone was predicted within 15%

by the equation

(— 0.8 0.8 :
Nu = 0.4 Re_, + 0.015 |Re - Re_, Re_., (6.03)
VReO Reo

The turbulent tangential velocity profile again agreed well with

that of Gregory, Stuasrt & Walker.

The heat transfer from a rotating disc in still air has now been

exhaustively investigated and all the recent papers were concerned with

non-isothermal surfaces, nearby planes, axial forced flow and fluid

injection through the surface. - However, the heat transfer at Prandtl

numbers other than 0.7 has hardly been investigated experimentally, the
only successful work was by Kreith, Taylor & Chong at Pr = 2.4 using a

mass transfer technique. Sparrow & Gregg have predicted the heat

transfer in the laminar region for the full rapge of Prandtl number,
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but in the turbulentvregion of flow results around a Prandtl number of

one only have been found. No theoretical temperature profile has been

evaluated as the Navier-Stokes continuity and energy equations have not
been solved directly for turbulent flow, integral methods being used
instead.

The brake caliper was represented by masking a sector of the disc
with a plywood model.  Tests showed that the width of the caliper did
not affect the heat transfer and was adequately simulated by plywood of
thickness 13mm, provided that ét small angles of sector the air was not
allowed to recirculate over the sector. It is doubtful if air could
recirculate over a caliper as it is much wider than the plywood sector
and the alir would be deflected well away from the disc. In addition,
calipers usually cover about a 40°-60° sector of the disc and experiments
showed that in this range only a small recirculation occurred at low
rotational speeds.

When certain sectors of the dise, from O to }600, were masked off,
not only was that area of convective heat transfer lost but the flow in
the region of the sector was considerably disturbed. It was not
possible to produce a theoretical correlation to the effects of these
disturbances due to the complexity of the flow patterns, but an
empirical relation was found which agreed to within 5% of experimental
data in the laminar region but deviated much more, by up to 200%, in the
turbulent region.. This assumed tﬁat the disturbance effect was
independent of caliper angle and equal to the difference in heat transfer
between that for a free disc and for a disc with a scraper touching the

surface. The scraper caused the airflow to be disturbed in the same

way as occurred on the leading edge of a sector but masked a negligible

area of the disc shrface° The empirical relation was

Nu = ééggé—é Nupree ¥ (Nuscraper - Nufrée) (6.04)
>
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The experimental data (figure 4.17) covered an adequate range of

sector angles and rotational Reynolds numbers for all existing disc
brake designs, but should a higher rotational Reynolds number be needed
the graphs show that the lines through the experimental daéa have
settled to the usual Reynolds number to the 0.8 index and therefore can
be extrapolated with confidence.

No detailed measurements of the complex behaviour of the flow wepe
made, only a flow visualization technique being used, and a more
complete understanding of the behaviour would be available if a detailed
veloclty survey were made in these areas. In particular the indicatioﬁ
that a laminar layer behind a sector is extended into the region that
would be turbulent on a free disc needs verification, either by velocity
profile measurement or by flow visualization in a tank of fluid using
air bubbles 1n water, which shows the pattern of flow much more clearly
than can be seen by smoke visualization. |

When a disc brake.is fitted to a vehicle it is necessarily
subjected to a forced crossflow of air with the vehicle in motion.

This was reproduced by installing the experimental disc in a wind tunnel.
It was found that the square edge of the disc caused separation of the
flow over an initial length of the surface and turbulent flow thereafter,
causing the heat transfer to be %%% higher than predicted by stationary
surface forced convection theories:. Few previous investigations exist
on separation at sharp leading edges at subsonic speeds and its effect
on the heat transfer, and a considerable amount pf further work is .
needed into the effect of the leading edge radius and width. ‘All

previous heat transfer investigations on a stationary surface were made

outside the leading edge region and with a well tapered nose in order

to prevent the very disturbance that is of most interest here.

were made with an adequate range of

Heat transfer experiments

rotational speeds but it 18 possible that higher crossflow velocities
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will be encountered. The lines of heat transfer tend to converge at

high crossflow velocities showing that rotation was having little
£ )
effect, so extrapolation for higher crossflow velocities would be easy

to make, the line for zero rotation being merely extended to the

required value of crossflow Reynolds number.

