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ABSTRACT

Turbine blade cooling via internal cooling channels is a very important aspect in
modern-day gas turbine cycles. The need for blade cooling stems from the fact
that higher cycle efficiencies requires higher maximum temperatures and
therefore also higher turbine inlet temperatures. In order to evaluate the effects of
these cooling flows on the cycle as a whole under various load conditions, it is
necessary to simulate the compressible flow with heat transfer within the
channels. The main objective of this study is to develop a mathematical model to
simulate the steady-state compressible flow in the radial cooling channels of a
simple rotating disc and to determine a temperature distribution in the disc. The
disc's axis of rotation is vertical and it contains six equally spaced cooling
channels through which air is dispersed radially outward.

The steady-state compressible equations for the fluid flow in a rotating pipe were
derived from first principals. The generated heat transfer in the rotating pipe was
then coupled incrementally to a system of temperature conduction equations. It
was then possible to determine a three dimensional temperature distribution in
the rotating disc. The study also included an experimental validation of the flow
model under adiabatic conditions.

An inlet loss factor was empirically determined from data obtained from the
experimental test bench. It was found that the inlet loss factor is a function of the
inlet radial velocity component divided by the inlet tangential velocity component.
Finally, it was shown that the results obtained from the theoretical model are in
good agreement with the data obtained from the experimental test bench.
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OPSOMMING

Turbine lem verkoeling deur middel van interne verkoelings kanale is 'n baie
belangrike aspek in moderne gas turbine siklusse. Hoér siklus effektiwiteite
benodig ho&r maksimum temperature en dus ook hoér turbine inlaat
temperature. Turbine lem verkoeling word dus benodig om turbine fem faling as
gevolg van oorverhitting te voorkom. Dus, om die effekte van die verkoelings
vioei, onderwerp aan verskeie las kondisies op die siklus as 'n geheel te
evalueer, is dit nodig om die saamdrukbare vioei met hitte oordrag in die kanale
te simuleer. Die doel van die studie is om 'n wiskundige model te ontwikkel om
die gestadige saamdrukbare vioei in radiale verkoelings kanale van 'n
eenvoudige roterende skyf te simuleer. Verder moet die model ook in staat wees
om 'n temperatuur verspreiding in die skyf te bepaal.

Die gestadige saamdrukbare vergelykings vir die vioei in 'n roterende pyp is van
eerste beginsels afgelei. Die gegenereerde hitte oordrag in die roterende pyp is
per inkrement aan 'n stelsel hitte geleiding vergelykings gekoppel. Die
vergelykings het dit dan moontlik gemaak om ’'n drie dimensionele hitte
verspreiding in die skyf te bepaal. Die studie het ook 'n eksperimentele validasie
van die adiabatiese vioei in die roterende kanale ingesiuit.

'n Inlaat verlies faktor is empiries bepaal uit die eksperimentele resultate. Daar is
gevind dat die inlaat verlies faktor 'n funksie was van die inlaat radiale snelheid
komponent gedee! deur die inlaat tangensiéle snelheid komponent. Dit is ook
bevestig dat die eksperimentele en teoretiese waardes goed met mekaar
ooreenstem.
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NOMENCLATURE

A  Cross sectional area of the rotating pipe m®
B  Body forces -

C  Absolute velocity mls
C, Integration constant number one -

C, Integration constant number two -
¢,  Specific heat at constant pressure J1kgeK
Specific heat at constant volume J1kgeK

Diameter of the rotating pipe m

CV

D

f Friction factor of a rotating pipe -

g  Gravitational acceleration mls?
h Enthalpy JI1kgeK
h

nsice ROtating cylindrical cavity convection heat transfer coefficient W/ m?eK

oo Outer edge of the disc convection heat transfer coefficient W /m?eK
hO

Total enthalpy JITKkg«K

HTA Heat transfer area m?

inlet velocity ., Radial inlet velocity divided by the tangential inlet velocity -

Mach number -

K  Secondary loss factor -

k Thermal conductivity W ImeK
k;  Thermal conductivity for node block (i=1,2,3,...7) W ImeK
L Length of the control volume m

M

M

Total torque exerted due to the pipe walls w
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m  Mass flow kg/s
NTU Number of transfer units -

P,p Static pressure Pa
P, p, Total pressure Pa
Q  Heat transfer w
Q, Heat transfer from the pipe walls w

r Radius m

r Radius at radial increment (i=1,2,3...9) m

ratio Friction factor of a rough stationary pipe divided by the friction -
factor of a smooth stationary pipe

R; cong Conduction resistance -

s Unit vector parallel to the flow direction at the inlet and outlet -

S,  Source term for the conduction equations in the radial direction -

S,  Source term for the conduction equations in the theta direction -

S,  Source term for the conduction equations in the axial direction -

T Static temperature ' K

T,  Total temperature K

Tf  Environmental temperature K

T,.I ;  Disc nodal temperature (i=block=1,2,3...7) and (j=node=1,2,3...27) K

t Time S

U  Overall heat transfer coefficient W /Im?K
u Internal energy JTkgK
V  Velocity mls

M- Volume of the controf volume m®
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W  Total rate of work done on the fluid
4 Axial direction

Z Axial position (i=1,2,3)

I

Greek symbols

Thermal diffusivity

Tangential direction

Difference

o
0
Y Ratio of specific heats
A
P Density

I Density at radial increment (i=1,2,3,...9)
T Shear forces

w Rotational speed

Rotational acceleration

I Dynamic viscosity or absolute viscosity
U Kinematic viscosity (v = E)

£ Effectiveness

Rotational speed

Subscripts
Outlet to the control volume
; Inlet to the control volume

Inlet / rotating cylindrical cavity
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out

Outlet / outer edge of the disc
Inner

Tangential component

Radial component

Axial component

max  Maximum -
w Wall -
m Medium -
o  Average -
so  Isothermal -
qag Quadratic -
D Diameter -
H Heat transfer conditions -
o Free stream conditions -
of Stationary straight pipe, laminar flow -
of Stationary straight pipe, turbuient flow -
s Surface -
it Critical value -
top Top side of the disc -
bottom  BOttOM side of the disc -
") i=radial position (i=1,2,...9) and j=node block (j=1,2,...7) -
2i i=axial position (i=1,2,3) and j=node block (j=1,2,...7) -
W West node -
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£ East node

p Cehtral node

Superscripts

Vector
Unit vector

Average value

Local value

Dimensionless groups

Re Reynolds number based on the radial velocity component

Re, Rotational Reynolds number (Re, =

pQr? )
y7;

Re, Augmented rotational Reynolds number (Re, =

Nu  Nusselt number
Pr  Prandtl number

K, Dimensioniess parameter for laminar flow

K, Dimensioniess parameter for turbulent flow

Physical constants

R  Universal gas constant forair = 287

QD p

)

J1kgeK
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CHAPTER 1

1. INTRODUCTION
1.1. Background

It is well-known that maximum cycle temperatures in the modern gas turbine
are primarily limited by the high-temperature failure characteristics of the
turbine blades. The turbine blades operate under high centrifugal loading and
are subject to gas-bending, vibratory and thermal stressing. Thus one of the
most important problems encountered in increasing maximum cycle
temperatures, and therewith in obtaining the indicated large improvements in
gas-turbine performance, is that of providing some means of preventing
turbine-blade failure due to overheating.

A solution to this problem appears to lie in one of two possibilities: either the
improvement of turbine-blade materials capable of extended operation under
severe conditions of temperature and stress, or the use of direct or indirect
methods of cooling blades made of currently available materials. Several
artificial cooling methods invoive the use of radiation exchange between the
high-temperature blades and adjacent low-temperature shields, or the use of
blades coated with a suitable heat-resistant ceramic (thermal barrier).

Turbine blades may also be cooled directly by forcing a cooling fluid through
passages within the blade, bled from the compressor (figure 1.1), or indirectly
by conducting heat from the blades to an internally cooled turbine rotor. The
coolant reduces the metal temperatures to below the material melting
temperature and thereby increases the durability of the blade. The coolant
passages are of complex shape and tend to have transverse ribs and pin-fins
to enhance the heat transfer process. A better heat transfer prediction
capability would enable the minimisation of the amount of flow taken from the
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compressor to cool the turbine blades. This will reduce the thermodynamic
penalties, thus improving the overall gas turbine cycle efficiency.

It has been demonstrated (Morris and Chang (1997)) that an uncertainty of +
10% in the heat transfer coefficients distributions result in an uncertainty of +
2% in the metal temperature. This produces an uncertainty of + 50% of the
predicted blade life. Thus it is imperative to accurately predict the blade life to
ensure a safe and reliable gas-turbine system.

Figure 1.1 illustrates the complexity of the coolant passages inside a rotor
blade. A combination of film cooling, impingement cooling and convection
cooling is used to satisfy the design requirements. Convection cooling
channels are mainly orthogonal to the axis of the turbine with the coolant
flowing in a root-to-tip or tip-to-root direction as shown in figure 1.1. Prediction
of the coolant flow field and the heat transfer coefficient distribution in these
passages is extremely difficult due to the geometric features of the passages
and also because the coolant rotates with the blade.

Figure 1.1: Typical turbine rotor blade cooling channe! network.
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1.2. Problem statement and objectives

To improve the design capability of high temperature turbines, a detailed
understanding of the three-dimensional flow and heat transfer in turbine blade
cooling passages is necessary. The geometries of turbine blades in real gas-
turbine engines are very complicated. In order to understand the fluid-flow in
internal cooling passages of turbine blades a simplification needs to be made
to simulate the geometries by using plane rotating-disc systems.

Rotating-disc systems provide simplified experimental or computational
models of the complex internal cooling air systems of gas-turbine engines.
The reason for this is that the governing equations that describe the flow and
heat transfer in a rotating disc can be readily transformed to simulate more
complex rotating turbine blade scenarios. The gas turbine provides many
examples of this: an air-cooled turbine disc rotating near a casing can be
modelled by a simple rotor-stator system; two co-rotating discs can be
modelled by a rotating cylindrical cavity. In fact, many rotating flows of
practical importance can be considered in terms of the rotor-stator system or
of the rotating cavity.

In this study a rotating-disc system with radial outflow of fluid (air) will be used
to simulate the fluid flow and heat transfer using a cylindrical coordinate
approach. The fluid enters the disc axially and is dispersed radially outwards
through passages due to the centrifugal force of the rotating disc (figure 1.2).
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Rotating pipes (channels)

Top side of disc

Outer edge of disc
-— 7
/”é E ’
mngcyll I AirflowT \ Bottom side of disc

Figure 1.2: Schematic presentation of a rotating disc with internal radial passages.

Thus the primary objective of this study is to validate the theory behind
steady-state compressible fluid-flow in a rotating disc with internal radial
passages by means of an experimental test bench. A secondary objective will
be to investigate the behaviour of the fluid flow and thermal parameters at
various rotational speeds of the disc. The final goal is to determine a
temperature distribution in the rotating disc at various rotational speeds.

The fluid flow in the radial cooling passages will be modelled by using a
rotating pipe model (see figure 1.3). By employing the energy conservation
equation, the generated heat flux will then be used to solve a network of
conduction heat transfer equations within the disc. The model will then be
capable of determining the temperature distributions of the rotating disc at
various rotational speeds. The temperature distribution of the disc is of utmost
importance to identify local hotspots in the disc.
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Figure 1.3: Representation of a rotating pipe.

A great deal of uncertainty exists about the behaviour of the three-
dimensional vortex flow structure at the inlet (rotating cylindrical cavity) of the
rotating disc. The inlet loss factor will be determined empirically by using
measurements from the experimental test bench. The outlet loss factor will be
modelled by using an inviscid free vortex.

1.3. Scope of the thesis

The problem of validating the theory associated with steady-state
compressible fluid-flow as described in 1.2 above, will be addressed in this
thesis in the following manner.

In Chapter 2 a detailed literature survey will be conducted to obtain relevant
information on the research conducted previously on rotating-disc systems.
The survey will be conducted to obtain relevant information to aid in the
simulation of the fluid-flow and heat transfer in rotating-disc/ cavity systems.
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Special attention will be given to rotating-disc systems with radial outflow of
fluid as well as the correlations for the heat transfer coefficients in rotating
flows.

In Chapter 3 the process of obtaining the correct equations for the various
types of heat transfer in the rotating disc, such as conduction and convection,
will be explained in detail. The theory behind the behaviour of the fluid-flow in
the radial cooling passages in the rotating disc will be investigated.

The one property that distinguishes the heat transfer found in rotating systems
from stationary systems is the heat transfer coefficients. As stated above,
rotation has a significant impact on the heat transfer, thus appropriate
correlations need to be found in order to accurately simulate the rotating-disc
system.

In Chapter 4 the EES (Engineering Equation Solver) simulation process of the
rotating- disc system and all the relevant assumptions wil} be discussed in
detail. The mathematical equations and correlations for both the fluid flow and
the heat transfer will be incorporated in a computer programme to simulate
the steady-state behaviour of the rotating disc.

In Chapter 5 the configuration and the operation of the experimental assembly
will be discussed in detail. At the end of the chapter the data obtained from
the experimental test assembly will be presented. The validity of the results
will also be investigated. At the end of Chapter 5 the results obtained from the
EES simulation model and the experimental test bench will be compared. This
is necessary to verify and validate the study.

All of the results obtained from the simulation model will be given in
Chapter 6. The results include temperature, pressure and velocity
distributions for various rotational speeds and inlet temperatures of the disc.
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The mass flow through the rotating channels in the disc will alsc be
investigated for various disc rotational speeds and inlet temperatures. Finally,
various graphs will illustrate the disc temperature distribution for various
rotational speeds.

This study only focuses on a rotating disc with internal radial passages. In
Chapter 7 recommendations for future research will be given to accurately
simulate a more complex body. This includes a more complex form of heat
transfer and fluid-flow in a rotating body with cylindrical coordinates.

1.4. Summary

To accurately simulate the fundamental three-dimensional, steady-state flow
and heat-transfer phenomena that control the performance of advanced
turbines, the main parameters that affect the distributions of the local heat
transfer coefficient must be known. These parameters include coolant flow
rate, disc temperature, rotational speed and 6avity configuration.

Effects of coolant passage cross-section and orientation on rotating heat
transfer are also important. Furthermore, it is also essential to determine the
associated coolant passage pressure losses for a given internal cooling
design. This can help in designing an efficient cooling system and prevent
local hotspot overheating of the rotor blade.

In the following chapter an extensive literature survey will be conducted to
obtain relevant information on rotating-disc systems.
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CHAPTER 2

2. LITERATURE SURVEY

2.1. Introduction

The main objective of the literature survey is to compare previously conducted
research on the topic of rotating disc and rotating pipe systems to the current
study. Various topics will be addressed, with the emphasis on rotation. These
topics will include flow and heat transfer in rotating channels, rotating cavities,
rotor-stator systems, rotating discs and rotating cylinders. All of these issues
will be investigated to aid the current study.

2.2. Previous Work
2.2.1. Flow and heat transfer in rotating channels

Kotbra (1990) conducted an empirical study of the hydraulic-thermal
phenomena in rotating radial channels of electric machines. The experiment
was made up of a heated internal rotor and externat stator configuration with
radial cooling channels separated by an air gap. The most important element
of the research by Kotbra {1990) was the influence of rotation and air flow on
the heat transfer coefficient. The non-rotating heat transfer coefficients were
compared to rotating heat transfer coefficients. This resulting data were then
adapted to form non-dimensional variables.

The results showed that the heat transfer increase was greater in the laminar
region than in the turbulent region. This smaller influence in the turbulent
region of the flow can be explained by the fact that the heat transfer
effectiveness was higher in turbulent flow than in laminar flow. Thus the
influence of rotation on the heat transfer coefficients was less pronounced for
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the turbulent flow region. The heat transfer increase for both the turbulent and
the laminar flow were less than expected. This was due tc the fact that the
heat transfer increase due to rotation is not caused by transverse Coriolis
forces, but to a large extent, by pulsations of the flow. The formation of
transverse secondary flow induced by the action of the Coriolis forces
requires much longer channels.

A detailed evaluation of the theory behind the complex motion of rotating
flows is addressed in the book by Greenspan (1968). The author addresses
certain topics associated with linear and non-linear contained rotating fluid
motion. These topics include rigid rotation, The Ekman layer, spin-up, viscous
dissipation, motion in a cylinder, boundary layer theories, moment-integral
methods and vortex flows.

The author also describes the theory behind an unbounded rotating fluid
(encountered in the free-disc scenario) such as plane inertial waves,
oscillatory motion and slow motion along the axis of rotation. The theory
described in the book by Greenspan (1968) is vital for the analysis of the flow
inside rotating channels or discs. The literature highlights important aspects of
the current study which needs to be addressed, especially the motion in a
cylinder, vortex flows and boundary layer assumptfions.

Wagner et al. (1991a) conducted experiments to determine the effects of
rotation on heat transfer in turbine blade internal coolant passages. The
objective of the study was to obtain the heat transfer data required to develop
heat transfer correlations and to asses computational fluid dynamic
techniques for rotating coolant passages (figure 2.1).
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Figure 2.1: Cross-section view of coolant passage heat transfer model assembly.
(Wagner et al., 1991).

An analysis of the governing equations showed that four parameters
influenced the heat transfer in rotating passages: coolant density ratio,
Rossby number, Reynolds number, and radius ratio. Rotation affected the
heat transfer coefficients differently for different locations in the coolant
passage. The heat transfer increased at some locations with rotation, but
decreased and then increased again at other locations. The difference in heat
transfer was attributed to the strength of secondary flow cells associated with
a Coriolis force and the buoyancy effects.

Wagner et al. (1991b) extended his research to determine the effects of
buoyancy and Coriolis forces on the heat transfer in a multi-pass coolant
passage. The results for outward flow in the first passage were previously
presented by Wagner et al. (1991a) (figure 2.1). The flow in the first and third
passage was radially outward. The flow of the connecting second passage
was radially inward. The main focus of the research was to determine the
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effects of the flow direction on the heat transfer in rotating coolant passages.
The results showed that both Coriolis and buoyancy effects must be
considered in turbine blade cooling designs and that the effect of rotation on
the heat transfer coefficients were markedly different depending on the flow
direction.

An analysis of the governing flow equations showed that four parameters
influenced the heat transfer in rotating passages: coolant-to-wall temperature
ratio, Rossby number, Reynolds number, and radius-to-passage hydraulic
diameter ratio. Local heat transfer coefficients were found to decrease by as
much as 60 percent and to increase by 250 percent from no-rotation levels.

Harasgama and Morris (1988) investigated the influence of Coriolis-induced
secondary flow and centripetal buoyancy on the heat transfer within typical
rotor blade cooling passages. The experimental results obtained indicated
that for through-flow Reynolds numbers up to 30 000, increasing rotational
speeds tend to increase the mean levels of heat transfer relative to a
stationary case when the flow is radially outward. This trend is reversed when
the flow is radially inward.