A semi-empirical theoretical correlation was developed which
agreed with the experimental data for rotational and crossflow existing
simultaneously, to within 5%. This was based on experimental
measurements of the heat transfer from a rotating disc in an air
crossflow. Local heat transfer coefficients deduced from best
equations through the data were vectorially added, to find the resultant
local coefficients, which were then used to calculate the mean heat
transfer. This method of prediction used the novel technique of
assigning directions to the heat transfer coefficients so that they
could be added vectorially to determine the resultant one, similar to

the theory of superposition of flows.

For the experimental disc the ratio of width to diameter was fixed
and the separation effect was nearly constant for the full range of
crossflow velocities. The disc also had a guard rim giving a heated

initial length before the test sectlon was reached. Neither of these

conditions exist on brake dises, where the width to diameter ratio

varies from 3% to 8%, whilst on the experimental disc this was 6.%.

Due to the small range of this ratio it was assumed that the effect of

separation remained constant for brake discs at 33% above that predicted

from stationary surface theories. A theoretical prediction of the heat

transfer from a stationary disc in a crossflow without a guard rim was

easily made by measuring the characteristic length direct from the

leading edge and not from the edge of the guard rim, as was done for the

experimental disc. However, this adid not allow for the main disc

having a higher percentage of area in the region of separated flow so

'
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t heat t .
he hea ransfer would be higher than predicted, but the magnitude of

his deviation is , .
K not known. This emphasises the need for further

information on the effect of a sharp leading edge on the heat tfansfer‘

A data sheet based on the above assumptions was prepared for

rotational Reynolds numbers up t0'2-5 X 106 and crossflow Reynolds
nunbers up to 106 (figure 4.285.

A more realistic set of conditions were applied when tests were
made with the disc rotating in a wind tunnel with sectors of the disc
masked off. This reproduced the most common configuration of a disec
brake on a vehicle. Tt does, however, neglect the effect of
disturbances to the airflow caused by surrounding bodies, for example,
the wheel, vehicle wing, axle and road springs. Road tests have shown
that these tend to reduce the volume and velocity of air flowing across
the disc, but further measurements are needed from vehicle tests to
assess the effective crossflow velocity on the disc for.a range of
vehicle speeds. Alternatively this effective velocity could be found
by calculation of the heat transfer coefficients from cooling curve
measurements on vehicle tests and comparing these with heat transfer
coefficients found with the present experiments.

Tests with a simulated caliper on the disc in different positions
relative to the direction of crossflow showed little change in the
heat transfer. With the maéking sector in the trailing position it
was found that, for the range of crossflow and rotatlonal speeds tested,
the ratio of Nusselt number to the Nusselt number.found with a free disc
followed a single line, plotted against sector angle, to within 13%
(figure 4;;2), By ignoring the area of the sector of disc masked of f

in the method of prediction used for a rotating disc in a crossflow

good correlation was achieved with the experimental data, except at low

rotational speeds when separation of the flow at the leading edge had

a more significant effect on the heat transfer.
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PAPETIMENTSs To trip the boundary layer were made more as an

exercise to compare the results ws T
with those from a scraper rather than

+ i Rakt ; ,
as an attempt to significantly increase the heat transfer from the disc.

he trip wire gave a di o '
Th p g a different pattern of flow to that found with a

scraper on the disc.  The scraper had increased the heat transfer by
creating a swirl of air, with little recirculation to the other side,
but the wire did not hinder the flow, only tripped it from laminar to
turbulent flow, causing an increase in heat transfer of 10% in the
laminar region but none in the turbulent region. With a radially
mounted wire the whole of the surface was not affected as the airflow
followed a spiral path to leave the disc at the rim. Tests with a
larger number of wires taped to the surface of the disc further
increased the heat transfer to a value beyond the line for all the disc
under turbulent flow, indicating that some separation of flow probably
occurred behind the wires, which has already been showh to give a large
increase in the local rate of heat transfer.

»A very interesting result was found with a circle of wire taped to
the disc surface; this should have given 89% of the disc under
turbulent flow, but when the experimental data was compared with values
for discs with their surfaces under all laminar and all turbulent flow
it was found that only 75% of the disc was under turbulent flow. This
suggests that the axial inflow of air might damp the turbulent

disturbances and eventually cause the flow to revert to laminar type.

This supports evidence from other sources who found that mass addition

to a boundary layer causes the flow to be more stable and inhibits the

formation of turbulent flow.

With a thin jet of air blowing onto the disc surface, mounted on

a radius and extending over the full fadius of the disc, the best angle

of inclination to the surface was 80°, blowing against the direction of

rotation TMurther tests were made with the Jet at right angles to the
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5 ce as tl Jould gi th
surfa s this would give the same effect with the disc rotating in

poth directions. Y -

In the range of tests the distance between the nozzle
avi a the i a R
exit and the disc surface had little effect on the heat transfer The

transt i e s ’
heat transier was increased more with the nozzle mounted radially than

when it was mounted in a side-on position, indicating that the
S Nt s + 4 ith ) i
interaction with the rotational flow was more effective with the nozzle

in the former position.

Since the mass supply of air needs to be as small as possible with
the unit on a vehicle, a plot of volume flow against Nusselt number was
produced (figure 4.42), which indicated that the smallest opening was
the most effective. However, the velocity of supply from this nozzle

was limited by the higher static pressure causing the nozzle to vibrate,

by

but this could be overcome by strengthening or altering the design of
the nozzle.

Calculations using a reascnable supply for a commércial vehicle
show that the Nusselt number could be increased to twice that for a
free disc at Re = 200000, equivalent to a 0.4 m (15.5 in.) disc
rotating at 200 r.p.m. Measurements at other rotational speeds show
that the air‘jet has more effect on the heat tfansfer as the speed

decreases so the improvement on that ror a free disc would be

correspondingly larger. These results indicate that a useful gain in

the heat transfer coefficient is to be had from air jet cooling of a

disc brake in a dirt shield but a more realistic comparison can only

be made by evaluating the effect on a disc brake operating temperature

for a typical vehicle duty. Purther work needs to be done with the

brake temperature prediction method outlined in Chapter five to
calculate this effect.

A considerable amount of further work needs to be done on the

application of the measurements of the heat transfer coefficients that

nave been made during the present work. Newcomb { 66}has published
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the results of many measurements of the cooling rate (bv values) of
disc brakes mounted on vehicles travelling at various speeds. From
these cooling rates can be calculated the average heat transfer
coefficient to allow comparison with those measured here ét the same
rotational and crossflow speeds, and with the same caliper angle. Any
differences will then be directly attributable to the disturbed airflow
and the shielding around the disc. By analysis of many such sets of
experimental data it may be possible to establish a range of "vehicle
factors” dependent on the installation conditions and vehicle usage.

Once such "vehicle factors" have been developed they can be
supplemented into the method of disc brake temperature prediction
outlined in Chapter five, and further comparisons made with measured
disc brake temperatures.

Even further shead, it is envisaged that the wear life
characteristics of friction pads, highly dependent on disc tehperature,
can be used with the calculated operating temperature to find the wear
life. Present methods of wear life calculation average the road duty
and calculate a typical temperature and wear 1life pattern but this can
lead to considerable discrepancies through insufficient accuracy in
the averaging technique. By utilising the speed of a computer the
wear life could be calculated for each orake application of a braking

duty taken from actual road measurements and a much closer prediction of

the brake wear 1life should result.

Summarising then, a number of experiments are needed to improve

the range,applicability and dependability of the present measurements,

put by far the largest amount of work lies in developing +the application

of these results.
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APPENDIX 1

I TRANSFEN FPROM A ROTATING DISC TN
R_IROM A ROTATING DISC IN STILL AILR

LAMINAR FLOW REGION

1y

THEDORETICAL AXALYSIS OF WACHER {13} AN

KREITH, TAYLOR & CHONG {3k}

The theoretical analysis described in these two papers
are identical 1in derivation, but they are used to give
results for different Prandtl numbers in each . Here the
theory 1s derived in full and the numerical work done on an
Elliot 903 computer.

The heat flow equation is derived from the steady state
equation, the axial velocity profile according to Karman {31}
is substituted and integration yields the>heat transfer
coefficient. This is a common method used for many neat
transfer systems where the boundary layer velocity profiles
are known and is usually called the INTEGRAL METHOD.