They also found that increasing the centripetal buoyancy even further for
radially outward flow tends to decrease the mean level of heat transfer and in
some cases these levels fall below the equivalent stationary values. The
trailing (pressure) side heat transfer is usually higher than that on the leading
(suction) side due to secondary flows.

Harasgama and Morris (1988) also tested earlier correlations on the leading
side of rotating circular, triangular and square ducts. The correlation did not
predict the Nusselt number for the trailing side of the rotating duct. It was
proposed that the correlation only be used in the preliminary stages of the
design of turbine rotor blade cooling passages.
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Medwell et al. (1991) presented a numerical method to determine the'heat
transfer in a cylindrical cooling duct within turbine blades that rotate about an
axis orthogonal to its own axis of symmetry. The predicted resuits were
compared to experimental data and it was demonstrated that conduction in
the solid boundary must be taken into account if satisfactory agreement is to
be achieved. Excluding the effect of conduction can lead to an overestimation
of 50% of the maximum wall temperature.

Fann and Yang (1992) performed a three-dimensional study of
hydrodynamically and thermal developing laminar flow in a long rotating
channel with uniform wall temperature. The velocity-vorticity method was used
in the formulation and numerical results were obtained by means of a finite-
difference technique. The Nusselt number, friction factor, temperature and
velocity distributions were determined. The role of the Coriolis force in the
transport phenomena was aiso investigated.

It was found that the flow patterns changed along the channels due to the
viscous effect, the Coriolis force, and their interaction. The effects of rotation
included an enhancement of the Nusselt number on the trailing wall, a
moderate increase in the Nusselt number on the side walls, a degradation of
the Nusselt number on the leading wall and fluctuations of the friction factor
and the Nusselt number along the flow. It was also found that in general both
the friction factor and the Nusselt number were augmented with an increase in
the rotational speed and the through-flow rate and a decrease in the aspect

ratio of the channel.

Morris and Chang (1997) described an experimental investigation of the heat
transfer inside a simulated cooling channel for a gas turbine rotor blade. The
cooling channel was circular in cross-section and rotated about an axis which
is orthogonal to its centre line. The main focus of the study was aimed at the
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development of an experimental procedure and method of data processing to
determine the full axial and circumferential heat transfer data over the tube’s

inner surface.

The strategic aim of the research was to determine the combined effect of
Coriolis and centripetal buoyancy forces on the forced convection mechanism
inside the tube. The experimental technique involved the determination of the
inside surface temperature and heat flux distribution using a solution of the

channel wall heat conduction equation.

The prediction of circumferential wall temperatures using the measured
temperatures on the leading and trailing edges gave very good agreement
with the independently measured values. The method produced was capable
to discern systematic changes in the strength of the Coriolis-driven secondary
flow and the centripetal buoyancy.

The authors also concluded with the help of experiments that the use of a
forced convection Reynolds number effect, in the form of a 0.8 exponent of
Reynolds number, is a valid assumption. Thus the Dittus Boelter (see
Incropera and DeWitt (1996)) equation for turbulent flow in a pipe can be used

to correlate the Nusselt number in a rotating radial cooling passage.

2.2.2. Rotating cavities

Owen & Bilimoria (1977) modelled the flow and heat transfer in rotating
cylindrical cavities. The main purpose of their study involved the
measurements of mean and local Nusselt numbers on a heated experimental
rotating-disc assembly. The experimental rotating-disc assembly consisted of
a rotating cylindrical cavity where both axial through-flow and radial outflow of
air could be achieved.
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Various flow patterns inside the cylindrical cavity were identified for both the
axial and radial through-flow scenarios. They consisted of laminar and
turbulent flow where measurements were done for non-rotating and rotating
cases. The main resuits for the two types of flow scenarios will be briefly
described.

Axial through-flow of air

For laminar flow, a weak toroidal vortex was formed inside the cavity. In the
stationary case, the vortex was not axisymmetric and was influenced by
gravitational buoyancy effects. The flow inside the cavity became turbulent as
soon as the axial jet became turbulent. For the stationary cavity, turbulent flow
produced a powerful axisymmetric toroidal vortex. For turbulent flow with low
rotational speeds and a high Rossby number (> 100) the tangential velocity in
the cavity tended towards that of a free vortex. For a lower Rossby number (<
21) the tangential velocity conformed to a forced vortex.

The local Nusselt number breakdown was strongly influenced by gap ratios.
During spiral vortex breakdown, the local Nusselt number increased with both
increasing through-flow and rotational Reynolds numbers. Owen & Bilimoria
(1977) found that a complex interaction of disc temperature distribution and
the recirculating flow within the cavity makes the heat transfer results for axial
through-flow extremely difficult to interpret.

Radial outflow of air

At low rotational speeds (rotational Reynolds number < 2500} the laminar jet
oscillates, shedding vorticity into the cavity via the wall jet. This includes a
turbulent core of recirculating fiuid which fills the remainder of the cavity. At
higher speeds (rotational Reynolds number > 6000) the turbulent core begins

to decrease in radial extent, and Ekman layers appear on each disc.
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Increasing the rotational speed further (rotational Reynolds number >5x10*)
forces the core towards the centre of the cavity, leaving thin Ekman layers on

the discs.

Spiral vortex breakdown was also observed over a range of Rossby numbers
similar to that in the axial through-flow case, although the effects were far less
dramatic and the termination far less definite than for the axial case. Like the
laminar case and unlike the axial through-flow case the radius of the core
decreases with increasing rotational speed once a critical value of the
rotational Reynolds number is exceeded. As the rotational Reynolds number
further increased, the core reduces in size, allowing an Ekman layer to form
on the downstream disc. There are three important regimes in the turbulent
case:

1. The core dominating regime.
2. The developing Ekman layer regime.
3. The fully developed Ekman layer regime.

The reduction of the turbulent core with increasing rotationali Reynolds
number has a large influence on the heat transfer in the rotating cavity. In
contrast with the heat transfer results for axial through-flow, the results for the
radial outflow showed little gap ratio dependency for the three values tested.
Nusselt numbers increase in magnitude with increasing rotational speed up to
a rotational Reynolds number=~ 10°. After this value the Nusselt numbers
were seen to flatten off. The Nusselt numbers were also seen to increase with
increasing through-flow Reynolds number. It was also established that the
influence of vortex breakdown on the heat transfer is less profound for the
radial outflow case.
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At low values of the rotational Reynolds number the effect of rotational speed
on the heat transfer is small, but the effect of the through-flow Reynolds
number is significant. This is consistent with regime 1. At Rossby numbers of
order 10, the heat transfer increases significantly with both through-flow and
rotational Reynolds number, which is consistent with regime 2. At Rossby
numbers of unity, the heat transfer increases only slightly with increasing

rotational Reynolds number, which is consistent with regime 3.

The study by Owen & Bilimoria (1977) on the heat transfer in rotating
cylindrical cavities highlights the importance of the compiex flow structure and
the effects it has on the convection coefficients. It is also important to notice
the difference between the geometries of the rotating cylindrical cavity
assembly by Owen & Bifimoria (1977) and the rotating disc with radial cooling
passages of the current study.

Northrop & Owen (1988a) compared theoretical and experimental results for
the flow and heat transfer in a rotating cavity with radial outfiow of cooling air
for a range of rotational Reynolds numbers and dimensioniess flow rates.
Flow visualisation confirmed that the flow structure comprised of a source
region, Ekman layers, a sink layer, and an interior core of rotating fluid (figure
2.2). Measured values of the size of the source region were in good
agreement with a simple theoretical model.

They found that, except at high flow rates and low rotational speeds, where
the source region fills the entire cavity, the agreement between the measured
and theoretically determined Nusselt numbers is mainly good. A few important

results from the study of Northrop & Owen (1988a) will be discussed briefly
below.
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1. A maximum value of Nusselt nhumber occurred near the edge of the
source region, and the Nusselt number increased with increasing non-
dimensional flow rate and rotational Reynolds number.

2. It was also shown that Nusselt numbers were strongly influenced by
the radial distribution of surface temperature, particularly for the outer
part of the disc covered by the Ekman layers.

3. If the flow rate is large enough for the source region to fill the entire
cavity, a wall jet forms on the downstream disc, resulting in higher rates
of heat transfer at the smaller radii.

4. If Coriolis forces dominate the inertial forces in a rotating fluid, Ekman
layers form on the rotating discs.

5. Under some conditions negative values for the Nusselt numbers have
been predicted and measured.
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Figure 2.2: Schematic diagram of the flow structure inside a rotating cavity with radial
outflow of fluid. (Northrop & Owen, 1988a).

Owen and Rogers (1995) describe the theory behind flows in rotating cavity
systems. The basic equations and boundary layer theory governing the heat
transfer and fluid flow inside rotating cavities are publicised. Some attention is

given to the Ekman boundary layer occurrence as well as vortex flows in
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viscous fluids. The authors were especially concerned with the complex flow
structures occurring inside rotating cavities subjected to superimposed radial

inflow and outflow of fiuid.

In the latter part of their publication Owen and Rogers (1995) investigate
turbulent and laminar heat transfer for radial inflow and outflow of fluid in
rotating cavities. The buoyancy-induced flow and heat transfer occurring in
rotating cavities are also described for both isothermal and non-isothermal

flow scenarios.

Tucker and Long (1998) presented a study of radial and circumferential
temporal variations of cavity air temperature for a rotating cavity with an axial
through-flow of cooling air. Results showed that the cavity air radial and
circumferential temperature distributions were both strongly influenced by
cavity surface temperatures. When the discs were heated significant
circumferential cavity air temperature variations were observed, showing the
flow to be three-dimensional. The study also showed that when the shroud
was heated and the discs unheated, no circumferential temperature variations

were observed.

Flow visualisation and heat transfer measurements have been made by Owen
and Onur (1983) in a rotating cavity with either axial through-flow or radial
outflow of coolant. For axial through-flow, flow visualisations revealed the
presence of spiral vortex breakdown. The occurrence and scale of this
breakdown depends on the Rossby number. A correlation has been obtained
for the mean Nusselt number in terms of cavity gap ratio, the axial Reynolds

number, and rotational Grashof number.,

For the radial outflow tests it was found that Ekman layers formed on the
discs and a central core of inviscid fluid occurred between the Ekman layers

and the source and sink layers. This flow structure is consistent with the
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research done by Owen & Bilimoria (1977) and Pilbrow et al. (1999). The
mean Nusselt numbers have been correlated, for the radial outflow case, over
a wide range of gap ratios, coolant flow rates, rotational Reynolds numbers
and Grashof numbers.

In addition to the three forced convection regimes, a fourth free convection
regime has been identified. This fourth free convection regime was formed
when a constant flow rate was introduced and the rotational speed reached a
critical point. At this point the inner layer began to oscillate and the “classic
structure” broke down into a “chaotic structure”. This “chaotic structure” was
the reason for the free convection regime.

Ong and Owen (1991) developed a boundary-layer method to compute the
heat transfer for compressible flow of fluid in a rotating cavity with radial
outflow of fluid (figure 2.2). Their results were compared to the experimental
data of Northrop & Owen (1988) for an air-cooled rotating cavity. For the
range of temperatures and flows considered, property variation had a
negligible influence on the computed Nusselt numbers. However, for turbulent
flow at large Eckert numbers, viscous dissipation could have a significant
effect on the Nusselt number.

They also found that in the source region, the measured and computed
Nusselt numbers increased in magnitude with increasing radius. In the Ekman
layers outside the source region, the Nusselt numbers decreased with
increasing radius. In the case where the temperature of the disc decreased
radially, negative Nusselt numbers could occur near the outer edge of the
disc.
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Their results compared well with the experimental results of Northrop & Owen
(1988) and it was concluded that the boundary-layer equations would provide
accurate enough solutions for application to air-cooled gas turbine discs.

Long and Owen {1986) conducted experiments to determine the effect of inlet
conditions on the flow and heat transfer in a rotating cavity with radial outflow
of air (figure 2.2). Flow visualisation was used to study the isothermal flow
structure. The flow structure comprised of a source region, Ekman layers on
each disc, a sink layer, and an interior core. These cbservations were the
same as the observations made by Northrop & Owen (1988), Pilbrow et al.
(1999), Owen and Onur (1983) and Ong and Owen (1991).

The authors also presented a simple model for the flow and heat transfer in a
rotating cavity with a radial outflow of fluid. They formulated equations to
correlate the local volumetric flow rate in each Ekman layer and the local
Nusselt number for a rotating cavity for radial outflow of air. An equation to
calculate the radial extent of the source region for impinging and non-
impinging fluids was also presented.

Heat transfer measurements were made by heating the downstream disc and
allowing it to cool. The Nusselt numbers were determined from the numerical
solution of Fourier's conduction equation. They found that the local Nusselt
numbers reached a maximum value at a radial location corresponding to the
edge of the source region. This corresponds to the research done by Northrop
& Owen (1988) and Pilbrow et al. (1999). The magnitude of the Nusselt
number increased with increasing rotational speed and increasing coolant
flow rate. The measured Nusselt numbers tended to be significantly higher
than the theoretical values when the flow rate were too high and Ekman

layers formed on the discs. This was attributed to the formation of a wall jet on
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the heated disc, and the resulting heat transfer was virtually independent of
rotational speed.

Karabay et al. (2000) theoretically studied the fluid flow and heat transfer in a
simplified model of a pre-swirl rotating disc system. The main aim of the study
was to provide a theoretical framework for pre-swirl systems and to show the
effects of the flow parameters on the velocity, pressure and Nusselt numbers
in the rotating cavity. The Reynolds analogy (see Owen and Rogers (1995))
together with a low-Reynolds-number k-¢ turbulence model has been used to
solve the pressure distribution, adiabatic disc temperature and local Nusseit

numbers in a pre-swirl rotating disc system.

Mirzaee et al. (1998) described a combined computational end experimental
study of the heat transfer in a rotating cavity with a peripheral inflow and
outflow of cooling air. Measured values for the tangential component of
velocity exhibited a Rankine vortex behaviour., Both the computed and
measured values for the radial component of velocity confirmed the
recirculating nature of the flow.

The measured and computed Nusselt numbers showed that the Nusselt
number increased as the magnitudes of the flow rate and the rotational speed
increased.

2.2.3. Rotor-stator systems

Nesreddine et al. (1994) investigated the problem of axisymmetric laminar
flow between a stationary and a rotating disk subject to a uniform radial
through-flow. Results have shown in particular that the through-flow Reynolds
number has a strong influence on the complex structure of the flow field.
Multiple solutions have been obtained for the flow field. This phenomenon can
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be attributed to the nonlinear nature of the governing equations as well as the
strong coupling between them. In general a basic unicell structure has been
observed for a low through-flow Reynolds number.

An increase in the through-flow rate may result in a cyclic behaviour of a
multicell structure. The radial gradient of the wall pressure of the fixed disk
increases considerably with an increase of the through-flow Reynolds
number, in particular within a narrow region near the orifice. The starting
conditions have an important influence on the final converged solution. This
influence becomes drastically more profound for cases with high rotational
Reynolds and/or high through-flow Reynolds numbers. The effects of the
starting conditions on the flow stability have been presented and discussed for
four different ranges of the flow parameters.

The information obtained here stresses the importance of the flow
parameters, especially the rotational and through-flow Reynolds numbers and
the effect that these flow parameters have on the interaction between the flow

structure and the heat transfer.

Chen et al. (1994) used an elliptic finite-element solver, together with a low-
Reynolds-number k-g turbulence model, to solve the Reynolds-average
Navier-Stokes equations, for the flow and heat transfer in enclosed rotor-
stator systems. Correlations were made for possible Couette turbulent-flow
(merge of boundary layers) to adjust computed velocity distributions. It was
also shown that the author's definition of Nusselt number increased as the
rotational Reynolds number increased and the Gap ratio decreased. This is in
contradiction to the application of the Reynolds analogy (see Owen and
Rogers (1989)) to the computed moment coefficients.
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2.2.4. Rotating discs

The book by Owen and Rogers (1989) can be viewed as the most important
literature available for the modelling of rotating-disc systems. In this book the
authors describe the complicated theory behind the flow and heat transfer for
rotating disc systems. Owen and Rogers (1989) derived the basic fluid flow
and heat transfer equations related to rotating disc systems, including
boundary-layer (Ekman-layer) equations. Further literature includes laminar
and turbulent flow over a single disc and the theory behind the fluid flow and
heat transfer associated with rotor-stator systems.

It is well-known that the most important factor for the accurate prediction for
the heat transfer in rotating-disc systems is a good correlation for the various
Nusselt nhumbers. The accurate modelling of the heat transfer in a rotating
disc with internal radial passages also depends on a precise correlation of the
various Nusseit numbers. The appropriate correlations for the Nusselt
numbers can be found in the book by Owen and Rogers (1989). These
correlations are supported by previously conducted experimental tests and

measurements done on rotating disc systems.

Pilbrow et al. (1999) modelled and experimentally measured the flow and
Nusselt numbers for a pre-swirl rotating cavity. The rotating cavity was
situated between the cover-plate and rotor of the rotating disc assembly
(figure 2.3). The air enters via the pre-swirl nozzles and the swirling air flows
radially outward in the cavity and exits through the biade cooling passage.

The main interests of the study by Pilbrow et al. (1999) involved a parametric
study of the effects of the rotational Reynolds number, non-dimensional flow
rate, a turbulent flow parameter and pre-swirl ratio on the flow and heat
transfer in a simple rotating cavity. A few of the important observations made
in the study of Pilbrow et al. (1999) will be briefly discussed below.
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The flow structure inside the rotating cavity comprised of a number of regions.
There were boundary layers on the two discs and the outer shroud, between
which there were a core of rotating fluid. For a low flow rate the core
comprised of two regions: a source region at the smaller radii and a non-
viscous core between the Ekman-type boundary layers. The source region
extended radially to the point where all superposed flow has been entrained
into the boundary layers. For larger flow rates the source region filled the
entire space between the boundary layers in the cavity. Inside the source
region, angular momentum was conserved and a free vortex was formed
outside the boundary layers. This flow structure was consistent with the study
of the fluid flow in rotating cavities by Owen & Bilimoria (1977).

Figure 2.3: Simplified diagram of the cover-plate pre-swirl system.

The study by Pitbrow et al. (1999) highlights the importance of certain flow

parameters and the influence these parameters has on the heat transfer of a
rotating cavity. Pilbrow et al. (1999) observed that a turbulent flow parameter
and a pre-swirl ratio had a major impact on the flow structure inside a rotating
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cavity. They further found that the Nusseit numbers depended largely on the
rotational Reynolds number.

Mirzaee et al. (1999) conducted experiments on a system where co-rotating
discs were cooled by air supplied at the periphery of the system. Cooling air
leaved through the clearances between the outer casing and the discs (figure
2.4). Thermocouples and flux-meters attached to the heated disc enabled the
Nusselt numbers to be determined for a wide range of rotational speeds and
coolant flow rates. The flow structure was shown to be compiex and
depended strongly on the turbulent flow parameter (rotational speed, flow
rate). The same dependency was also established by Pilbrow et al. (1999).
For a given turbulent flow parameter, the computations showed that Nusselt
numbers increased as the rotational Reynolds number increased.
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Figure 2.4: Rotating cavity with a peripheral flow of cooling air. (Mirzaee et al., 1999).