In cylindrical co-ordinates tne steady state equation

for heat transfer to or from a rotating plate 1is

o 229+ 120 + gy - urig- gy 0O (A1.01)
dR R ? o2 OR d2

when viscous dissipation is neglected and fluld proper-

ties are uniform, and where O = (T = Tw)o

it 1 tempera-
The boundary conditlons are for uniform surface Temg

ture and

at 2z = O 0 = 0y = (Ty

at 7 = ®© @

Now. as proposed by Karman, the boundary layer thickness
i 9 > ]

§ is independent of the radius R, and hence the temperature

R, giving, from (A1.01) i

difference O 1is independent of

\
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L2
arde( -, (40 = 0O
(dzyj ‘(3;) (AL.02)
Integrating this once, assuming that the solution is
t
ae = eflz) then 42%¢ = f'(Z)ef(Z) = £'(z) ao , compared
dz “dz2 az
with a?e = u, 4o
dz . dz
£'(z) = u,
a
Zu a
. N z
. a9 = elo (A1.03)
dz
. . 0 z 1 sz
Integrating agaln d0 dz = 0 = e - u,dzjd
gracing again ] 5o J2 exp( L )7 uan)an
.. «© 1 .2
in 0 = - =~ .0k
giving fzexp [a fo uzdz) dz | (A1.0L)
Dividing (A1.03) by (Al.0L4)
Z
l u,dz
40 1 = exp 'O
dz © . . (A1.05)
-/ (expi fouzdz)az
1 (% u, g
40 = -0expalo 2% (A1.06)
dz
, 1l rz
Joo [exp"“ jOuZdZ)dZ
Now when © =0, , z =0
1 (2
d@ - _ @w exn o JO uZdZ ) (Al.OY)
dz ® 1 (%2 §z)d
exp = uydz)dz
fo [ b < fo zZ )
- 7
and h = L -k[_a_g)
Oy L 0z’ 2=0
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-t E (A1.08)
@ z
fo(exp 1 jo u, dz) dz
o
Nu = AR = R
X =
wr L 2
[ (exp = [. v, a,) az (A1.09)
At this point the velocity profile for u, is obtained
from Karman {3},
viz. for z < 6
z
u, = -2mf P.026 2\ (1=zYy2 (1422, -1 (2% (1=2 {]da
z o z z <oy~ (Z z
= -2wz P.31 z\= 0.52(2y3 = 0.1T¢z)? + 0.51(z J
(A1.10)
for z > § u, = = 0.708 Yvu S (A1.11)
Now Nu = R
s L .z - . (Al.12)
[exp (= [T u,dzldz + [ exp(X [Tuydz) az
o o o ¢ a ©
§ 1 z . -
Let A= [ exp (=] w,dz)az (A1.13)
o a ©
o 12
and B = [ exp (& [ u,dz)dz (Al.1k4)
$ a "o
To determine A
2 6 . 0.52 2%~ 0.17 2!
1 u.dz = = 2_(,\_) 0.31 z° ° -
= J’O z = {:"“"g'" 5 G 5 "('3—3- T 52
+  0.51 5;1
3 s |
6 3 . 0.0415 z% - 0.1026 z°
p o= [Cexplzu(0.171 23 - 0.0815 2 2
Io {-a( 8 §2 8
+ 0.0517 g;)]dz
Eh
Let X = % -
1 2AO_171X3_o,ohlsx“-o.1026§JJdX
then A =6 foexP{}gprgé (0.1] + 0.,0517 X°)




H

vl ]
Es f;.jo exp[?Priéz(—o.lTlX3+Q.Ohl5X“ ‘de
+ 0.1026%%-0.0517x%)]

(Al1.15)

To determine B

B = [,exp |-0.708u? z Pr| az
w I Nk \
B = exp [; 0.708 z/%'PrJ =

6 - 0.708 Pr/

={; - exp[}o.7085f§ P;U}/ - 1 \
v t j;- 0.708 Pr}

= [V 1 : (A1.16)
Jw 0.708 Pr exp (0.703£; Pr)

Putting the expression for A and B back into equation (Al.12)

we obtaln

R

bt
=4
<cle

o
H

! I 2(- 3 L15x*  lax
£ exp |2 Pr £g%(- 0.171X° + 0.0415 1
8o exr L + 0.1026%X° - 0.0517x°)

+ 1
0.708 Pr exp (0.708 &g Pr)

ceessonas (AL.1T)

The expression (Al.17) was evaluated for Pr = 0.7k and 2.k

on an ©£lliot 903 computer, with the computer programne

shown in figure 1 in thils appendlx.

Pr = O0.Th (Wagner)
Data s = 2.58
)
Gu = 0.388 R[E = 0.388 Re®
' v
Pr = 2.4 (Kreith,Taylor & Chong)
Data Es = 2.508.

1

Nu = 0.665 Re?
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APPYNDIX 1 FIGURE 1

Computer Programme to Calculate Bquation (41.17)

Integration evzluated by Simpsons procedure

CYNET93

[N UREALY B0, PRy X AN BB, 73

“PAOCEJUAE” s
sz (uXP 2= UT”(‘-l7er‘{+.0417 KKT4+ e 1O39%XTE= e BS1THKT6)))3
"ALﬁL”” ;WN, JU. SIMP SRS AL By DELTAS V)Y
IRRVFSY BN N A;fE;:)EL]V%;V;

TREALY X AL B3, DELTANVS

"%“u‘l\"' "INTEGER'™ N»Ks
RIEAL'™ HsJds1s
SWITCOH'™ S:=Jd13

Vi=(B-A)xV;

Ne=13

He=(R=-N)/25

ANDEAG

Jo=is

Xe=Rs

Jiz= CJ+F ) H;

Jl

K OK:=1 "STEP™ 1 "UNTIL" N "DO"
VEBEGIN'Y Xi=(2%K-1)xH+AS
D=3+l
TN
=43+ 0s3
TR OCARSOUYRDELTAY < ABSCI=V) THEN'
"BrEGIN'Y Vi=1s

HEN QRN D W
Neo=2%N;
He=H/23
"GOTO'" Jis
CUEND'S
SIMPS:=1/3s
TEND'Y OSIMPSS
TREAD™ EO0,PR;
AN =0 )Lf\']P\,(/\,q;l;-j@lJS);
BR:=1/C7THX#PRYEXP («TOB¥EO*PRI IS
=1/ (AA+BR); , _
CRRINTY ALIGNEDC1»4)5E0sPRsAASBBSZS
END' .
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TN rATm .
SNVLGRAL METHOD OF EVALUATION OF LAMINAR HEAT

TRANSFER FROM A ROTATING DISC IN STILL AIR, USIKG

THI

L VELOCITY PROFILES DERIVED BY COCHRAN (L}

Thnis ansalysis was made prior to the discovery that Young
nad made the same approaci to the problem, but he did not

evaluate the heat transfer for all values of the Prandtl

number, which has been done here.

Wagner {13} used the velocity profiles of Karman {3} in

his theoretical analysis (shown in appendix 1) of the heat

transfer coefficient. Cochran {4} then rectified the work
of Karman and therefore it would be reasonable to expect
a more accurate result if Cochran's profiles were used in the

analysis of appendix 1. In addition, the heat transfer is

calculated at all values of the Prandtl number to compare

with the theoretical data of Sparrow & Gregg {17} and others.

From appendix 1, we have equation (A1.09).

Nu = R

o]

fo(exp -i— fz uzdz) dz

Cochran gives the velocity profile

F = a (1—3)2(g+§_)n£21w5}2 (A2.01)
&6 €s" 2 &5
= A2 .02
where ay = akg = Oel9h66£6 and &g 2.79 ( )
2(een)- £2(1 - £ )7 ag
S, H [2=2|ats (1- g)°(e+2)= & £
Es £ 2 ts

i
§
m'
aat
O
aat
§
Y
w
+
}_l
by
=
—~~
}-—l
’ t
w
o
+
)
Uaat
i
)
©
§
-
S
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As H = u, ' we have
Yvw
3 z & 6 = -/vu g2 2 >
for u, vu[}éég - &3+ 1 %i(l~3a)+§.€5 (2a=1 )
3 2 58 5 564 2
e e o 0 (A2-O3)
for z > 6 u, = —O.SS/UE (A2.0k)

As before, equation (Al.09) gives

Nu = R

9 o
[ “(exp L fzuzdz)dz + [Tlexp & [*u_dz) az
0 6 a "o %

o a
6 z
1
Let A = exp — a
fo (exp > fouz z) dz (A2.05)
. © 1l 2z B

and B = [ (exp = [Tu,dz) dz (A2.06)

$ a o
To determine A

2 [Pugaz = = [2050 e gge%- g3+ 1 gt (1-3a)
o a ‘o 3 2 T
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Therefore