Soong et al. (2000) studied the flow structure and temperature distribution in
ventilated and non-ventilated rotating disk passages. Two computational
methods were used, namely the finite volume method (FVM) and finite
element method (FEM). Both were based on the Navier-Stokes partial
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differential equations (PDEs) but with different algorithms and meshes. The
foliowing important parameters were considered: inlet Reynolds number,

rotational speed, shroud clearance, and wall temperature.

It was found that both the Coriolis force and centrifugal buoyancy had
important effects on the flow structure and heat transfer because of the
rotational speed and inlet velocity. In other words, the relative rotation rate of
the disc affects the cell structure in the flow field. The two-cell structure
formed from the centrifugal force was weak for high rotational flow and
degraded the total heat transfer performance. The same results were
obtained by Nesreddine et al. (1994). The Nusselt number decreased along
the radius, especially near the disc outer edge, and the absolute value was
much greater for non-ventilated discs. The predicted friction coefficient was
very different in both cases. For the ventilated case, the friction coefficient
varied rapidly, but for the non-ventilated case the friction coefficient was rather
constant when rotational speed was low (< 100 rpm). However, when the
rotational speed was higher (> 800 rpm) the friction coefficient varied
noticeably along the radius. Finally, the shroud clearance had a prominent
effect only in the high Reynolds number flow.

The equations of motion for forced and free convection for non-isothermal
flow is given in the book by Bird et al. (1960). The authors formulated the
equations in terms of three coordinate systems: rectangular, cylindrical and
spherical coordinates. The cylindrical coordinate system equation will be used
to determine the steady state temperature distribution of the rotating disc of
the current study. Various literature sources will be consulted to obtain
accurate correlations for the heat transfer coefficients associated with rotating
discs or cylinders.

Northrop and Owen (1988b) have conducted heat transfer tests on a free-disc
of a diameter of 950mm rotating at speeds up to 3000 rpm. The radial
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temperature distribution could be aitered by means of five electric heaters
embedded inside the disc. The tests were carried out for four different
distributions: the temperature distributions increased with radius in three of
the tests and decreased in the fourth. The heat fluxes were obtained from the
numerical solution of Laplace’s conduction equation and from flux-meters
mounted in one of the surfaces of the disc. The temperature distributions on
the disc were approximated by a powerlaw. The same temperature

distribution technique was used by Owen and Rogers (1995).

The experiments showed that apart from near the centre of the disc, where
radiation and free convection effects were significant, and near the outer part
of the disc, where the conduction solution was inaccurate, the measured local
Nusselt numbers were in reasonable agreement with previously conducted
research. The theoretical Nusselt number correlations used by the authors for
a rotating disc can be found in the next chapter.

Qureshi et al. (1989) conducted an experimental investigation to measure the
rates of convective heat transfer of rotating discs. The constant temperature
steady-state technique was used to determine the local and average heat
transfer coefficients on the sides of rotating discs. The effects of the coolant
flow rates, cavity inflow conditions and rotational speeds on the heat transfer
were studied and correlations were developed.

It was found that for rotating-disc systems in confined cavities with
superimposed coolant flows, Nusselt numbers were found to be higher than
those for free rotating discs without confinement. In general it was found that
the Nusselt number increased along the discs radii with an increase in the
rotational speed. The increase in the Nusselt number along the disc face was
in some instances dependent on the coolant flow rate, especially for low
rotational speeds.
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Greyvenstein (2002) used a rotating-pipe model to simulate the outflow of
fluid in radial passages of a rotating aluminium disc. The results from the
mathematical model were compared to data obtained through an
experimental test bench. The results obtained from the rotating-pipe model
were in good agreement with the measured results. On the other hand,
Greyvenstein (2002) did not take into account the effects of vortex behaviour
and heat transfer. Furthermore, mass flow measurements were done using an
anemometer. This method of measuring air velocity and converting it to mass
flow is not a suitable method to accurately measure the mass flow.

The study below will focus on an extension of the research done by
Greyvenstein (2002). A better approximation for the inlet and outlet loss
coefficients will be presented by using vortex theory. The rotating-pipe model
will also be improved and the effects of heat transfer will be incorporated in
the model to predict a temperature distribution of the entire disc. Finally, the
experimental test bench will be upgraded to make more intensive and
accurate measurements possible.

2.2.5. Rotating cylinders

Yang et al. (1988) investigated the rotational effects on the natural convection
in a horizontal cylinder. The rotational effect was examined as a function of
Grashof and Reynolds number. The study showed that at low rotational
speeds, the rotation tilted the temperature fields in the lateral planes as a
result of the Coriolis force. With increasing rotational speeds the temperature
became more uniform, and the strength of the flow due to buoyancy in the
vertical plane reduced. At very high rotational speeds, the flow acted as a rigid
body.
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At small rotational speeds the spatial heat flux distributions were more
uniform. At high rotational speeds the heat transfer rate was lower due to
reduced buoyancy driving forces. Thus, at lower rotational speeds the
buoyancy force dominated the flow structure inside the rotating cylinder. At
higher rotational speeds the buoyancy forces subsided and the Coriolis force

governed the flow structure.

The results obtained from the study by Yang et al. (1988) stresses the
importance of the impact of rotational speed on the convection coefficients
this is also significant for the rotating cylindrical cavity of the current study.

Kendoush (1996) obtained an approximate analytical solution for the
convective heat transfer rates through a laminar boundary layer over the
surface of an isothermal rotating cylinder. The average Nusselt number for the
forced convection of a rotating cylinder has been correlated by using the
rotational Reynolds number and the Prandtl number and by solving
appropriate velocity components in the energy equation. This correlation is
only valid for fluids of low Prandtl numbers (e.g. gases and light fluids) and
scenarios where the heat transfer is predominated by forced convection.

Ozerdem (2000) derived a correlation for the convective heat transfer from a
horizontal cylinder rotating in ambient air. The average convective heat
transfer coefficients have been measured by using a radiation pyrometer. The
correlation has been established as a function of rotational Reynolds number
{from 2000 to 40000) with a constant Prandtl number of 0.72 (for air). It has
been found that the Nusselt number increased with an increase in rotating
speed. The correlation of the Nusseit number can be used to estimate the
heat transfer coefficients of the rotating cylindrical cavity and the outer edge of
the rotating disc.
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Other research has been done on the topic of convective heat transfer from a
horizontal rotating cylinder in ambient air. Anderson and Saunders (1953)
found that the average Nusselt number was independent of the rotating
Reynolds number up to a critical value. Above this critical value, it was found
that the average Nusselt number increased with the rotating Reynolds
number. Dropkin and Carmi (1957) determined the heat transfer rate from a
horizontal rotating cylinder to ambient air for rotating Reynolds numbers up to
433 000. Becker (1963) first studied the heat transfer from a horizontal
cylinder rotating in water. He then extrapolated the data to a Prandtl number
valid for air. Schimada et al. (1991) measured local and average coefficients
of heat transfer from a rotating cylinder with and without flow conditions.
Etemad and Buffalo (1955) obtained a free-convection heat-transfer
correlation for a rotating horizontal cylinder in air for a range of Reynolds
numbers from 0 to 65 000. The heat transfer data obtained agreed well with
the experimental results of Anderson and Saunders (1953). The resulting
Nusselt number correlations obtained by these researchers can be found in

the theoretical chapter.

Abu-Hijleh (1998) numericaliy solved the problem of laminar-mixed convection
from a rotating isothermal cylinder. A correlation for the average Nusselt
number is proposed as a function of the Reynolds number and a buoyancy
parameter. The results compared extremely well to other correlations in the

literature.

2.3. Identified shortcomings

There exist complex three dimensional vortex flow structures inside the
rotating cylindrical cavity and at the outlet of the rotating pipe. it was decided
that complex modelling of vortex flows falls outside of the scope of this study.
The inlet loss factor will be experimentally determined and an analytical
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solution will be used for the vortex at the outlet of the rotating pipes. The
vortices will be modelled as incompressible and inviscid. Some research has
been done on vortex flows and associated rotating disc systems.

The study by Karaby et al. (2000) and the book by Owen and Rogers (1995)
contains expressions to describe the complex interactions of vortex flows on
the flow parameters and the heat transfer in rotating disc systems. Owen and
Rogers (1995) showed that for a rotating cavity with a radial outflow of fiuid,
the flow structure is mainly controlled by two parameters: the pre-swirl ratio

and the turbulent flow parameter.

Ong and Owen (1991) and Long and Owen (1986) introduced an equation to
determine the tangential velocity in the source region of a rotating cavity for
free-vortex flow. The tangential velocity is dependent on a swirl fraction and a
non-dimensional radius. The swirl fraction is related to the initial swirl of the
fluid entering the cavity.

Mirzaee et al. (1998) approximated the velocity components in a rotating
cavity under the influence of a free and forced vortex (Rankine vortex (see
Owen and Rogers (1895)).

Lastly, the experimental measurements will not include any temperature
measurements. The only measurements that will be done are volume flow
rates and inlet pressures at various rotational speeds and valve openings.
Thus the heat transfer results obtained from the simulation model cannot be

verified using the experimental test bench.
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2.4, Conclusion

The literature contained in this chapter focuses on the research conducted
previously on rotating disc systems. The literature survey reveals that the
simulation of rotating-disc systems is a relatively recent development and that
contributions in this field will act as building blocks for any future research.

The next chapter focuses on the relevant theory and correlations needed to

accurately simulate a rotating disc with internal radial passages.
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The first term of Equation (3.1) may be omitted because only steady-state
conditions apply.

For the infinitesimal control volume and applying mathematical manipulation

the equation may be written in its differential form as:

18
——(pVA})=0
A Bs(p )

The preceding equation may now be integrated over a pipe with finite length L
resulting in the final integral form:

(peVeAe - PiViAi) =0

or

m—-—m, =0 (3.2)

3.2.2. Linear momentum conservation

The integral form of the linear momentum conservation equation for a finite
non-inertial control volume of which the origin has no linear acceleration is
given by Shames (1992):

§Frda+ [[[Bodw
. fff[ 2oV )+ o+ (wx(;;x;))}gw 03
zg?(ff Vod¥)+ fFV(oV « dA)
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For the infinitesimal control volume and applying mathematical manipulation
the equation for compressible flow may be written in its differential form as:

1 0 P Op,
pw"’rds+§pwzas( ?)ds == ds+——p|V|Vds

p, 0s
1 1 0T,
pC?——2ds
2 T, Os
which, after integration over a finite pipe length L, leads to
1- 1~ p fL 1-
L 212 ,}2)4-5“02([;2_,-‘,2):;8_([)09 —p)+ = |v|v

1~ 1
+2pC T(oe o)

[+
Terms for the change in total pressure due to secondary losses within the
pipe at the iniet and outlet, may now be added.

The coefficient of friction for a rotating pipe will be discussed in section 3.5.

The final integral form of the equation is as foliows:

~

~

1~ 1
pw2 (rez "’:‘2) :g(poe _poi)+"2-pC2?r;(7:)e _Toi)

P,
fL lf;?r;? 1 =
_ i
=+ S KL Kp |1+ =M —1 (3.4)
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3.2.3. Angular momentum conservation

The integral form of the angular momentum conservation equation for a finite
non-inertial control volume of which the origin has no linear acceleration is
given by Shames (1992):

ﬁ?x'ra+fff;?x§pd¥

_fff[Fx(zJXV)+Fx[;xF

=%( [[[rxVods)+ £V (oV « aA)

+7 x{wx(wx F))]pd% (3.5)

The first term of Equation (3.5) represents the torque exerted on the fluid by
all forces acting on the surface of the fluid control volume. This therefore
includes the tangential (shear} and normal (pressure) forces exerted by the
pipe walls as well as the pressures acting perpendicular to the inlet and outlet
areas of the pipe. For the infinitesimal control volume and applying
mathematical manipulation the equation may be written in its differential form
as:

or

dM_ =|—
s

z

2pVAwrds

which after integration over a finite pipe length L leads to:

M, = ;;Vﬂw(rj - r,.z)
This then leads to the final integral form of the equation in terms of the mass
flow rate as follows:

—~—

M, = mu(r2 - r?) (3.6)
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3.2.4. Energy conservation

The integral form of the energy conservation equation for a finite control
volume is given by Shames (1992):

ZQ+ZW=%[fff[u+%Cz +gz],ad¥]

1 3.7)
, o
+ﬁ[h +5C +gz].av.dA

ZQ is the total rate of heat transfer to the fluid and ZW the total rate of

work done on the fluid. The rate of change of energy within the infinitesimal
control volume will be taken as zero because of the steady-state conditions
considered here. For the infinitesimal control volume and applying
mathematical manipulation the equation may be written in its differential form
as:

57dQ-+ 3 dW = pVA-(h,)ds

The preceding equation may now be integrated over a pipe with finite length
L, resulting in the final integral form as follows:

> Q+ > W =pVA(h, -h,)
For a rotating pipe the total heat transfer to the fluid is simply equal to the heat
transfer from the pipe walls Q, , while the total work done on the fluid is equal

to the torque exerted by the pipe walls M, (as defined by Equation (3.6))

times the angular velocity w . Therefore:

—

Q,+Muw= r;v(h,,e —h,) (3.8)

oi
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3.2.5. Summary

The final integral forms of the conservation equations for a purely radial
rotating pipe may be summarised as foliows:

Mass conservation

m,—m, =0

Linear momentum conservation (compressible flow)

~2(,2 2 E’ 1~ 51
o (re r; ) po (poe por)+ zpc To( oe or)

L mjm 1, )71
— —1
=+ Y K|+ Kp |1+ T—=M2 ] -1
D 20A° P 2

a_
+K,p, [1+—“’2;1M§]°"1 1

/

Angular momentum conservation

—~

M, =muw(r? —r?)

Energy conservation

——

Qh + Mzw = r;q(hoe - hor‘)
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3.3. Solid disc

3.3.1. Conduction equations

The heat transfer or temperature distribution of the rotating disc with radial
cooling passages will be modelled using the equations formulated by Bird et
al. (1960:319). A temperature distribution will be given in a cylindrical
coordinate system. The partial differential equation will be integrated over a
control volume using the finite difference method. This resulting equation will
then be incorporated in an EES model to simulate the steady state
temperature distribution of a rotating disc with radial cooling passages. The
heat generated by the pumping power in the fluid will be connected to the
solid conduction equations with the aid of the effectiveness-NTU heat
exchanger calculation method. Finally the equation of energy in terms of the
transport properties for Newtonian fluids of a constant density and conduction
coefficient may be given in the form:

A (0T 10( _oT 10°T o°T
k|- r |+ 5 3.9
pc"[at) [rar(rar)-'-rz 692+622:'+Q (3:9)

The objective of this study is to construct a steady-state model for the fluid
flow and heat transfer of a rotating disc with radial cooling passages. Thus,
the transient term will be omitted. This then yields:

10( oOT 1 0°T 8T
PO LS (P IR ISNALES Y, Y 3.10
[rar( 6r] r? 86?2+822}+ (3.10)

The result of the simplification of the equation makes it possible to accurately
determine the temperature distribution of a solid cylindrical body in terms of a

cylindrical coordinate system (r,8,2).

By discretisation of the differential equation by using the finite difference
method the equation may now be written in its final general integral form for a
single node.

4/19/2004 Theory Page 40 of 116




Thermo-fluid simulation of a rotating disc
with radiat cooling passages

oS |+
C [r+£]2 _[ruﬁ]z " aCad
P 2 2
2
< .S -0
p,.CAZ. z]+Q

s+

(3.11)

The source terms in the radial, theta and axial directions differ depending on

the location of the associated node. The source terms for a side, corner and

central node can be found in chapter 4. The complete discretisation process

of the conduction equations can be found in appendix E.

3.3.2. Conduction resistance

Bird et al. (1960) introduced the temperature distribution equations in

cylindrical coordinates. The following is true for an internal node in the r-

coordinate component:

oT
p-\#Cp E‘ = Q, - Qout (312)
and

oT _T.-T, T,-T,
= + 3.13
et T R R, G139

Ry Re
Tw [ T, [ Te
an o Qﬁlﬂ ]

Figure 3.2: Conduction resistance for an internal nede.
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Incropera and De Witt (1996:92) describe the conduction resistance for a

cylindrical wall as follows:

In"2
R h
t.cond - 27I'k (314)

Thus the following is true after integration over the control volume:

PC,

or T.-T, T,-T,

_._(r:_r“‘j’) —_E£ P__W P (3.15)
2k ot In—:‘i In—‘;ﬂ
P P

The equations formulated in appendix E state the following for the same
conditions:

pcp 2 2 oT re r
re—r = T.—T,})——2—(T, —T, 3.16
2k(e W)at rE_rP(E P) rw_rp(w P) ( )
. . . I r
Thus it should be determined if: In-£ =~ 8
I fe —15
Ar
W P E
-] w -] e @

Figure 3.3: Node distribution for a cylindrical coordinate system.
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1 1 _ 1
Ar
ne  nt2l g Ar
Ie P Is
Ar ro _|_1 1 error
Ar 2 r
e In[1+A—]
I
1 1.5600 1.443 3.950%
0.75 1.833 1.786 2.632%
0.50 2.500 2.469 1.256%
0.25 4.500 4 484 0.357%
0.10 10.50 10.492 0.075%
0.05 20.50 20.496 0.020%
0.01 100.5 100.499 0.001%

Table 3.1: Comparison table for two terms used in the temperature distribution equations.

Ar
Table 3.1 therefore shows that for small — values the derived equations will

To

give the same values as the equation containing the conduction resistance
term stated by Incropera and DeWitt (1996).

3.3.3. Heat transfer connection

As stated above, the heat flux generated by the fluid flow in the rotating radial
cooling channels will be connected to the heat transfer conduction model of
the solid disc via the effectiveness-NTU method (Incropera and DeWitt
(1996:599)). The reason for using the effectiveness-NTU method is to prevent
temperature cross-over when a relatively course grid is employed. The
effectiveness-NTU method includes the integration of the temperature profile
over the length of the increment to be used. Therefore it will not be necessary
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to use very small increments in the model to obtain a reasonable degree of

accuracy.

if it is assumed that for an increment the wall temperature is constant, the
effectiveness of the heat transfer over the wall of the cooling passages is

defined as:
e=1-e "V (3.17)
Q
€= 3.18)
QITIEX (
NTU = __U.A (3.19)
mC,
UA = hHTA (3.20)

Finally, the actual heat transfer over the wall of the rotating radial channel is:

Q=erbCP(Tw—Tm) (3.21)

3.4. Nusselt number correlations
3.4.1. Top and bottom of the disc

To accurately predict the heat transfer of a rotating body one needs to find the
proper correlation for the heat transfer coefficient (Nusselt number). in most
cases the correlation is given as a function of the Reynolds number and the
Prandt! number, such as the famous Diftus-Boelter equation for the turbulent
flow in circular tubes.