R [ l
A = < P 5 =
IOCXP { ro&s i: .% (%)3 +1-12 (%)L’-llo (%)5(1-351)
- 1 (z\%2a- 14lldz
15 (E)( 5)
A = [lexp {pr £ ' 3 N
BRI YORE SO R
- 1 6 - \\ v
SEIC %J}ESJ‘E )
Let X =

To determine B

B = [ exp | % [2 - 0.55 /vu az) az

= fw eXp (= 0.55 Vve Z)‘dz

a
= [ exp (- 0.55/vw 2 ] a ]“’
a - 0,55 Yvw §
= exp (= 0.55 /vuw 6) o
( a 0.5%5 /Yo
where 6 = 2.79 [v
w
v o
B = exp(- 1.533 z) 6T§§“7§ﬁv
= exp (=~ 1.533 Pr) |[v (A2.08)
0.55 Pr w

A and B were calculated by ‘Elliot 903 computer, using
the programme shown in figure 1 of this zaxppendix,,~ for various

values of Pr sas follows.




e O

For the equation Ny

o~
S

-
o]
'

» the table gives

Pr A B c
0.1 2.701 15.595 0.05kT
co 2.7263 0.887 0.318
O.ThL 2.231 0.790 0.3312
1 2.096 0.392 0.L4o2
10 0.863 0 1.159
100 0.363 0 2.755




APPEIDIX 2 FIGUR

=
-

_Comp uter Programme to calculate To

+ Yo
Iategration evaluated by Simpsons procedure

USEGIN'T VREALY EQ,PR,ALsYsX,A2, AR, 53
:r\"':_‘AL"" PROCEDURE"™ YY;

1= hXP(”QT-J*VV‘(*Q?/<*A771LO/IH*
*AP=-FE0/2)%X16)));

ReALY VROCEDURE' SIMPS(X,A»Bs DELTASV);

VALUE"™ A,BsDELTA, VS

UREALY Xs A5 By DELTA, V3

BEGIN' "INTEGER" N,K;

EAL' HsJs» 15
ITCH" Se=d13

Viz (B-A)%xV;
]
(

X:=8; Je=(J+YYI)xH;

R

”«"‘;AOI\'” ,,(::] vvs’I"“}iﬂo 1 ”UNTIL” N "DO"
VOEGINT Xo= (2K 1) RH* A

Br=p+YY;

CIRY O(ABSCUIRDELTAY < ABSCI-V) THEN
[ Je Ne=2%N;

UBEGIN' V=1 =(I+JX/ 4
:=H/2;

"GOT0Y Jis

MEND'

SIMvipPrSe=173;

TENDT SIMPSS

Y= SIMPS(X, 0y 1500015305

HER G RIS .
Bhe= 1/ CEXP (e 95 EQ*xPRY ¥ e SOFPRIS
Y:=1/CAA+BB); .
TERINT ALIGNED(2, 4), EQs PRs Afs
END';

BBs Y3

T4~ Ge 1k (EQ-

KYquations (:’;2.07) & (AB.OB)

3kA2) kK1 5-1/105%




APPENDIX 3
M

CALCULATION OF WHIRLING SPEZD OF DIse AND SEAFT

Snaft

The sheaft w1th‘the disc mounted on it has a hole down the

centre to carry the thermocouple wires.

outside diameter dg = 3.18 cnm
inside diameter d; = 0.635 cm
length between 1 = 3k.3 cn

Learings

mass per unit length w = 60.1 g/cm

moment of i1nertia I = 5.0k cmh
modulus of elasti- E, = 20.6 x 106 N/cm?
city
shaft whirling speed wg = 12 gEl

12 W

= 3.5 x 103 rad
s

= 33 400 r.p.m.

Disc

mass of disc W 13.05 kg

whirling speed due to disc only

W 1 L8 F I g
¢ Wl

il

]

9250 ro.p.ms

Dunkerley's formula

1 = 1 + 1

giving w = 8910 r.p.me.




Disc out of balance

Obviousl } 33 - \
Yy the disc ang the shaft cannot be perfectly

balanced, and an ; L.
’ accuracy of balance of 36 £ cm was achieved.

N oA \ N R
Neglect the shaft, as the previous calculations have

shown 1ts effect on the whirling Speed to be small compared

to that of the disec.

Out of balance puts effective centre of gravity at a
distance e = 0.00276 cm from the axis of rotation, and the

maximum allowable stress in the shaft is 100 H/mm2.