The Nusselt number on the top and bottom of the rotating disc in the current
study may be correlated using the results from the experiments conducted by
Cobb and Saunders (1956). The experiments were conducted on a 457mm
disc with a built-in electric heater rotating around a horizontal axis in air.
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Average Nusselt numbers were determined over the range

10% < Re, < 6x10°, and transition from laminar to turbulent flow occurred at

Re, ~2.4x10°. For Re, <2x10° and Pr=0.71 the Nusselt number was

correlated by:

Nu,, =0.36Re;’ (3.22)

For turbulent flow and Pr =0.71 the Nusselt number was correlated by:

Nu,, =0.015Re)® (3.23)
where:
2
Re, = 2¥ (3.24)
7]

Another Nusselt number correlation for a rotating free disc is given by Owen
et al. (1974). The 762mm disc was heated by stationary radiant heaters, and
this resulted in a uniform temperature distribution on the disc surface.

Using the measured surface temperatures as boundary conditions, they
solved Laplace’'s conduction equation to determine the temperature
distribution inside the disc. This was then used to calculate the surface heat
flux. There were no sign of transition from laminar to turbulent flow, even at

rotational Reynolds numbers as low as Re,=2.1x10°. The resuiting

correlation for the Nusseit number (Pr =0.72) may be written as:

Nu,, =0.0171Re%*" (3.25)

Owen and Rogers (1989) presented the Nusselt number correlation for a
rotating disc with an isothermal and a purely quadratic disc-temperature
distribution on the disc¢’s surface.
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For small dissipative effects the Nusselt correlation may be given as:

Nu,, ., =0.32586Re)’ (3.26)

av,iso

and

Nu

av quad

=0.51848Re?° (3.27)

Northrop and Owen (1988) correlated the Nusselt numbers for a rotating disc
in air. For an isothermal disc with a power law index (n=0) and a Prandtl
number of 0.72 the local and average Nusselt number correlations are:

Local Nusselt number

Nu =0.0196Re2* (3.28)

for Re;, >2.4x10°.

McComas and Hartnett (1970) obtained a value of 0.0138 rather than 0.0151
for the constant of proportionality.

Average Nusselt number:

Nu,, =0.0151Re’? (3.29)

For air with a quadratic (n=2) temperature rise on the disc the average
Nusselt number becomes:

Nu,, =0.0191Re?? (3.30)

For a detailed explanation of the power-law method the reader is referred to
Northrop and Owen (1988) and Owen and Rogers (1995).
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Qureshi et al. (1989) correlated the Nusselt number for the surface of a
rotating disc. The Nusselt number increased with increasing rotational
Reynolds number and the dependence of the disc face local Nusselt number
on the coolant flow rate becomes less pronounced at high values for the
rotational Reynolds number. The correlations are given for laminar and

turbulent flow:

Nu_=0.8Red’ (3.31)

for (3x10* <Re, <2x10%

Nu_ =0.0274Re?® (3.32)

for (2x10° <Re, <1.2x10°%)

The transition between laminar and turbulent flow was found to occur at
R(—:‘Q =2x10°%.

Kreith et al. (1959) experimentally investigated the heat transfer from an
isothermal disc and correlated the average Nusseit number for laminar flow
conditions as:

Nu,, =0.345Re2’ (3.33)

3.4.2. Inside and outside of the disc

The Nusselt number of the rotating cylindrical cavity (axial inlet of the cooling
passages) (figure 3.4) may be correlated using the analytical solution
presented by Kendoush (1996). The same correlation will also be used for the
outside edge of the rotating disc of the current study (figure 3.4).
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4>Q

%1 '

/
outside edge of disc

m
rotating cylindrical cavity

Figure 3.4: Schematic representation of the rotating disc.

The correlation is valid for fluids of small viscosity and low Prandtl numbers
(gases and light fluids). It is also important to mention that the presented
correlations may only be used for fluid flows dominated by forced convection.
Thus for convective heat transfer from an isothermal rotating cylinder the
Nusselt number may be approximated by:

Nu,, =0.6366(Re,Pr) (3.34)
where:
2
Re, = 2000 (3.35)
2u
and
Pr=2 (3.36)
o

subjected to: Re,, >10°.

Other correlations for the Nusselt number for the inside cylindrical rotating
cavity and outside edge of the disc (figure 3.4) are presented by Ozerdem
{2000), Anderson and Saunders (1953), Etemad and Buffalo (1955) and
Becker (1963). They correlated the Nusselt number for the convective heat
transfer from a horizontal cylinder rotating in ambient air. These correlations
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are given as a function of the rotational Reynolds number and Prandtl number

(0.72):
Author Equation Remark
Anderson and Nu,, =0.1 Relnm (3.37) Analogy solution
Saunders (1953)
Etemadand | Ny =0.076Re,’” (3.38) | 8000 <Re, < 65400
Buffalo (1955)
Dropkinand | Ny =0.073Re > (3.39) | 15000 <Re,, < 43300
Carmi (1957)
Becker (1963) | Nu_ =0.119Re?® (3.40) | 800 <Re, <100000
Ozerdem (2000) | Ny, =0.318Re,>¥' (3.41) | 2000 <Re_, < 40000

Due to the nature of the flow structure inside the rotating cavity (vortex

dominated) the previously noted correlations may be inaccurate. The Nusselt

number correlation for a rotating cylindrical cavity with radial outflow was

presented by Owen and Onur (1983).

They identified various heat transfer structures inside the rotating cavity. The

Nusselt number may be estimated using the ‘core dominating’ regime for

radial outflow of fluid of a rotating cylindrical cavity (see Owen and Onur

(1983)).
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3.4.3. Rotating passages

The Nusselt correlation for the internal radial passages will be correlated
using the ‘Dittus-Boelter’ equation for the turbulent flow in circular tubes. The
equation was taken from Incropera and DeWitt (1996).

Nu, =0.023Re** Pr” (3.42)

where n = 0.4 for heating (7, > T,,) and n = 0.3 for cooling (T, < T,)

The equation has been confirmed experimentally for the following range of

conditions:
1. 0.7<Pr<160
2. Re >10000
L
3 —2>10
D
and
Re = ﬂ (3.43)
Dy

The heat transfer coefficient for the internal radial passages can also be
correlated using the constant heat flux Colburn equation contained in the
study by Wagner et al. (1991). The Nusselt number correlation is given for
fully developed turbulent fiow in a smooth tube and for a constant wall
temperature. The correlation is given by:

Nu,, = 0.022Re"® Pr°® (3.44)

with Pr=0.72

Nu_ =0.0176Re"® (3.45)
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3.5. Friction factor correlation

For a rough' non-rotating pipe the friction factor for laminar flow is given by
the equation found in Shames (1992:362) and for turbulent flow in Shames
(1992:366). The equations are:

Laminar flow
- 64
f stationary rough — % (3-46)
Turbulent flow
= 0.25
fstaﬁonery,rough = 5 (3_47)
o e + 574
9(37D) " [Re™

Ito and Nanbu (1971) presented results and formulas for friction factors for
laminar and turbulent flow in smooth? rotating straight pipes of circular cross

section. The friction factor for iaminar flow in a smooth rotating straight pipe is

given by:

Laminar flow

froraﬁr?,smooth — 00883K,025 (1 4 11 .2KI-0.325) (3.48)
sl
64

f =27 3.49
sl Re ( )
K, =Re,Re (3.50)

! The relative roughness of the pipe is taken into account when calculating the pressure loss.
% The relative roughness of the pipe is omitted when determining the pressure loss.
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This equation gives good agreement with experimental results obtained by Ito
and Nanbu (1971} in the range:

2.2x10% < K, <10 and %w.s

Below K, = 2.2 x 102, the friction factor for a rotating straight pipe practically

coincides with that for a stationary straight pipe.

The friction factor for turbulent flow in a smooth rotating straight pipe is given
by:

Turbulent flow
f rotating smooth — 0942 + 0.058K,°'282 (3.51)
st
f, =0.3164Re™*® (3.52)
Re?
K = Q 3.53
‘= Re (3.53)

This equation gives good agreement with experimental results obtained by Ito
and Nanbu (1971) in the range:

1<K, <5x10?
Below K, =1, the friction factor for a rotating straight pipe practically

coincides with that for a stationary straight pipe.

The transition from laminar to turbulent flow occurs above a critical vaiue of

the Reynolds number. The critical Reynolds number is:

R, =1070Re}® (3.54)

To obtain the correct value for the friction factor for a rough rotating straight
pipe one needs to determine the effect that the relative roughness has on the
friction factor.
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This can be done by determining a scaling factor:

_ Fta
ra th — stationary rough (3- 5 5)

stationary smooth

This ratio can be used to scale the friction factor for a smooth rotating straight
pipe.

f rotating rough = I atiox f rotating smooth (3.56)

3.6. Inlet and outlet conditions

Due to the rotation of the disc the air entering the rotating cylindrical cavity will
have a swirling motion. This swirling motion of the air can be attributed to the
formation of vortex flows. Near the centre of the rotating cylindrical cavity a
forced vortex can be identified. Further from the centre a free vortex will
dominate the flow structure. As stated above, the effect that the inlet vortex
has on the fluid-flow will be incorporated into the simulation model via an
empirically determined inlet loss factor. At the outlet of the rotating pipe a free
vortex will aid in pressure recuperation. The formation of vortex flows wiil have
a major impact on the pressure gradient and the mass flow through the
rotating pipe.

3.6.1. Inlet loss coefficient

The inlet loss factor will be empirically determined from experimental
measurements. The procedure followed to calculate the inlet loss factor (K. )

will be discussed in section 5.8.
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3.6.2. Outlet loss coefficient

With respect to the complex three-dimensional flow patterns associated with
vortex flows, the current study will contain a simplified model for the modelling
of the vortex flows at the outer edge of the rotating disc. The free vortex at the
outlet of the rotating pipe will be modelled as incompressible and inviscid.
Therefore it is clear that the total pressure must remain constant in the free
vortex at the outside of the rotating disc.

Thus:
Py =Py (3.57)
Thus the outlet loss factor is defined as follows:
Koy =0 (3.58)

The full derivation process followed to obtain the result mentioned in equation
(3.57) can be found in appendix C.

3.7. Conclusion

it is now possible to simulate the rotating disc with internal radial passages.
All the relevant conservation equations and correlations have been
formulated. The following chapter will describe in detail the algorithm that was
developed to produce the simulation mode!.
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CHAPTER 4

4. SIMULATION MODEL

4 1. Introduction

Now that all the conservation equations and correlations have been derived (see
chapter 3), an algorithm may be formulated to simuiate the steady-state fluid flow
and heat transfer of a rotating disc with radial cooling passages. Thus the main
objective of this chapter will be to formulate an algorithm that will be used to
simulate the rotating-disc system. A secondary objective will be to clarify all the
assumptions made in developing the simulation. In the latter part of the chapter
the heat transfer correlations obtained in the literature will be compared with
each other to acquire the most appropriate correlations for the current study. The
above objectives will be pursued by focusing on the EES model (4.2) and on
general assumptions {4.3).

4.2. EES model

The main EES model will be solved implicitly by using equations of continuity,
momentum and energy in their integral form. The flow is solved for a given
rotational speed, inlet temperature, pressure ratio and pipe geometry {see
appendix D for a copy of the complete simulation model). A mathematical model
has also been presented by Greyvenstein (2002) for the same rotating disc
assembly.
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4.2.1. Theory
4.2.1.1. Rotating pipe

The rotating pipe is a purely radial pipe (with no deviation in the theta or axial
directions). The rotating pipe is also a straight pipe with constant cross-sectional
area from the inlet to the outlet.

The rotating pipe will be divided into nine increments (figure 4.1). This is
necessary to obtain a distribution of various simulated parameters lengthwise in
the pipe. Only one of the six rotating pipes will be modelled. This is a valid
assumption because of the symmetry of the rotating pipes.

in nt
inlet creme outiet

uopBlod JO SXB

H out

Figure 4,1. Rotating pipe incrementation.
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4.2.1.2. Solid disc temperature distribution

To obtain a temperature distribution an axisymmetric segment of the disc will be
divided into seven node blocks (figure 4.3). A node block is made up of twenty
seven nodes (figure 4.4), each connected to their neighbours with the equations
described in the theory chapter. There are three axial (z), nine radial (r) and

seven theta (6) component nodes. The reason for the chosen nodal distribution is

the thin nature of the disc. The disc has a diameter of 600mm and a width of
14mm,; thus a greater temperature gradient is expected in the radial direction
than in the axial direction. The nodes in block one are connected to the nodes in
block two and so on; therefore a totally three-dimensional temperature
distribution of 189 points distributed equally in the segment is possible.

Rotating pipe

Figure 4.2: Axisymmetric segment to be simulated.

The outer boundaries of blocks one and seven are considered to be adiabatic
walls. Block one is connected to block two and has no other neighbours in the
theta direction; the same applies to block seven. This assumption is relevant
because of the axisymmetric nature of the rotating disc. The rotating pipe is
iocated in the middle of block four {nodes 2,5,8,11,14,17,20,23,26 of block four).
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Block1 Block?

Block2 Blocks
Block3 Blockd Block5

Figure 4.3: Axisymmetric segment and node blocks used to produce a temperature distribution

within the disc.
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Figure 4.4: Representation of a Node block.
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with the source terms:

Ari(T,,—T.
S, = I sice (Tfm _T2,1)+k2 ["1 + > ][ 2'4Ar 2'1]

— kz T1,1 — T2,1 _ kz T2,1 — T3,1
TOAf| 1P A9 r?
k
S, = A—Z’Z(Tz,z - T2,1) + Pyotiom (beoftom - T21)
Side Node

Top skile of the disc

Lo

[~

N

L 3 6 9

g

! g_ T

; g 25

| @ 2 5 8 Z

P2 az

2 T2 T2a Tyz

i .

; 1 4 7 I 2z, .
i *
! b Thoatom

)ﬂ Bottom side of the disc

Figure 4.6: Side node and neighbours.

The final general integral form of the conduction equation for block 2 node 4 may
now be written as (see section 3.3.1 and appendix E):
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The final general integral form of the conduction equation for block 2 node 5 may

now be written as (see section 3.3.1 and appendix E):

2k, oS, [+ =15, |+
Ar Ar pZCprZ,ZAG
pZCprZ.Z r2 +7 a r2 - ? (43)
2 __.5,|+Q=0
pZCpZZ,ZAZ

with the source terms:

ArY(Tp =T, Ar\(Tps—T,
S, =[r2+ ][ 28 25 _[rz_ ][ 25 2,2]

2 Ar 2 Ar
S = k, T1,5 - Tz,s _ kz T2,5 — Ts,s
N A8 rf
k k
S, = Zgz‘(Tz,s - Tzs) - ZZE(Tzs - T2,4)

4.2.2. Algorithm

Table 4.1 describes the layout of the EES simulation programme used to
simulate the rotating disc system. It should be stated that all the equations form
an integrated solution and all the equations will be solved simultaneously to

produce accurate simulation results.
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INPUT CONDITIONS

Pipe and disc geometry

Temperatures

Pressures

Fluid (air} properties

Aluminium disc material properties

Disc rotation speed

COMPRESSIBLE PIPE FLOW (Inlet)

EQUATIONS USED

Air total inlet temperature A22
Air total inlet pressure A24
Air inlet density A25
Air inlet mach number A23
Air total inlet velocity component A19
COMPRESSIBLE PIPE FLOW (Outlet) EQUATIONS USED
Air total outlet temperature A22
Air total outlet pressure A24
Air outlet density A25
Air outlet mach number A23
Air total outlet velocity component A19
| COMPRESSIBLE PIPE FLOW {Average) EQUATIONS USED
Air fotal average temperature A22
Air total average pressure A24
Air average density A25
Air average mach number A23
Air total average velocity component A19
FRICTION FACTORS EQUATIONS USED
Friction factor for a rotating pipe 3.48103.56
Friction factor for a stationary pipe 3.46 and 3.47
LOSS FACTORS EQUATIONS USED |
inlet loss factor (K_in) 51
Outlet loss factor (K_out) A26 ]
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CONSERVATION EQUATIONS EQUATIONS USED
Mass conservation 32
Linear momentum conservation 34
Momentum of momentum conservation 36
Energy conservation 38
EFFECTIVENESS NTU FOR A PIPE EQUATIONS USED |
Effectiveness 317
NTU 3.19
UA 3.20
Actual heat transfer rate (Q) 3.21
NUSSELT NUMBERS EQUATIONS USED
Rotating cylindrical cavity Nussett number 3.34
Outer edge of disc Nusselt number 334
Top side of disc Nusselt number 325
Bottom side of the disc Nusselt number 3.25
Rotating pipe Nusselt number 342
[~ NODE TEMPERATURE DISTRIBUTION EQUATIONS USED
EQUATIONS
Block 1 (27 equations) 411043
Block 2 (27 equations) 4.1t04.3
Block 3 (27 equations}) 41t04.3
Block 4 {27 equations) 41t04.3
Block 5 (27 equations) 44t0 4.3
Block 6 (27 equations) 41t04.3
Block 7 (27 equations) 411043

Table 4.1: Layout of the EES algorithm.

4.3. General assumptions
4.3.1. Boundary conditions

It will be assumed that the rotating pipe acts as a heat flux source term (at nine
increment points) which will be used in the determination of the temperature
distribution of the disc.
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4.3.2. Compressible fully developed fluid flow

The inlet pressure to the rotating pipe will be experimentally measured with the
help of the experimental test bench, while the outlet pressure will be taken as
ambient (87.5 kPa at 25°C, atmospheric conditions in Potchefstroom, South
Africa).

4 .3.3. Heat transfer correlations

The Nusselt numbers for a rotating disc have been calculated using various
correlations in the literature. Graphic representations of the calculations are given
in figures 4.8 to 4.10. It can be seen that the Nusselt numbers increase with
increasing rotational speed.

It is important to note that some of the correlations are not valid for the full range
of rotational speeds. It can also be seen that not all the correlations are valid for
both the rotating cylindrical cavity and the outside edge of the disc. This is due to
the high rotational Reynoids number located on the outside edge of the disc.
Finally, it is also important to point out that some of the correlations deviate from
the expected trend. This phenomenon can be attributed to a transition zone
caused by the connection between equations. It is also evident from the graphs
that the Nusselt numbers differ by huge margins therefore it is imperative to
choose the most suitable correlation for the current study.
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Nusselt Number

Nusseit Number

140 4

120 1

100 A

Rotating cylindrical cavity Nusseit Number

160
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40 |

20

0
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N (rpm}

—&— Anderson and Saunders (1953) —l— Becker (1563)
—&—Dropkin and Carmi (1957} —¥— Etemad and Buffalo (1955) ‘

—¥—Kendoush (1996} —6— Ozerdem (2000)

Figure 4.8: Rotating cylindrical cavity Nusselt number.

Outside edge of disc Nusselt Number

0 1000 2000 3000 4000 5000 6000 7000 8000
N (rpm)

j—Q—Anderson and Saunders {1953) —i— Kendoush (1996}

Figure 4.9: Outside edge of the disc Nusselt Number.
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Figure 4,10: Top and bottom side of the disc Nusselt number.

It was decided to use the correlation presented by Kendoush (1996) for the
rotating cylindrical cavity and the outside edge of the disc. This is a valid
assumption because the correlation by Kendoush (1996) is the only general

analytical correlation that could be found for the convective heat transfer from an

isothermal rotating cylinder. The correlations presented by the other authors are

very scenario specific.

For the top and bottom of the disc it was decided to use the correlation presented

Owen et al. {1974). This assumption is valid because the correlation by Owen et

al. (1974) is the best known and most widely used correlation for free discs.
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4.4. Conclusion

This chapter described the development of an EES computer programme (see
appendix D) to simulate a rotating disc with internal radial coocling channels. The
various aspects that were looked at included the definition of a grid to solve the
temperature distribution of the disc and an outline of the EES computer program
algorithm. In section 4.3.3 of the chapter the various heat transfer coefficients
obtained from the literature were compared to each other and the most suitable
Nusselt number correlation were selected. The following chapter will discuss the
experimental test bench that was used to verify the results obtained from the
EES simulation model.
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CHAPTER S

5. EXPERIMENTAL TEST BENCH
5.1. Introduction

The current chapter will describe the layout, operation and the results obtained
from the experimental test bench capable of measuring the volumetric flow rate
and inlet pressures at various rotational speeds. At the end of the chapter the
results from the simulation model will be compared to the measurements
obtained from the experimental test bench. This is necessary to verify the
accuracy of the theoretical results acquired from the simulation model.

5.2. Experimental objectives

The experimental test bench will be used to measure the volumetric flow rate
through the rotating channels for various pressure ratios and rotational speeds of
the disc. The experimental test bench must therefore be able to measure the inlet
pressure in the rotating cylindrical cavity (inlet to the rotating pipe) and the
volumetric flow rate through the system. It is not within the scope of this study to
do any heat transfer measurements, although the test bench will be capable of
this.

5.3. Experimental apparatus

The rotating disc test bench facility used in this study has been previously
described. (see Greyvenstein (2002)). To produce more accurate measurements,
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the rotating-disc test bench has been upgraded. In the interest of completeness a
description of this facility will be presented here, together with a detailed
description of the add-ons to the earlier test bench.

The original test bench consisted solely of a rotating disc. The rotating-disc test
bench was upgraded by adding a centrifugal fan, electrical heater, ball valves, a
more accurate flowmeter, temperature probes and a pressure transmitter, A
schematic of the new test bench facility is shown in figure 5.1. With the help of
the ball valves it is possible to accurately adjust the pressure ratio (volume flow
rate) across the rotating pipes.

Rotating disc

Variable Area
Flowmeter

/!

Collection box

9 kW Electric heater

Diffuser

Airflow

o

Centrifugal fan

Figure 5.1: Experimental test bench.

Air is pumped through the system with the help of the centrifugal fan and the
centrifugal pumping motion of the rotating disc. The rotating disc is driven by a
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variable speed DC motor via a toothed belt drive. The speed of the rotating disc
can be adjusted by using a frequency inverter.

Although no temperature measurements will be done the experimental test
bench is capable of controlling and measuring the inlet and outlet temperatures
to the rotating pipes. The air can be heated with a 9 kW electrical heater which
consists of three 3kW coils. The inlet air temperature could be controlied by using
a TOHO CN-40-R microprocessor-based digital temperature controller with full
PID-control. The controller consists of a temperature sensor that measures the
temperature at the inlet of the rotating disc (figure 5.2). The digital temperature
controller controls a contactor which switches the electrical coils on and off. The
baffle plate mixes the air to ensure a homogeneous air temperature distribution.

T Variable Area
! Outiet Temperature Probes
Rotating disc (ecqually spaced around the disc) o~ Flowmeter
Digital Temparature
Controller Probe \
N |
£ T . \\ |\
E . j |
Infet temperature _.EF | . )
probe
/ t —
\ Airfiow direction
Inet prassure /
probe Eleciric motor

Figure 5.2: Side view of expetimental test bench showing probe positions.
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5.4. Design parameters

The rotational speed of the rotating disc model will be limited to between 2000
and 5000 rpm. The experimental rotating disc is capable of speeds no higher
than 6000 rpm. The disc experiences a resonant zone between 5000 and 6000
rpm. Because of safety reasons the disc will therefore not be subjected to
rotational speeds higher than 5000 rpm.

The experimental test bench has been designed to be able to raise the air inlet

temperature to at least 50 °C. However, for the purpose of this study it will not be

necessary to raise the temperature any higher than the ambient temperature

(25°C).

5.5. Flow and heat transfer measurements

The volume flow rate was controlled by using two ball valves. The horizontal ball
vaive influenced the flow rate directly and the vertical ball valve acted as a blow-
off (vent). The volume flow rate was measured by using a Fischer & Porter
Extruded body Flowrator (glass tube variable-area flowmeter). The flowmeter
consists of a float that measures a percentage of maximum flow. The flowmeter
is capable of measuring a maximum flow of 1280 L/min and a minimum of 8
L/min.

The pressure at the inlet of the rotating disc was measured using a pressure
probe (figure 5.2). The probe consisted of a long tube positioned to measure the
pressure inside the rotating cylindrical cavity {inlet to the rotating channels). The
pressure probe was connected to a VEGABAR 42 pressure transmitter.
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Temperature measurements can be taken by using Pyrotemp probes (two-wire
type T thermocouples). The inlet and outiet temperature probe positions are
shown in figure 5.2. Four probes were situated one centimetre from the exit of
the rotating pipes (figure 5.2). These probes are capable of measuring the outlet
temperature of the rotating channels.

The signals from the thermocouples and the pressure transmitter were
transmitted to ADAM modules. The five signals (mV) from the Pyrotemp probes
were fed to an ADAM 4018, 8 channel thermocouple input module. Similarly, the
signals (mA) from the pressure transmitter were fed to an ADAM 4017, 8 channel
analog input module. The ADAM 4018 and 4017 modules were connected to an
ADAM 4520 isolated converter. The data was then logged using Visidaq data
acquisition software. Only the data obtained from the pressure probe will be used
in this study.

5.6. Data acquisition method

The method that was foliowed to obtain the experimental data will be briefly
described. The centrifugal fan was first switched on (full power or 10 L/min). The
blow-off (vent) ball valve was fully closed and the in-line ball valve was fully
opened. The frequency inverter was then used to adjust the rotational speed of
the rotating disc. The maximum volume flow rate for the set rotational speed was
then measured with the help of the variable area flowmeter. The VEGABAR 42
pressure transmitter then measured the pressure in the rotating cylindrical cavity.

The in-line ball valve was then used to reduce the volume flow rate by two
percent. At this condition the pressure transmitter again measured the inlet

4/19/2004 Experimental Test Bench Page 73 of 116




Thermo-fluid simulation of a rotating disc
with radial cooling passages

pressure. This procedure was repeated unti! the flowmeter could no longer
register a value (< 8 L/min).Thereupon the ball valve was fully opened and the
rotational speed was adjusted. The whole procedure was repeated for all the
rotational speeds. The pressure ratios could be determined with the help of the

measured inlet pressures and the ambient pressure.

5.7. Experimental results and discussion

The following grap'h (figure 5.3) shows the results obtained from the experimental
test bench. The experiment has been carried out at a constant inlet temperature

of 25°C.
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Pressure ratio vs Volume flow

Volume flow (L/min) |

—e— 2000 rpm —s— 2200 rpm —&— 2400 rpm —»— 2600 rpmi
—%— 2800 rpm —— 3000 rpm —+— 3200 rpm —— 3400 rpm
——— 3800 rpm -—— 3800 rpm —&— 4000 rpm —A— 4200 rpm
L —»— 4400 rpm —x— 4600 rpm —*— 4800 rpm —— 5000 rpm J

Figure 5.3: Experimental results showing pressure ratio versus volume flow for an inlet
temperature of 25 °C.

It can be seen from figure 5.3 that the pressure ratio falls as the volumetric flow
rate increases for all rotational speeds. Thus the inlet pressure is reduced even
more each time the ball valve is closed increasingly. This in turn raises the
pressure ratio, which reduces the volume flow rate. This trend could have been
expected, owing to the fact that the rotating disc with radial cooling channels has
very similar performance characteristics as a centrifugal compressor, hence the
similarities between a non-dimensional compressor chart and the obtained
results. See appendix F for a tabulation of all the experimental data.
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5.8. Inlet loss factor

The vortex in the rotating cylindrical cavity gives rise to an inlet loss factor. The
accuracy of the simulation model will be strongly influenced by the precision of
the inlet loss factor. The inlet loss factors have been empirically determined by
using the data obtained from the experimental test bench. The mass flow and
pressure ratio in the simulation model was set to the mass flow and pressure
ratio measurements obtained from the experimental test bench. Thus, an inlet

loss factor could be calculated, for a given mass flow and pressure ratio.

With the help of the experimental data an analytical formula could be derived for
the inlet loss factor. It was decided to determine if the inlet loss factor could be
calculated from an inlet velocity ratio. The inlet velocity ratio was defined as the
inlet radial velocify component divided by the inlet tangential velocity component.
Figure 5.4 illustrates this relationship.

4/19/2004 Experimental Test Bench Page 76 of 116




Thermo-fluid simulation of a rotating disc
with radial cooling passages

K_in vs inlet velocity ratio
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Figure 5.4: Graph showing relationship between the inlet loss factor and the inlet velocity ratio.

Figure 5.4 shows the inlet loss factor as a function of the inlet velocity ratio for
various pressure ratios and rotational speeds of the disc. It is evident from figure
5.4 that the inlet loss factor was indeed only a function of the defined inlet
velocity ratio. The inlet tangential velocity component remains constant for a
specified rotational speed of the disc. The inlet loss factor will therefore increase
as the inlet radiai velocity component decreases. Practically the data points of
figure 5.4 make perfect sense. At a low radial velocity the fluid will find it difficult
to enter the rotating channels because of the strong vortex that will form at the
inlet. The vortex in the rotating cylindrical cavity is mainly driven by the tangential
velocity component. The vortex will weaken as the radial velocity increases,
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aiding the flow through the rotating channels and in furn lessening the inlet loss
factor. Thus the higher the inlet radial velocity component the lower the inlet loss

vr,
factor tends to be and vice versa. Itis also interesting to note that as v n—o0
n
the inlet loss factor approaches 0.5 which is the standasd inlet loss factor for the
flow through a t-piece in a stationary pipe.

A curve fit of the experimental data presented in figure 5.4 was done in order to
establish an analytical formula to calculate the inlet loss factor. The following
sixth-order polynomial was found to produce the best fit for the data:

K,= 217037756 - 206.440104(inlet velocity )

+ 94.1341754(inlet velocity,,, )’ - 24.3646525(inlet velocity,y,,)°

+ 3.63608919(inlet velocity,,,, ) - 0.290970438(inlet velacity,,q, )’
+ 0.00965448459(inlet velocity,,,, |’

(5.1}

Equation 5.1 will be used i ,
. in the simulati : .
factor. ulation model to determine the inet loss
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The deviation of the simulation results from the experimental results is due to the
sensitivity of equation 5.1. Small differences between the exact inlet loss value
and the inlet loss value determined by equation 5.1 had significant impact on the
mass flow rate. Thus the accuracy of the simulation model is strongly influenced
by the inlet ioss factor.

5.10. Conclusion

The layout, operation and the results of the experimental test bench has been
presented in this chapter. Although no heat transfer measurements were made,
adequate results have been obtained showing the performance characteristics of
the rotating disc with radial cooling channels. The results obtained from the
simulation modei compared well with the data obtained from the experimental
test bench. It was found that the inlet loss factor is a function of the inlet radial
velocity divided by the inlet tangential velocity. With the help of experimental data
it was possible to formulate an equation to calculate the inlet loss factor.
Although a satisfactory comparison between the simulation model and the
expetimental data could be made, the simulation model was found to be very
sensitive for minute variations of the inlet loss factor. The following chapter will
contain all the results from the simulation model. The results will include the
temperature, pressure, density and velocity distributions in the rotating pipe and

disc at various rotational speeds.

4/19/2004 Experimental Test Bench Page 80 of 116




Thermo-fluid simulation of a rolating disc
with radial cooling passages

Pressure ratio vs Mass flow for 2000 rpm
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Figure 6.1: Pressure ratio versus mass flow for 2000 rpm at various inlet temperatures.

Pressure ratio vs Mass flow for 3000 rpm
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Figure 6.2: Pressure ratio versus mass flow for 3000 rpm at various inlet temperatures.
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Pressure ratio vs Mass flow for 4000 rpm
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Figure 6.3; Pressure ratio versus mass flow for 4000 rpm at various inlet temperatures.

’ ' Pressure ratio vs Mass flow for 5000 rpm
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Figure 6.4: Pressure ratio versus mass flow for 5000 rpm at various inlet temperatures.
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It is evident from figure 6.1 to 6.4 that as the mass flow decreases the pressure
ratio increases. The same occurrence is also true for a centrifugal compressor.
Another observation that can be made is that the mass flow rate decreases as
the inlet temperature increases. This behaviour can be explained with the help of
equation 3.8. The second term (torque exerted on the pipe walls times the
angular velocity) remains constant for a specific rotational speed. Thus, as the
inlet temperature increases, the tofal enthalpy increases as well. Therefore the
mass flow rate must decrease in order for the heat transfer from the pipe walls to
remain constant for a specified rotational speed of the disc.

o~

Q, +Mw=m(h, —h,)

Another way to describe the decrease of mass flow for an increase of inlet
temperature is the fact that the density decreases as the inlet temperature
increases. A decrease of density will force the velocity to increase. An increase
of velocity will result in a large increase of the friction resistance in the rotating
pipe. The density decreases and the velocity increases but the influence that an
increase of velocity has on the friction factor dominates the behaviour of the

mass flow. For a raised inlet temperature the mass flow will therefore decrease.

There exists an inconsistency in the graphs at low pressure ratios and high mass
flow rates for rotational speeds of 3000 to 4000 rpm. These inconsistencies can
be attributed to the simulation model's sensitivity to the calculated inlet loss
factor.
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6.3. Temperature distribution in the rotating pipe

The following figure shows the total temperature distribution in the rotating pipe

for various rotational speeds.

Rotating pipe temperature distribution for
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Figure 6.5: Rotating pipe temperature distribution for various rotational speeds at an inlet
temperature of 25°C.

It is clear from figure 6.5 that as the rotational speed of the disc increases the
temperature gradient in the rotating pipe also increases. The trend illustrated in
figure 6.5 could have been expected. The higher the rotational speed of the disc,
the more work is being done on the fluid by the pipe walls.
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Thus, with an increase of the torque exerted by the pipe walls on the fluid, due to
a higher rotational speed, the enthalpy will increase. It is therefore
understandable that the temperature must also increase. The inlet temperature
was varied from 25°C to 55°C. It was found that at higher inlet temperatures the
graph stays exactly the same, except that it is raised by 10°C. The graphs
showing the temperature distributions at higher iniet temperatures can be found
in appendix G.

6.4. Pressure distribution in the rotating pipe

The foliowing figure shows the total pressure distribution in the rotating pipe for
various rotational speeds.

Rotating pipe pressure distribution with
TO_in = 25°C
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Figure 6.6: Rotating pipe pressure distribution for various rotational speeds at an inlet
temperature of 25°C.
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Figure 6.6 shows that there is a massive decline in the pressure at the inlet of the
rotating pipe. This phenomenon can be accredited to the calculated inlet loss
factor. It is also clear from figure 6.6 that the inlet loss factor has a much greater
effect as the rotational speed of the disc increases. The outlet loss factor is taken

as zero, the reason for this has been explained above.

Therefore the total outlet pressure must equal the ambient pressure (87.5 kPa),
as illustrated in figure 6.6. For each of the rotational speeds the total inlet
pressure has been experimentally determined from the experimental test bench.
The final observation that can be made from figure 6.6 is that the pressure
increases from the inlet to the outlet of the rotating pipe. A pressure ratio can
therefore be identified. The higher the rotational speed of the disc, the higher the
pressure ratio.

It was found that at higher inlet temperatures the graph stays exactly the same,
except that it is slightly raised. The graphs showing the pressure distributions at
higher inlet temperatures can be found in appendix G.
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6.5. Density distribution in the rotating pipe

The following figure shows the total density distribution in the rotating pipe for
various rotational speeds.

Rotating pipe density distribution with

TO_in = 25°C
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Figure 6.7: Rotating pipe density distribution for various rotational speeds at an inlet
temperature of 25°C.

The preceding figure illustrates that there is a massive decline in the density at
the iniet to the rotating pipe. The reason for this is again due to inlet loss factor. It
is also apparent that the inlet loss has a more noticeable effect the higher the
rotational speed. At a radial position of about 0.05m the density starts to
increase. The temperature and the velocity increases in the rotating-pipe, which
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in turn decreases the density. However, due to the compression of the air in the
rotating pipe these lowering effects of the density is overcome. Therefore the
density increases in the radial direction. It was found that for higher inlet

temperatures the graph exhibits the same trend, except that it is slightly lowered.

These graphs at higher inlet temperatures may be found in appendix G.

6.6. Velocity distribution in the rotating pipe

The following figure shows the total velocity distribution in the rotating pipe for

various rotational speeds.
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Figure 6.8: Rotating pipe velocity distribution for various rotational speeds at an inlet

temperature of 25°C.
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The trend illustrated in figure 6.8 could have been expected. For higher rotational
speeds the velocity distribution tends to be higher. The radial velocity increases

significantly at the inlet due to major decrease of the density at the inlet. But,
because of the combination of the tangential velocity component the graphs are
smoothed. Therefore the total velocity component will increase in the radial
direction due to the increasing tangential velocity component. It was found that
the trend of the graphs for higher inlet temperatures stays the same, except that
they are again slightly lowered. The graphs showing the velocity distributions in

the rotating pipe for higher inlet temperatures may be found in appendix G.
6.7. Temperature distribution of the solid disc

The temperature distribution of an axisymmetric sixty degree segment (figure
6.9) of the rotating disc has been calculated for various rotational speeds of the
disc. The inlet temperature was set to 25°C and the environmental temperature
to 55°C. This was done in order to illustrate the cooling effect of the rotating
passages.

Figure 6.9: Axisymmetric 60° segment of the rotating disc.