This stress would be caused by a static force of

We = L TIo = 37000

‘giving a deflection of

¥ = W, where u = LB B I = 122 500 _K
TR 13 cm

) y 0.0302 cn.
Now the corresponding rotational speed 1s given by

2

W = ug  __ Y.
W y e
0.0302 red?
= 122 500 x 100 .
13,05 0.0302 = 0.00276 2
_ L2
w.:. 2 = 9L x 0,0302 = 862 000 (ra \
min co—————E—— -—-—S J
0.03296
' Wl = 930 rad = 8870 rev / min
min

S

So the out of balance effect is negligible, and the

; ; i speed of
whirling speed is well above the maximum operating ST
r .

3000 r.p.m.




Comnonents of R

220

YMANUFACTURERS OF EQUIT

PHMENT

Bearings

Belt Drive

Motor &
Control Unit

Slip Rings
Heater Wire

Rheostats

Instrumentation

S.KLF., self-aligning bearings witn taper
lock flttlng. )

Fenner Spacesaver Drive Alpha Section.

Goodyear Transformers Ltd.

Star Llectro Carbons Ltd.
Wiggin Brightray Alloy C.

Zenith Type TNE and TS slidewire.

Temperature

Electrical
Meters

Speed
Pressure

(boundary
layer)

Line pressure
gauge

Pye thermocouple test set. Cat.No. T7556.

Ernest Turner Ltd. and Weston Ltd.

Hasler Tachometer

I.R.D. Micromanometer type MDC., manufac-
tured by Hilger & Watt Ltd., supplied by
Furness Controls Ltd., lent Dby the
University of Aston.

Smith & Sons Ltd.

Auxiliary Equipment

Wind Tunnel

Pressure valve
ané¢ Tillter

Paraffin
Smoke
Generator

18 in. blower tunnel,

% Partners Ltd.,
Plint y of Aston.

lent by tae Universit

Znots Ltd.

&z Jicwood Ltd.,

ew Co.Ltd.
Airscr ty of Aston.

lent by the Universil
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CO0WER REAUT: W
POWER ALQUIREMENT OF &

ELECTRIC HEATERS IN DISC

<4~ '\ . N
e p . ;
4 with the convective heat transfer

coefficients for a disc and a cylinder, found by previous

workers.,

Maln disc heater

m?y 3 ~ .
~fle convective heat transfer from an 1solated rotating
disc in the turbulent region of flow was found by Cobb &

Saunders {32} as

Nug =  0.015 Rey0-8

With the experimental disc of O.4 m diameter and 3000 TePom.
the maximum Reynolds number is 8 x 102,

TS L = n_R

c_<
1!

o m o
X
ve ho, = 79L x 0.00927 J at 77°C
0.202 22 s Og
= 36.4 J
me 59K
. . _ 2 2
Area of the main disec = 2m 0.2 m

(two sides)

Af the maximum speed & temperature difference of 50°K would

be sufficient.

-

.« Power to heater 36.4 x 0,256 x 50 Watt

Guard rim heater

0.8
0.0197 Reyn .

fl

From sides Nug

G e - - VuD ok G




for RBp = 20.2 + 20,6 = 2l.k cm
2
Rep= 9 x 10°
. Hup=  11kLo
' h = 52,2 J
m? s Og

area of two sides of guard ring

i}

2m(0.2262 ~ 0.,2022) p2

0.06k41 me

1

For a temperature difference of 50°C,
Power loss = 52.2 x 0,064kl x 50 Watt

= 168 Watt
convective heat transfer from a cylinder according to

Anderson & Saunders {38} (neglecting effects of thin cylinder)

2 .
fu = 0.10 ReT where Nu = hg
X
andé Re = 2uwR?
6 A"
at Re = 2 x 10
Tlu = 1589
S, h = 1589 x 0.00927 = 32.6 J
2 x 0.220 n? s°K

50,226 x 0.0285 m?

0.0k05 m® .