To illustrate the three-dimensional temperature distribution in the segment, it was
decided to display the temperature profile of various sections of the segment
(figure 6.10). Section A is a horizontal section through the middle of the internal
channel. Section B is a vertical section, again through the middle of the internal

AM2004 EES simulation model results Page 90 of 116




Therme-fluid simulation of a rotating disc
with radial cooling passages

channel. Section C depicts the temperature profile of the wall of the rotating
cylindrical cavity. Section D is a vertical section halfway in the radial direction of

the disc. Section E illustrates the temperature profile of the outer edge of the

rotating disc.

Secton E

Section C

Figure 6.10: Sectioning of an axisymmetric segment of the rotating disc.

A grid containing nodes and a temperature contour of the various sections is
given to simplify the visualisation of the temperature distribution.

6.7.1. Temperature distribution at 2000 rpm
Section A
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Figure 6.11: Grid and temperature contour of Section A at 2000 rpm.

4182004 EES simulation model results Page 91 of 116




Thermo-fluid simulation of a rotating disc

with radial cooling passages

Node 1 2 3 4 5 3 T 8 5
A 25.65 26.55 27.75 29.15 30,55 31.85 32.95 33.95 34 55
B 25.55 26.35 2735 28.65 20,85 3105 3215 33.05 3365
G 2545 25.95 26.65 27.55 28.45 26,45 30.35 31.15 31.85
5] 2515 25.25 25,55 2595 26.35 26.85 27 45 28.15 28.85
E 25.45 25,95 26.65 27.55 28.45 26.45 3035 31.15 31.85
F 2555 26,35 2735 28.65 29.85 31.05 3215 33.05 3365
G 2565 26,55 2775 29.15 30.55 31.85 3295 33.95 34.55

Table 6.1: Nodal temperature distribution of Section A at 2000 rpm.
Section B
: s | ‘
e S R e ) 'i" T it St [ s s Ot e ?" o
1 3 4 ] B Li 1 8
2. 89%5=+001
2. B6B=+001
. 2.841=+001
' E Ce 2.81d=+001
[ L 2 786ar001
2,75 9+001
. 2. 712e=+001
2. 70Ge+001
2. 67 B=+001
2. 651=+001
2. h24e+001
2. 59%Gms001
2.56%a+001
2. 5d2es001
2.515a+001
Figure 6.12: Grid and temperature contour of Section B at 2000 rpm.

Node 1 2 3 4 5 ] 7 8 g
A 2525 2535 2565 26.05 26.45 26.95 2755 28.25 28.95
B 2515 25 25 2555 25.95 26.35 26.85 27 45 28.15 28.85
i 2525 25 35 2565 26.05 76.45 26,95 27 55 28.25 28.95

Table 6.2: Nodal temperature distribution of Section B at 2000 rpm.
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Section C
Gy G - i Sl :
1 2 3 4 £ -} T

Figure 6.13: Grid and temperature contour of Section C at 2000 rpm.

Node 1 2 3 4 5 [ 7
A 2565 2555 25.45 25.25 25.45 2555 2565
B 25,65 2555 2545 2515 25.45 2555 2565
[+ 25,65 25.55 2545 2525 25.45 25.55 25 65

Table 6.3: Nodal temperature distribution of Section C at 2000 rpm.
Section D
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Figure 6.14: Grid and temperature contour of Section D at 2000 rpm.
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Node 1 2 3 4 5 6 7
A 30.55 29.85 2845 26.45 28.45 29.85 30.55
B 30.55 29.85 28.45 26.35 2845 29.85 3055
C 30.55 25.85 28.45 26.45 2845 20.85 3055

Table 6.4: Nodal temperature distribution of Section D at 2000 rpm,
Section E
2 3 - : T H
3. 4E5e+0D1
_ ™ 3 dideri:
e ommm om"
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Figure 6.15: Grid and temperature contour of Section E at 2000 rpm.

Node 1 F] 3 4 5 6 7
A 34 55 3365 3es 2895 31.85 3365 3455
B 34 55 3365 31as 28.85 31.85 3365 34 55
i 34 55 3365 3185 28.95 31.85 33.65 3455

Table 6.5: Nodal temperature distribution of Section E at 2000 rpm.
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6.7.2. Temperature distribution at 3000 rpm
Section A

3. B55m+001

3. Tele+001

3. 6ASm+00}

3. 570e+001

3, 475m+0D1

3. 280e+001

3. 285e+001

3. 190e+001

3 095a+01

3. DO00e+201

2 90%=+001

2 BlO0e+301

2. F1E=+001
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Figure 6.16: Grid and temperature contour of Section A at 3000 rpm.
Mode 1 2 3 4 5 & 7 8 9

A 26.05 2745 29.25 31.25 3325 35.05 36.65 37.85 38.55
B 25,85 27.15 28.75 30.55 32.45 34.15 3575 36.95 3r.7s
L 25.65 26.55 2775 2925 30.75 3225 3385 515 36.15
D 2525 2565 26.25 27.05 28.05 29.15 3055 a2.05 33.75
E 25.65 26.55 27.75 29.25 30.75 32325 A3.85 3515 36.15
F 2585 2715 28.75 30.55 32.45 34.15 35.75 36.95 3175
G 26.05 2745 2925 31.25 33325 3505 36.65 37.85 38.55

Table 6.6: Nodal temperature distribution of Section A at 3000 rpm.

Section B
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Figure 6.17: Grid and temperature contour of Section B at 3000 rpm.

Mode 1 2 . 4 5 L] ¥ B a9
A 2545 25.85 26.45 27.25 28.15 29.25 30.65 32.15 33,75
B 2525 25.65 26.25 27.05 28.05 2915 30.55 32.05 33.75
- 2545 2585 26.45 27.25 28.15 29.25 30,65 32.15 33.75

Table 6.7: Nodal temperature distribution of Section B at 3000 rpm.
Section C
O |
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Figure 6.18: Grid and temperature contour of Section C at 3000 rpm.
Mode 1 2 k] 4 3 B T

26.05 25.95 25685 25.45 25.65 2595 26.05
B 26.05 25.85 2565 2525 25.65 2585 26.05
26.05 25.95 2565 25.45 25.65 25.95 26.05

Table 6.8: Nodal temperature distribution of Section C at 3000 rpm.
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¥ 325esd0l
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Figure 6.19: Grid and temperature contour of Section D at 3000 rpm.

Node 1 F] 3 4 5 [ 7
A 3325 3245 30.75 2815 30.75 3245 3325
B 33.25 3245 30.75 28.05 3075 3245 3325
C 33.25 3245 30.75 28.15 30.75 32.45 3325

Table 6.9: Nodal temperature distribution of Section D at 3000 rpm.
Section E
1 z 3 I 5 ¥ T
3. BEE=+a01
3. B2iesd0l
: i !2'3222?
3. 6Ada+E01
1. plSe+i1
3. 81 5ewDdi
3. GAla+DaL
3 Sdboebil
3. 913wl
I A7As+DOL
3 ddde+DOL
3 d09e+DDE
1. 17%e+D0L
Figure 6.20: Grid and temperature contour of Section E at 3000 rpm.
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Node 1 Z 3 4 5 B s TR
A 3855 37.75 3615 33.75 36.15 3775 36.55
B 3855 37.75 3615 3375 36.15 3775 38.55
@ 38.55 3775 36.15 3375 36.15 3775 38.55

Table 6.10: Nodal temperature distribution of Section E at 3000 rpm.

6.7.3. Temperature distribution at 4000 rpm
Section A

1. 26%e+002
A 14Ze+001
4. 01%m+001
3. 09Ee+000
’ 3, P =400

2. 65La+000
3. 525a+001
3, 405m4001
3. 28 2m+i

Node 1 2 3 4 5 [ 7 B 9

A 26 45 28.45 30,95 3355 36.15 38.45 4045 4185 42.65

1] 26.35 28.05 30.35 3285 35.25 3765 39.65 41.15 42.15

C 2595 27.35 2915 3125 33.45 35.75 3795 39.85 41.25

[ D 2545 26.15 27.25 2865 30.35 3245 34.85 37.55 40.55
E 2595 27.35 29.15 3125 3345 35.75 3795 39.85 41.25

F 26.35 28.05 30,35 32.85 3525 3765 3065 4115 42.15

G 26.45 28.45 30,95 3355 3615 38.45 40.45 4185 42.65

Table 6.11: Nodal temperature distribution of Section A at 4000 rpm.
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.055e+001
S Te+001
. B3%=+001
. 731e+001
 B24e+00L
.51l6e+001
- A0Be+00L
. 300e+00L
.192e+00L
. DE4e+001
. 976e+0DL
BESm+001
. 76le+00L
653001
.54Ee+0DL

Figure 6.22: Grid and temperature contour of Section B at 4000 rpm.

BB B kg b G b G oL DL D G L) e

MNode 1 2 2 4 5 i 7 a8 g
2575 26.35 27.45 28.85 30.55 32.55 34.95 765 40.55
B 2545 2615 2725 28.65 30,35 3245 34.85 3755 40.55
[ 2575 2635 27.45 28.85 30.55 32.59 3495 3rEs 40,55

Table 6.12: Nodal temperature distribution of Section B at 4000 rpm.

Section C
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Figure 6.23: Grid and temperature contour of Section C at 4000 rpm.
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Mode 1 2 3 4 5 6 7
A 26.45 26.35 26.05 2575 26.05 26.35 26.45
B 26.45 26.35 2595 25.45 2595 26.35 26.45
c 26.45 26.35 26.05 25.75 26.05 26.35 26 .45

Table 6.13: Modal temperature distribution of Section C at 4000 rpm.
Section D
e e o nonEg e
1 F 3 4 3 -] [} iy
3 E15e0Dl
!1 ST4e+00]
3 BIZe+0D]
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3 TiRe+000
¥ §The+001
R i
Figure 6.24: Grid and temperature contour of Section D at 4000 rpm.

Mode 1 2 3 4 5 6 T
A 36.15 35.25 3345 30.55 33.45 35.35 36.15
B 36.15 35.25 3345 30.35 33.45 35.25 36.15
c 36.15 35.35 3345 30.55 3345 35.35 36.15

Table 6.14: Modal temperature distribution of Section D at 4000 rpm.
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Section E
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Figure 6.25: Grid and temperature contour of Section E at 4000 rpm.

Node 1 2 3 4 5 (] T
A 42 65 4215 41.25 40.55 41.25 4215 42 65
B 42 65 4215 4125 40.55 41.25 4215 42 65
[ 42 65 4215 41.25 40.55 41.25 4215 42 65

Table 6.15: Nodal temperature distribution of Section E at 4000 rpm.

6.7.4. Temperature distribution at 5000 rpm
Section A

_635e+001

Figure 6.26: Grid and temperature contour of Section A at 5000 rpm.
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Node 1 2 3 4 ] 6 7 8 a
A 26.95 29.55 3275 36.15 39.35 4215 44 .35 45.95 46 85
B 26.75 2915 32.05 35.25 38.45 41.35 43.85 45.75 46.75
c 2635 28.25 30.65 3355 36.55 39.75 42 65 4535 4715
D 2565 26.85 28.45 30.65 33.35 36.65 40.35 44 55 49.35
E 26.35 2825 30.65 33.55 36.55 39.75 42 65 45.35 4715
F 26.75 2915 32.05 3525 3845 4135 4385 4575 46.75
G 26.95 2955 3275 36.15 39.35 42 15 44 35 45 85 46 .85

Table 6.16: Nodal temperature distribution of Section A at 5000 rpm.
Section B
! ] E ! A
— “‘I._ e e e e a
1 2 3 4 5 8 T & 2
4. 935=+001
4. Thee+001
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Figure 6.27: Grid and temperature contour of Section B at 5000 rpm.

Mode 1 2 3 4 5 6 7 B L
A 2595 27.15 28.75 30.85 3355 36.75 40.45 44 55 4925
B 2565 26.85 28.45 30.65 3335 36.65 40.35 44 55 4935
c 2595 27.15 28.75 30.85 3355 36.75 40.45 44 55 4925

Table 6.17: MNodal temperature distribution of Section B at 5000 rpm.
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Section C
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Figure 6.28: Grid and temperature contour of Section C at 5000 rpm.
Mode 1 ] 3 4 5 6
A 26.95 26.75 2645 25.85 26.45 26.75 26.95
B 26.95 26.75 26.35 2565 26.35 26.75 26.05
G 26.95 26.75 26.45 25.95 26.45 26.75 26.95
Table 6.18: Nodal temperature distribution of Section C at 5000 rpm.
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Figure 6.29: Grid and temperature contour of Section D at 5000 rpm.
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Node 1 2 3 4 5 [ 7
A 39.35 38.45 36.55 3355 36.55 38.45 39.35
B 39.35 38.45 36.55 33.35 36.55 38.45 39.35
= 39.35 38.45 36 .55 33.55 36.55 38.45 39.35

Table 6.19: Nodal temperature distribution of Section D at 5000 rpm.
Section E
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Figure 6.30: Grid and temperature contour of Section E at 5000 rpm.

Node 1 2 3 4 5 [ 7
A 46.85 46.75 47.15 48925 47 15 4675 46 85
B 46,85 46.75 47.15 49,35 47 15 4675 46,85
G 46,85 46.75 4715 49 25 47.15 46.75 46,85

Table 6.20: Nodal temperature distribution of Section E at 5000 rpm.

6.7.5. Discussion of temperature distribution results

Figures 6.11 to 6.30 illustrate the temperature profiles of a segment of the
rotating disc with an internal radial channel for various rotational speeds. The

environmental temperature of the disc was raised to 55°C and the inlet

temperature to the rotating channel was kept at 25°C. This was done in order to
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calculate the cooling effect of the rotating channel. It is clear from figures 6.11 to
6.30 that the disc is indeed cooled by the rotating channel. For all rotational
speeds the disc tends to be cooler at smaller radii. Then, as the temperature in
the internal rotating pipe increases, the disc temperature rises. It should also be
mentioned that as the rotational speed of the disc increases, the cooling effect is
lessened due to the increasing temperature in the rotating channel. The material
furthest from the internal channel tends to be the hottest, as could be expected.

An inconsistency occurred at the outer edge of the rotating disc at 5000 rpm. The
hotspots encountered at rotational speeds of 2000 rpm to 4000 rpm disappear.
This happens because the temperature inside the rotating channel is raised
above the local disc temperature. Therefore the maximum temperature of the
disc at a rotational speed of 5000 rpm is located at the outlet of the rotating

channel.

6.8. Conclusion

This chapter contained all of the results generated by the EES simulation
program. There were no unexpected results obtained from the simulation model
and the trends of the graphs could be easily explained. A temperature distribution
of a segment of the rotating disc has been presented and this shows the cooling
effects of the internal rotating channel for various rotational speeds of the disc.
The next chapter will present a conclusion of the conducted research and will

provide recommendations for future research on the current topic.
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CHAPTER 7

7. CONCLUSIONS AND RECOMMENDATIONS
7.1. Summary

The primary objective of this study was to validate the theory behind steady-state
compressible fluid-flow in a rotating disc with internal radial passages by means
of an experimental test bench. The secondary objective was to investigate the
behaviour of the fluid flow and thermal parameters at various rotational speeds.
The final goal was to determine a temperature distribution in the rotating disc at
various rotational speeds.

Chapter 1 gave a short introduction on the workings of turbine blade cooling and
the need to transform the complex turbine blade geometry into a more workable
rotating disc system. In Chapter 2 an extensive literature survey was conducted
to obtain relevant information on the behaviour of rotating disc systems.
Chapter 3 focused on the theory and correlations needed to accurately simulate
a rotating disc with internal radial passages. Chapter 4 described the
development of an EES computer programme to simulate a rotating disc with
internal radial cooling channels. At the end of Chapter 4 the various heat transfer
coefficients obtained from the literature were compared and the most suitable
Nusselt number correlation was selected. Chapter 5 discussed the experimental
test bench that was used to verify the results obtained from the EES simulation
model. At the end of Chapter 5 the results obtained from the experimental test
bench was compared to a mathematical simulation model. This was necessary to
verify the accuracy of the theoretical results acquired from the simulation model.
Chapter 6 contained all the results obtained from the EES simulation model. The
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results included the temperature, pressure, density and velocity distributions in
the rotating pipe and disc at various rotational speeds.

With the aid of the experimental test bench, fluid-flow measurements through the
rotating passages in a rotating disc were possible. The results obtained from the
experimental test bench were presented in a graph showing pressure ratio
versus mass flow. In chapter 5 the results obtained from the test bench was
compared to an EES simulation model. The simulation model is capable of
determining the steady-state compressible fluid-flow in a rotating disc with
internal radial passages. The results from the test bench and the simulation
model compared well. Therefore it is plausibie to say that the primary goal to
validate the theory behind steady-state compressibie fluid-flow in a rotating disc
with internal radial passages by means of an experimental test bench was
successfully achieved.

In Chapter 6 the results obtained from the EES simulation model were presented
in graphs. An explanation could be given for each graph. Thus the second
objective, to investigate the behaviour of the fluid-flow and thermal parameters of

the rotating disc at various rotational speeds, was also achieved.

In Section 6.7 a detailed presentation of the temperature distribution of the
rotating disc at various rotational speeds was given. In so doing, the final
objective of this study was also achieved.

4/19/2004 Conclusions and recommendations Page 107 of 116




Themo-fiuid simulation of a rotating disc
with radial cooling passages

7.2. Shortcomings of this study

The following shortcomings were identified in this study:

s No analytical solution for the vortex in the rotating cylindrical cavity could
be obtained. The reason for this is that it is not clear if a free or forced
vortex or a combination of both will dominate the fluid domain at the inlet.
The inlet loss factor of the rotating pipe was empirically determined from
experimental measurements.

e The results obtained from the EES simulation model concerning any
temperature-related results could not be verified. The reason for this is
that no temperature measurements have been done on the rotating-disc.
Furthermore, due to the rotation and the geometry of the rotating-pipe, the
pressure, density or velocity distribution could not be experimentally
measured. Therefore the simulation results concerning these parameters
could not be verified using the experimental test bench.

e The experimental test bench and the EES simulation model are only
capable of simulating a purely radial rotating pipe. The simulation model is
not capable of handling a rotating-pipe with any deviations in the axial or
theta directions. However, with minor adjustments to the existing
simulation programme a variable-area, non-radial rotating-pipe can also
be simulated.

o It was decided that the rotational speed of the disc will be limited to
between 2000 and 5000 rpm. These constraints on the rotational speed of
the disc also limit the range of the data obtained from the experimental
test bench and simulation model.

e This study only focused on the steady-state behaviour of a rotating disc

with radial cooling passages. At the moment no conclusions can be made
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about the transient response of the fluid-flow and heat transfer parameters

associated with the rotating disc system.

7.3. Suggestions for further research

7.3.1. Experimental

In order to be able to verify more extensive simulation results the
experimental test bench must be capable of measuring the
temperature at various locations. Temperature measurements that
need to be made, include the inlet and outlet temperature of the
rotating pipe, radial temperature distribution in the rotating pipe and the
surface temperature distribution of the rotating disc.

The rotational speed of the disc must be increased to about 10000
rpm. This will allow a broader range of experimental data.

The internal geometry of the rotating pipe should be varied. This is
necessary to simulate the complex internal cooling passages of turbine
blades. It is recommended that another rotating disc be constructed
that has a rotating pipe with a deviation in the radial, axial and theta
directions.

With respect to the fiuid flow measurements, it will be wise to acquire a
more accurate flowmeter. For low flow rates there is a decline in the
accuracy of the current flowmeter. The current flowmeter is also only
capable of measuring flow rates up to 1280 L/min. Therefore the
current flowmeter will not be capable of measuring flow rates of
rotational speeds higher than 5000 rpm.
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7.3.2. Simulation model

A detailed survey of the theory of vortices needs to be done in order to
obtain a mathematical model for the vortex located in the rotating
cylindrical cavity. It is highly recommended to incorporate a more
complex model for both the inlet and outlet vortices in the EES
simulation model. The current model considers the vortices to be
steady-state, inviscid and incompressible.

The next step is to simulate a more complex internal rotating channel.
Therefore it is also necessary to expand the current theory for purely
radial rotating channels to include more complex rotating channels.
The current simulation should also be capable of performing transient
simulations of the rotating disc with radial cooling passages.

it was also found that to produce a more uniform temperature contour

of the rotating disc, it is necessary to increase the number of pipe
increments.
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APPENDIX A: Derivation of fluid flow conservation

equations

A.1. Rotating pipe
A.1.1. Preliminaries
A.1.1.1. Geomelry

P

»
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V r

p+a—pds

A+—ds
s

V+ﬂds
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Figure A.1: Geometry of an infinitesimal control volume situated on a rotating pipe.

Figure A.1 shows the geometry of the infinitesimal control volume situated on a

N 0A : -
rotating pipe. The reference areas A +6_ds are perpendicular to the r and
S

the § unit vector at the inlet and outlet.

The unit vector parallel to the pipe shown in figure B.1 may be written in terms of

the unit vectors in the r,8 and z coordinates respectively.

~

S =

~

r+r

~
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or ) 0z
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Js Js as




The rotating pipe is a purely radial pipe, thus there is no change in the € and the

Z coordinates. The S unit vector reduces to

s=12gs (A.2)
0s
It is also clear that
dr =% |ds (A.3)
0s
But
or
— =1 A4
s (A.4)
Therefore:
dr=ds (A.5)

The following vector quantities may be defined for a purely radial rotating pipe for

rotation around the z-axis:

r={(r)r (A.6)
V=(V)r (A7)
w=(w)z (A.8)
r= r+Ldslr (A.9)
2

r=|r-—=ds|r (A.10)

= |[Or 10 (r ~
V,=|—V +——|—-V|d A1
°* |9s Jr2(33 as S| A1

= |or 108 (or ~

v=|Zy_2|9y .
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A.1.1.2. Vector algebra relations

The following relations may also be derived with the help of the definitions given
in Section A.1.1.1:

2wxV :[ ] [ ]@ (A13)
(wxr) (~w ) (A14)
FxBE:[ gz ]@+[gz }z (A.15)
_X(ZDXV)=[%2wFV]2 (A.16)
Fx(@x(&x?)):o (A17)

A.1.1.3. Fundamental fluid mechanics equations

The total enthalpy h, is defined by Cohen (1987):

h(,=h+%c2 (A.18)

where C is the magnitude of the absolute velocity relative to the inertial frame of
reference i.e. C = IEI For a rotating pipe the absolute velocity vector C may be
written as

C=V+V,
or
0s

V]r +(wr)6




The square of the magnitude of C is therefore

or 2
C? = =|V| +(wr)
[Bs ] (w )
arf
C? = V2|5 |+ o?r?
os
Therefore we have
C? =V +u2r? (A.19)

For compressible and incompressible flow the following equation may be used:

h, = cpTo (A.20)
It follows from Equations (A.18) and (A.20) that
12
CpTo = CPT + EC
and therefore
2
T,=T+ C— (A.21)
2c,

For compressible ideal gas flow the following equation may be used:

T°_T1+2cpr
_ 2
n=T1+w]
29RT
. 2
A P u k) i
2 (RT)
—1
T, =Tl1+ 1 M2
= T[1+25 W)




Therefore:

T v 1 2]
L =14+—M A.22
T [ 2 ( )
with the mach number defined as
C

M= (A.23)

JYRT

From the isentropic property relations for an ideal gas, the equation may be

written as:
71
T, (p, [T]

(3

and therefore

.
— -1
Po _ [1 + 7—1M2]7 (A.24)
p 2
Using the ideal gas law to determine the density:
P
p= (A.25)
Rar'rT

For compressible flow the total pressure loss coefficient is defined by Cohen
(1987):

K =8P (A.26)
p,—p
and therefore
o
Ap, = Kp [1 +7T_1M2]M —1 (A.27)




A.1.2. Mass conservation

The integral form of the mass conservation equation for a finite control volume is
given by Shames (1992):

%(fffde.L)JrﬁpV.a’Z:o (A.28)

The first term of Equation (A.28) may be omitted because only steady-state
conditions apply.

For the infinitesimal control volume the equation may be written as:

ﬁpwvnoaz[pVA—l—éa—(pVA)ds — pVA

, S (A.29)
VedA="2(pVA)d
#p * Bs(p )ds

Therefore:

Z%(pVA) =0 (A.30)

Equation (A.30) may now be integrated over a pipe with finite length L resulting in
the final integral form:

(peVeAe - iniAi) =0

or

m—-—m =0 (A.31)




A.1.3. Linear momentum conservation

The integral form of the linear momentum conservation equation for a finite non-
inertial control volume of which the origin has no linear acceleration is given by
Shames (1992):

i {FrdA+ [[[Boav
_fff[ 2wa [wxr (wx(DxF))}adV— (A.32)
= Z{[[[ Veav)+ FV(sV o 3A)

The surface force term for the infinitesimal control volume may now be written as

follows:

—_— —_— op O0A ~

dA = | pAds — ——ds||A+—d.
dor [p s [p+8s s][ +68 s]]s

1 op OA ~
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g ot

(A.33)

The body force term f f f Epd—\# may be omitted due to the fact that the

rotating pipe is horizontal. The inlet and the outlet of the pipe are therefore at the
same height.



The Coriolis force term is defined as

—(2;)— X V)pd—% = [ ZZ‘ZwVpAdS r+ [— Qg— 2wVpAdS]§
oo ar|l~ or o8 ||~
= ||—2wV pAds |||— —[—{2wVpAds|||-—|Is A.34
[Bs e S][as]s+[ as|< " ][as} (A34)
=(0)s

The rotational acceleration term f f f [w x?}ad% may be omitted due to the

fact that only steady-state conditions are considered.

The centrifugal force term may be written as

_(5 X (wx F)) pdV- = (w’rpAds)r = [|§£~

wzrpAds]§ (A.35)

The rate of change of momentum within the control volume is taken as zero
because of the steady-state conditions.

The net outflow of momentum from the control volume is

Y, 5
v+ asllova+ 2 (vards!].
[ * o8 S][" (e )S]

ZV(pV.ﬁ): s
-V (pVA) (A.36)
> V(pV e dA) = %(v( VA))ds]§

By substituting Equations (A.33) to (A.36) in Equation {A.32) for an infinitesimal
control volume, the following is obtained:

r=—+—=pV|v +—£(V(F’VA)) (A-37)




The last term of the preceding equation may be developed as follows:

10 7] oV
——(V(pVA)) =V |—(pVA V—
255\ (#A) [as(” )]+p[ 83]
10 aVv
——(V(pVA)) = pV —
Ac’?s( (v )) P s
provided that mass conservation is satisfied as prescribed by Equation (A.30)
Therefore:
or| op fA1 oV
- =—+——p(VIV V— A.38
55 =85 T2 MV TV 5 (A39)

Equation (A.38) is valid for both incompressible and compressible flow in a
rotating pipe.

A.1.3.1. Compressible flow

For compressible flow it can be shown that:

C_(9£+_a.£=£%_+_1_ Czi%

A.39
s 0s p, 0s 2" T, 0s (A39)

or
1t 0 0 %) 1 19T,
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2 0s s p,0s 2 T, Os

By inserting the definition of C? from Equation (A.19) into the preceding

equation, the following is obtained:

1 8 4,0 oap pop, 1 10T
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255V Her) 4 5 p. os 277 T s

After manipulation this leads to
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' See Appendix B




By inserting Equation (A.40} into Equation {A.38), the following is obtained:

or 1 0 _Ppop, F1
S5l T 5 as (W) =22+ 5o pV]V
0s 2" 0s p, Os (A41)
1 02 197,
2" 1, Os
Equation (A.41) may also be written as
rl 1 ,0 p op
—| pwrds + — ds =-——2ds V\vd
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101,
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purds + 2 pu Bs( )ds_po e ds+ |v|Vds

1 18T
c2—9% g4s
3P T s

which, after integration over a finite pipe length L, leads to

%fo (rF~r?) +%E3w2 (ré —r?) = p—%(poe Po) + f~L1P|V|V

+pC (T—T)

O

Terms for the change in total pressure due to secondary losses within the pipe at

the inlet and outlet, may now be added.

The coefficient of friction for a rotating pipe will be discussed in section 3.5.

10




The final integral form of the equation is as follows:

~

- p 1"‘ 2 1
Wz(rezu—l}z):p?o(poe_poi)—FEpC f(Toe_'Toi)
0 -
— —
=+ S K|S+ Kp 1+ M2 -1 (A.42)

a

+K,p, [1 +—72;1M2]T_1 —1

e

A.1.4. Angular momentum conservation

The integral form of the angular momentum conservation equation for a finite
non-inertial control volume of which the origin has no linear acceleration is given
by Shames (1992):

ﬁf?wﬁ+ﬂf?x§pd_%
_ fff[?x(25><?)+Fx[£;x?]+l_‘x(5x(a><;))}ad-\# e
= ([T xVod) + fFTxT oV o 3A)

The first term of Equation (A.43) represents the torque exerted on the fluid by all
forces acting on the surface of the fluid control volume. This therefore includes
the tangential (shear) and normal (pressure) forces exerted by the pipe walls as
well as the pressures acting perpendicular to the inlet and outlet areas of the

pipe. The total torque on the infinitesimally small fluid control volume due to the
pipe walls are hereby lumped together and written as:

dM = dM, z (A.44)

11




if it is assumed that at the inlet and outlet of the pipe, the areas are perpendicular
to the radial direction the pressure forces perpendicular to the inlet and outlet
areas will not result in moments around the axis of rotation. Therefore, the total

moment due to surface forces becomes:

N rxTdA=dM,z (A.45)

The body force term f f f r x BodV- may be omitted due to the fact that the

rotating pipe is horizontal. The inlet and the outlet of the pipe are therefore at the
same height.

The Coriolis force term is:

—r X (25 X V) pd M = H%] 2wrvads]£— (A.46)

The rotational acceleration term — f f f rx [w XF]pd-\iL may be omitted due to

the fact that only steady-state conditions are considered.

The centrifugal force term is:

—r x (5 x(wx F)) pdV-=0 (A47)

The rate of change of momentum within the control volume is taken as zero
because of the steady-state conditions.

The net outflow of angular momentum from the control volume is taken as zero

because the rotating pipe is purely radial; therefore there is no change in the 8
or the Z coordinates.

By substituting Equations (A.44) to (A.47) in Equation (A.43) for an infinitesimal
control volume and separating z-coordinate terms that are valid for the axis of
rotation, the following is found:

12




or

os

dM,
Ads

2pwrV (A.48)

Equation (A.48) may be written as:

8_!'
0s
dM, = 2pVAwrdr

which after integration over a finite pipe length L leads to:

M, = oV Al - 1)

dM, = 2pVAwrds

This then leads to the final integral form of the equation in terms of the mass flow
rate as follows:

M, = muw(r? —r?) (A.49)

A.1.5. Energy conservation

The integral form of the energy conservaticn equation for a finite control volume
is given by Shames (1992):

ZQ-I—ZW:%[III[U-}-%CZ—l—gZ]pd-\L]

1 (A.50)
2 .
+ﬁ[h+-2—C +gz]pVodA

ZQ is the total rate of heat transfer to the fluid and ZW the total rate of

work done on the fluid. The rate of change of energy within the infinitesimal
control volume will be taken as zero because of the steady-state conditions
considered here.

13




The net outflow of energy from the control volume is:

ff|p+50 )7

Nprtee O llpslee oA
- [h+20 ]pv+8s[[h+2c ]pV]dS][A+ asds]
(A51)
_[[h+%C2]pV](A)
13, 1
=— —C?|pVA
as[['”z I ]ds

The gz term is omitted from the equations because of the horizontal radial
rotating pipe condition.

By substituting Equations (A.51) into Equation (A.50) it is found that:

S dQ+ 3 dw = —%[[h + %Cz]pVA]ds
The third term in the preceding equation may be written as:
%[[h + %CZ] pVA]ds
_ A[h ‘ %Cz][—:\-%(pVA)]ds . pA[V%[h " %cz]] ds
- pVA:%[h + %Cz]ds

Provided that mass conservation is satisfied as prescribed by Equation (A.30) ,
the equation may be written as:

d 1
> dQ+> dw = pVAg[h—l—ECZ]dS (A.52)

14




Substituting the total enthalpy {(defined in Equation {A.18)) into Equation (A.52),
the following is obtained:

0

>dQ+> dW = ;>VAg

(h,)ds (A.53)

Equation {A.53) may now be integrated over a pipe with finite length L, resulting

in the final integral form as follows:

Y Q+> W =pVA(h, —h,)
For a rotating pipe the total heat transfer to the fluid is simply equal to the heat

transfer from the pipe walls Q,,, while the total work done on the fluid is equal to

the torque exerted by the pipe walls M, (as defined by Equation (A.49)) times

the angular velocity w . Therefore:

—

Q,+Mw= r;w(hoe —h,;) (A.54)
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APPENDIX B: Compressible flow theorem

R e
e ]
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APPENDIX C: Derivation of the conservation equations for

the outlet inviscid free vortex

It is important to mention that the vortex will be modeled as two-dimensional. The
free vortex will therefore only be modeled in the (r,0) coordinate plane and the

velocity and pressure effects in the (axial) z coordinate plane will be neglected.

For a steady, incompressible, axially symmetric, laminar, inviscid free vortex, the
following mass conservation equation is given by Owen and Rogers (1989:9):

Mass conservation
ov. V
Ly r—0
or + r

oV
r4+v =0
Br+’

oV or
r4+V—=0
or " or

a(rv)=o

r

r

5.; r

Therefore:

rvV. =C, (C.1)

r

The momentum conservation equation for a free vortex in component form is
given by Shames (1992:444):

Momentum conservation

r-component

2
Vr%_yﬂ_:_lga (C.2)
or r p or




G-component

L VG =0 ©3)

By inserting Equation (C.1) into Equation (C.3), the following expression is valid:
av, C

oAy =0

or r '’

8V, C,
Ay =0
8r+r s

v,

c,

Therefore:

v, =C, (C.4)

if Equation (C.1) and Equation (C.4) are substituted into Equation (C.2):

cov,_ci_ 1op
r or o p or

and

v, ¢,

r —

or r




Therefore:

01[_g]_c_§_ 10P

r\ r?) P por
G ¢ _ 19P

ot por
10P  C*+C?
p Or r
lap=(c2+c2)Sar
P 1 2 r3
1 1/ 2 2| 1 1
;(Pe _R')Z_E(q +Cz)[g_r?]

Therefore:
p-R=L(ct+c) L% (©5)
e i 2 1 2 r}Z e2

These pressures are static pressures. The total pressure is defined as:

P, :F’+%pc2 (C.6)

with C the absolute velocity defined by equation A.19 in appendix A. The
following is valid:
1T w2 vy 1 nse 42
Pe —Fi=F—F "'EP(V.@ +V; )e _EP(Ve +V )‘-
The absolute velocity far from the rotating disc will be zero. Therefore the second
last term in the previous equation may be omitted:

&—R=P0e—%-+%p(%2+vf) (€7)

i




1
By substitution of equation (C.5) into equation (C.7) and noting that — — O ata

-]

distance far away from the disc, the following may be written:

Poo = P +50(V2 +V2), = 20(CF +C§)[§2—]

[}

The following may be written with the help of the definition of C, and C,:

1 1 1 1
Poo = Pu+5 Vit +5 0V =20V +5 0V

Thus:

P, =F, (C.8)

it is therefore clear that the total pressure must remain constant in the free vortex
at the outside of the rotating disc. Thus the outlet loss factor is defined as follows:

K, =0 (C.9)




€ smooth Pipe roughness for a smooth pipe m
— Friction factor for a rotating rough pipe at increment -
fil fr,rough,i
f smooth Friction factor for a rotating smooth pipe at -
increment
fs,mugh,i Friction factor for a stationary rough pipe at -
increment
fs smooth. Friction factor for a stationary smooth pipe at -
increment
f, y Friction factor for laminar flow in a stationary -
straight pipe at increment
fs” Friction factor for turbulent flow in a stationary -
straight pipe at increment
Freq. ..., Frequency of electric motor Hz
HTA Heat transfer area of rotating pipe increment m?
h Convection coefficient W/Im2.K
h. Convection coefficient in the rotating pipe at W/ m%K
increment
ho’,m_ inlet enthalpy based on total temperature in the J1kg-K
rotating pipe at increment
hoou“. Outlet enthalpy based on total temperature in the JIkg«K
rotating pipe at increment
HT pociivns.i Heat transfer effectiveness in the rotating pipe at %
increment
hummaboﬂom Convection coefficient per unit area of the bottom WiK
side of the rotating disc
hUnﬂmatop Convection coefficient per unit area of the top side WIK
of the rotating disc
inc Number of increments of the rotating pipe -




Radial inlet velocity divided by the tangential inlet

inlet ..
velocity
k Thermal conductivity of air W/ meK
k, Thermal conductivity of air in the rotating pipe at W imeK
increment
k,- Thermal conductivity of the aluminium disc W /imeK
K, Inlet loss factor -
Kout Outlet loss factor -
K y Dimensionless parameter for laminar flow in the -
rotating pipe at increment
K y Dimensionless parameter for turbulent flow in the -
rotating pipe at increment
L Length of the rotating pipe m
l_mc Length of a radial increment of the rotating pipe m
. Mass flow kgls
m
I\_/h Average mach number in the rotating pipe at radial -
increment
i Inlet mach number in the rotating pipe at increment -
Moum. Outlet mach number in the rotating pipe at -
increment
N Rotational speed of the disc mm
NTU, Number of transfer units in the rotating pipe at -
increment
Nusselt Nusselt number -
NusseltpipeJ Nusslet number in the rotating pipe at increment -
w Rotational speed of the disc radls