1

area of rim

32.6 x 0.0405 x 50 Watt

power loss from rim

it

66 Watt.

from guard heater = 168 + 66 = 234 Watt

Total loss

- - A
Ratio of main to guard heaters = Elg 2
234
. =h031-98A
Current through maln heater *l—
120
3.19 A

n
<““‘\\,
O
MLD
=
i

Current through guard heater




Lowest nower

S

At 30 r.

and the laminar heat transrer
b}

p‘m° 9 Re
o

Saunders {35} is

8000

according to Richardson &

N = O. <.
“uo 0.4 Reg 2 = 35.8 .
Ratio of maximum Nuy to minimum = 35.8 = 0.0ks
79
.. minimum power main = 21.1 Watt
o at 30 r.p.m. and 50°C,
minlmum power guard= 10,5 Watt
.+ minimum current = 0,419 4
rnain
minimum current = 0,675 A
guard

With the equipment available the chosen maximum and minimum

currents were

to

to

0.39 A

0.L6 A

continuously variable

continuously variable,
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APPENDIX 6
APPENDIX 6

taP FATURAL CONVECTION HEAT TRANSFER FROX A CTIRCULAR
4 & LU 1 LAT

LAT PLATE
B i Y

Ostrach {55} gives the natural convection heat transfer

from a vertical flat plate, with a uniform wall temperature

and laminar flow as
. 1
Hux = 0.388 (Gry Pr)® : : (A6.01)

For air of Prandtl number 0,71k we have

. - 1
Nuy, = 0.36 Grh (A6.02)
i.e. ny = 0.36 k, g0 ¢ 1 (A6.03)
( Tov ) <

Assuming that the flow lines are exactly vertical gives
the distance x as that from the point being considered to
the leading edge below it. This was verified by flow
visualization using titanium tetrachloride smoke induced
into the airstream below the disc.

o

For any plate with temperature difference d@ and varying

heat transfer coefficient we have

1 Z
Q = hy A @0 = hyAy &0 + hpAp 40 + h3Ay 80 ¥ oos(AG.OL)
at dt dt dt
‘ . (A6.05)
So nmA = hlf\l + hody * h3A3 + .. i
nee (A6.06)
hm = i E hnAn
A
n=l

N : 1 2llowe
Evaluated numerically for the experimental disc, allow

ing for the guard heater rim

x=2R ' (A6.07)
Ly _A = o.kgb2 =,
AX:O XO.ES cmb
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IR [P PRSI
Jow, uslng equation 03,

apRo =  Rg i _ 1 ]
- ) b, = R 6 g0 & 1 (A6.08)
X k Z X fo  0.36 (ﬁ“*y) Z —
“oV Xk
Putting O7 into 08
1
fpfo = 0.36 Ro (984" o.kg82 2 (A6.09)
-
k TO\) cmﬁ
For the experimental disc Rg = 20,16 cnm.
1
giving Fuy, = 0.36 x 0.4982 x 2.12 (Gry)*® (A6.10)
1
i.e. Nug, = 0.38 (Gro)“
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The mean stre i i
stream velocity in the entrance to the test

section was found by following British Standarad 848, Part I,
1663. This 1nstructs that velocities be taken at the points
shown in figure 1 of this appendix. This was done with a
British Standard combined total and static Pitot tube, and
readings were taken on an inclined manometer. The results
are shnown in figure 2, together with the averapge velocities
and the mean tunnel velocity.

The velocities varied by + 5 % , - 10 % from the mean

tunnel velocity, whilst the centre point velocity differed

by only + 1.6 % from the mean tunnel velocity.
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Txploration of Airf)ow

at Tntr i
Trance %o Wind Tunnel

Velocity Measurement
4l Ch nen o)

[ S | metre/sec,

325 | 28:0 1 29.3 3095
3 + * S T N D
3148 | BATS 1 3ATS 310 | 3095 | 3195 | 324 | 319 |
- — 9"““~*‘“;-“ !
| 324 35 | 324 3xs
tq_,_ e o " ~ ‘x*':w:::'—:r:i I e :
3175 32-0 320 32:0 | 319 | 3230 | 320 | 2%:3 ‘

285 32:0 32:0 31-9 31-9 31-9 31-9 266

34 324 3a4 324

312 32-5 325 316 330 3298 3278 LAY

307 286 ag-! 324

Average Velocities Calculated To BS 848

32-12 30'83' 30.88% | 31-68

g1-9a | 320 | 319 3077 | —
30-83 | 81’9 319 2947

- 30‘8’7 30.@3 31"“»‘&

31.45
__——’""I.‘T‘—’/'———d

T . _ 313 s[5

ean tunnel velocity = 3 /

, , nd centre readings
Difference between meall and ce
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