Pr

Prandtl number




Pr, Prandtl number in the rotating pipe at increment -
PRm’ Pressure ratio referring to the total pressure -
Pu[[eymﬁo Pulley ratio -
P Total pressure Pa
- Average static pressure in the rotating pipe at Pa
P increment
Pin, Inlet static pressure in the rotating pipe at Pa
increment
Pout QOutlet static pressure in the rotating pipe at Pa
increment
- Average total pressure in the rotating pipe at Pa
Po, increment
po,,. Inlet total pressure in the rotating pipe at increment Pa
PO, Outlet total pressure in the rotating pipe at Pa
increment
(.D Heat transfer rate in the rotating pipe at increment w
i
. Maximum heat transfer rate in the rotating pipe at w
e increment
g, Heat flux in the rotating pipe at increment W/ m?
r Increments in the radial direction -
Re Rotational Reynolds number -
Remm Rotational Reynolds number in the rotating pipe at -
increment
Rem il Reynolds number based on the mean radial -
velocity in the rotating pipe at increment
Re Critical Reynolds number indicating the transition -

crit,i

between laminar and turbulent flow for the
determination of the rotating pipe friction factor at




increment

P Density of the air kg!m®
P; Density of the aluminium disc kg/m®
- Average density in the rotating pipe at increment kg!m®
Pi
Pins Inlet density in the rotating pipe at increment kg! m°
Pout Outlet density in the rotating pipe at increment kg ! m®
RE",r Universal gas constant for air (287) J1kg-K
ratio, e rough.i ! Ts.smoom; @t increment -
r, Rotating cylindrical cavity radius m
[ oan Mean radius of rotating pipe m
T Outer edge of the disc radius m
- Average radius at radial increment m
fi
T, Inlet radius in the rotating pipe of increment m
Foi Outlet radius in the rotating pipe of increment m
Secloss'i Secondary loss factor at increment
Tf Environmental temperature K
T Temperature K
_,—_ Average static temperature in the rotating pipe at K
' increment
T, Inlet static temperature in the rotating pipe at K
increment
T i Outiet static temperature in the rotating pipe at K
increment
_’: Average total temperature in the rotating pipe at K
Oi

increment




T O, Inlet total temperature in the rotating pipe at K
increment
Tooum_ Outlet total temperature in the rotating pipe at K
increment
Twa”‘, Wall temperature of the rotating pipe at increment K
TgemJ Average temperature of node block K
Tx’y Temperature of solid aluminium disc K
(x=node block=1,2,3,...7)
(y=node=1,2,3,...27)
UA,, Overall heat transfer coefficient multiplied by the WiK
total heat transfer surface area at increment
Vis Dynamic viscosity kg/mes
- Average dynamic viscosity in the rotating pipe at kg/ MeS
H increment
Volumeflow Volume flow rate £/min
\fr. Average radial velocity in the rotating pipe at mls
! increment
Vrin.,, Inlet radial velocity in the rotating pipe at increment mls
Vrou” Outlet radial velocity in the rotating pipe at mls
increment
- Average tangential velocity in the rotating pipe at mils
Vtheta, _
increment
Vthetain.i Iniet tangential velocity in the rotating pipe at mils
increment
Vt‘hetamj Outlet tangential velocity in the rotating pipe at mils
increment
- Average total velocity in the rotating pipe at mls
Vitotal,

increment




Viotal, Inlet total velocity in the rotating pipe at increment mls
VtOtanuti Outlet total velocity in the rotating pipe at increment mls
width Thickness of the disc m
ij Conduction equations source terms -

Z Increments in the axial direction -
Toxt Total torque exerted due to the pipe walls at w
increment
v Ratio of specific heats in the rotating pipe at -
increment
SUBSCRIPTS
SYMBOL NAME
top/zt Top side of the disc
bottom/zb Bottom side of the disc
inside/ri Rotating cylindrical cavity
outside/ro Outside edge of the rotating disc
ri,j i=radial position (i=1,2,...9)
j=node block {(=1,2,...7)
ZiJ i=axial position (i=1,2,3)

j=node block (j=1,2,...7)

Radial position (i=1,2,...9)

Node block (i=1,2,...7)
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Function Nusselt,.; (Re)
# [(Re < 200000 )and {Re > 30000 )] Then
Nusselt,,, = 0.8 - Re 05
Else

if [Re > 200000 ] Then

Nusselty, := 0.0171 . Re %*"
Else
Nusselt,, = 0

EndIf
Endif

End Nusseit,,,

Function Nusselt ... (Re)
if [(Re < 200000 }and (Re > 30000 )] Then

Nusseltpgm = 0.8 - Re?S

Else

If [Re > 200000 ] Then

Nusseltpp ., = 00171 . Re %™
Else
Nusseltpwom = 0

Endif
EndIf

End Nusselt, .

Function Nusselt,,, (Re, Pr)

If [Re < 2300 ] Then

Nugselt,,, = 4.36
Else
Nusselty, = 0.023 - Re"® . pr®2

Endlf

End Nusselt,,,

Function ey, (i, inc, Kin, Kot pin Pout: Pine Poutr ¥ Mine Mouw)

it [(i=1)and {i=inc )] Then

o =K 0 [ [ +[v—21].Mi“z)(v-—1)_ T [ +[L‘§_‘_]Ammz)[7ﬁ)_ 3
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Else

If [i=17] Then

Setis = Koy
Else
SeCpes = 0
Endif
Endif
Endl
End Sec,,

Function  Friction, (f. 5 K\ Ky R, R Rom ©pS, D)

] [([(R < Ry Jand (K < 107 )] and [K, > 220 ] )and (RF‘:‘ < 05 )] Then

Fricion, = fy - 0.0883 - K,°%® - [1 + 112 . K~ 9% ]

Else
It [({R > Rew Jand [K, < 500 ])and (K, > 1 )] Then

Fricion, = fy - [0.942 + 0058 - K, 0252 ]

Else

i [(K, < 220 ) and (R;‘ < 05 )] Then

64
Friction, = .

Else

it (K <17 Then

- 0.25
Friction, =
log 2| 027 . 25, 274
°9 ’ D R
Else
0.25
Frigtionturb .= -
log 2| 027 . P, 5.74
og ) D R 0%
Frictionlam = ——
onlam = —
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lam := 2000
turb = 5000
Friction, = [chtionl::ur; : Il;r:tionlam ] [R - lam ] + Frictioniam
EndIf
Endlf
Endif
Endlf
End Friction,
Function Friction, {R, D, eps)
f [R < 2000 ] Then
Friction, = Rl
R
Else
If [R > 5000 ] Then
Frictiong = 028
!ogz[O.ZT : el';“ N %}]
Else
Frictionturb == 025
2 eps 5.74
log [0.27 " RT]

Frictionlam := el
rictio =R

lam = 2000
turb = 5000
Friction, = [Fﬁmant:::) : It-;rrinctionlam ] * {R - lam ] + Frictionlam
Endif
Endif
End Friction,

numnﬂimﬂtunm’nwr CORItIGRS ™tttk wrrbickhwicn ks

Tise = 29815

Tomsge = 32815
Tep = 328.15
Tootom = 328.15

Pisge = 85940
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Pousge = 87500

Pup = 87500

Pootom = 87500

i ik

'Geometry of the pipe

e = 0.023
fowm = 03
Fin1
ot = Finy * Lin

s = 05 - [Ty * Tomt ]

D = 00064

Width = 0.014

L L_
ing inc
L roul rln
D 2
A = =x —4—'

Erough

Esmooth

Fh e co oy

Properties of fluid medium+reermssseres
R, = 287

Stk R e b A ke

Inlet and outlet loss factors

Viin1
Vitheta,, 4

inlet g0

Ko = 217 - 2064 - inletyg, + 9413 - inlefg, ° — 2436 -

Kow = 0
'Rotation speed
N = 2000
N
® = 2 n E

‘Electric motor variables

inlety, > + 3636 -

inled gy, * - 0.201

©inlety, ° + 0.009654

4/20/2004 8:35:09 PM Page 4
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Pulley g = 295

N

FreGmoe = m
laltalainaninia 'Rotating pipe incrementation ™+ mrnrrmmmes
Tini = Toutiet for i = 2to inc
foui = Tini * Linc for i = 210 inc
o= 05 [y * Touy ) for i =2to inc

iniet and Outlet Pressures and Temperatures
Toit = Tingge
POins = Pingde
POouts = Pousie
it Pressure and Temperature Connection
POni = POonis for it = 2 to inc
Ton; = TOuui for i =2t inc

ﬁnﬂﬁhﬁHﬂuucnnonnoacompmssfbje prE iy sk i b ek ik

cp [air T=T,
oAl e is e

T ov A, T=T,] )

Cp; = Cp [air T=T] for i =1 to inc

ik ‘Friction factor for a stationary and rotating pipe
frsmootns = Friction, [Ty, foi. K Ky, Repga . Remyi, Regqi. €roggn « D)
froughi = T8%0; ° f;smaoths for i = 1 to inc
Tsrougni = Friction [ Reépga; « D\ Erough ] for i = 1to inc
fssmootny = Friction, [ Rergai « D\ Esmoan ] for 1 =110 inc
T = Froougn for i =1to inc
ratio, = tomoun for i =110 inc

8, smooth i
Rey; = M for i = 1 to inc

Wi

Rey; = 1070 - Repg, '® for i =1 to inc
bl 'Laminar flow in a rotating straight pipe
fsl.i=ReL for i =11to inc

radiat,i
Ki = Reg - ReEpga; for i =1toinc

Turbulent flow in a rotating straight pipe

tas = 03184 - Reggy, ~ °% for i =1 to inc
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Rep 2

Ky = for i =1to inc

Re giali

Infet

')] for i =110 inc

= oo [+ [25] e T

P =1
Toip; = T - [1 + (1'—""'“) Mi,,_iz] for i =110 inc

2

pmi = =l for = 11t0 inc

) Rar ~ Tig
m = Pini © Vg - A for i=1to inc
Cing = ¥i © Rar - Tin‘i for i =110 inc

Viotal,, ,

M, = —% for i =1 to inc

' Cinj
vthetd;; = o - Ty for i =110 inc
Viotal,, 2 = Vi 2 + Vihetag,; 2 for i=1toinc

*Qutlet

il

SURPO [P TR RIS G IS

_ i — 1 P . .
Tooms = Towi - |1 * T Mowg for i =1 to inc

Pouti = Raip_m.:.mi for i =110 inc
M = poni © Mows - A for i=1to inc
Coi = Alvi © Rar * Towi for i =1 toinc
Moy = Motoloti - por i = 110 inc
: Cows
Viheta,, = © © oy, for i =1to inc
Viotalg, 2 = Vg, 2 + Vihetag,; 2 for i=11toinc
R ——— ‘Average
poi = 05 - {poy; + POou;j | for | =1 to inc

i

= p[(1[%]ﬁ)(—)] for i = 110 inc

05 - [Toj + Tou ] for i =1 toinc

1l

—
°
"

—_— = T | —_
To; T [1 + ("‘“‘“““““h ) M|2] for i = 11to inc

2
_ B . .
= — r =
Pi Ry - T, for i =1 to inc
m o= p - V- A for i=11o inc
€ = afy - Ry - T, for i=11o inc

4/20/2004 8:35:09 PM Page 6
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_ Viotal, X )
M, = ——"— for i =1to inc
]
Viheta, = o - T for i = 110 inc
Viotai, 2 = Vr,2 + Viheta, 2 for i =110 inc
".ﬂ'n.“ﬂmﬁmﬂ*ﬂ“’,’hmugh_ﬂow Reynolds Number* s ]
W = Visc ['Air ,T=T,] for i = 1tto inc
pi V- D . .
Rertdiﬂl.i = —————— for i =110 inc
ni
bk ki INEAR MOMENTUM CONSERVATION®
p— —_— i 2 — . . -
- P pi - Viotaj; T - L {m| -
oo el [rom,l2 - rin.iz] ii [Pooutsi = POWi] + "LZTII [Towns = Tou; ] + D e 2 p - AZ + SeCigs,
for i=1to inc
SecIoss.i = SeC, [i. inc, K. Ko o pini+ Pouti + Pini» Powi» Yi» Minis Mmﬁ.g] for i = 1to inc

R S ANGULAR MOMENTUM CONSERVATION

Teti = M @ - ["nm.‘-z - rin‘iz] for i =1 to inc

ENERGY CONSERVATION
hooul,i = h ['A"J 'T=T°out.i ] for i = 1to inc

ho,

ini h [Ar ,T=Toy; ] for i = 1to inc

Pt Te @ = M - [hoge — how ] for i =1 toinc

Bt

W EFFECTIVENESS NTU FOR PIPE

eps; = 1 - exp [~ NTU; ] for i =110 inc

HT ettectiomsy = €P8; - 100 for i = 11to inc
P = Pr[Air T=T] for i =1 to inc
K = k[Ar T=T,] for i =110 inc
Nusselty,.; = MNusselty, [Reqnqe; . P ] for i =1to inc

- ks . )
hy = Nussellg,; - Y for i=1toinc
UA; = h; - HTA for i=1toinc

UA, ) .
NTY; = —r———— for i=11to inc
m - Cp;

drm,i = m- Cp; - [Twnll,i - Ta] for i = 1to inc

Q= eps; - Qpag for i =1 to inc

m

Volumeflow = 60000 —_—
05 - [ps * p1]

POous

PRt =

POin 1

wm——Connection of Wall Temperatures to the temperature distribution equations ™+
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Twais = Taz
Twanz = Tag
Twas = Tas
Tuaia = Tan
Twans = Taue
Twanse = Taar
Twarr = Tazo

Twull.ﬂ = T4,23

Toary = Taos

'Program o determine the temperature distribulion through

'a 3-dimensional system (cylinder} using derived equations

atatttﬂ-ﬂGeometrin

*s*Radial**
fo = i
Ar = ol - in
Ar
D2 = —
2
A
= 2r * Tin
I = Ny + A for i=2tor
“*Axigi™
Width
Ay = ——
z
***Theta™
Angle = —
gle b
n
A = Angle - 180

ke

s Initial Temperatures

**Radial*™

Y [Tul

Toems = r-z
™z
E {Ta]
=1

Tgem‘z = 2 r -z
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2 [T

Tnam.J = r-z
rz
> (T4
i=1

Tqam,4 = : r- z
"z
2 [7si]
i1

Taems = r -z
"z
> [Twl

T = =

gems T r -z
r2
Z [Tx]
1

Tgem,? = .

r-z

““Temperatures used in temp distribution equations™*

Tt = Tootom
Ty = Ty

T = Tingiae
Tho = Tousce

FmessConvection coefficients e

inside

*For an isothgrmal rotating cylinder (kendousch)™*~
Dinsige = 2 * Ti

Visigge = Visc ['AIM T=T o, ]

Kinsiga = K ['AIF T=Tige ]

pinsie = p[ AN T=Tigde P =Pimga ]

Pliosge = Pr A T=Tig ]

i1
Reisice = Pinste  [2 * fn ] - 2 - ViSigae
I

Nusseftpgqe = 06366 - [Relnside * Plingae ]0.5

Kinsia
Ninsiae = NUSSEt gy D;s.:_
1-1
***Quiside

“****For an isothermal rotating cylinder (kendousch}**
Dowtsde = 2 * Tou

ViSousge = Vise [AIF  T= T ]
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Kosige = K [AIF, T=T 00 ]

Pouside = p [ A" . T=Toyuse . P=Poyste ]

Plogsge = P [’Ail‘ T = T ousie ]

Reousse = Pouse  [2  Fou ]* 2 - vi(:omsue

Nusseltogse = 08386 ° [Reousse ° Plowsse ]
Koutsige

Nousige = 7 - Nussedt,, .. m

***Cartesian*™*

e

*****For unheated free disc top and botlom (axial) Owen et af. (1974} Qureshi et al. (1989)
fmean = 06 [fou * iy ]

A = 5 [Tau® = 1 ?]

visig, = Visc ['Air .T=Ty, ]

Kip = k [AIr T=Ty, ]

pop = p[AF T=Tg ,P=Pyy, ]

2
" mean

Rewn = pup * @ - Visop
Nusselt,,, = Nusselt,, [ Rey, |

hUnitareslop = Nuss’elllop ) ktnp L [rbul + rin]

h _ h Unitareatop
top T A
top

Bottom***

"TFor unheated free disc top and bottom (axial) Owen et al. (1974) Qurashi et af. (1989)+
Abottom = T - [rou( : . rmZ]

Vishonow = Vise [AIr T = Togem )

Kootom = & ["AlP , T = Tpouom ]

Pooors = p ['AIF . T=Tooom . P=Poggom ]
rmem 2

Re = - :

bottom P bottom o VIS poitom
Nussellynom = Nusseltyon [ Repgom ]
Duntareabotton = NUSS€lypom  * Kpgpom * 7 - [rom + l'in:]
h = Musiasspoiom

botiom & A

bottom

***Heat Source Terms***

+ Heat

- Coof
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Gincrement

q =

-

9z =

1Y)

93 =

N

94 =

.

9s =

96 =

@

q: =

~

9s =

D,D.D.D-P-D'Q‘D'D'

Qg =

st Material Properties
TRBLOCK 1

ky = K['Aluminium’ | Toems ]

p1 = rho [ Auminium’ , Tgemy ]
M BLOCK 2%

ky = k['AIuminium’ v Toemz ]

pz = rho['Alum'mium', Tgem2 ]
T 8LOCK 3+

ky = k['AIuminium' v Toema ]

ps = rho [Aluminium' , Togms ]
wBLOCK 47

ky = K ['Aluminium' v T gema ]

ps = rho [‘Aluminium’ , Toems ]
'““BLOCK 5“""‘"‘

ks = k[ Aluminion’ | Tgono ]

ps = rho['AIuminium‘. Toems ]
BLOCK 67

ke = k[ Auminium' | Toeng ]

ps = rho['Aluminium’, Tiome ]
TBLOCK 7

Ky = k[‘Auminium' | Toems ]

P rho [ ‘Aluminium’ , Toamy ]

“**Radigl***
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weag) OCK 1+
Ty + T2 + T

Cpq, = 1000 - c['AIuminium' . _"AHL___L“—]
[ T + T + T

Cppy = 1000 - ¢ | ‘Aluminium __L*_;ﬁ_w_]

Cpygy = 1000 - ¢ | ‘Aluminium' |

Tyz + Tia + Tm]
3

[ T + T + T
Cpry = 1000 - c| ‘Aluminium' , —10 ;" 112

T + T + T
Cpsq = 1000 - ¢ | 'Aluminum' , —12 13-“ 115

T + T + T
Cpsy = 1000 - c| ‘Aluminiym' , —L18 1,17 118

L 3
r T + T + T 1
Cpyy = 1000 - ¢ ‘Aluminium’ _.1.1___1322___1&1_

T + T + T h
CPg, = 1000 - c| ‘Aluminium’ R fe- SIS - ML T L I

3

[ T + T + T 1
Cpgy = 1000 - c | 'Aluminium’ —‘3-5——;2';-—-—-91—

TTBLOCK 27

-
Tay + Tpo + Ty

Cpuyp = 1000 - c['Aluminium' . z

T24 * T25 * TZG 1

Cppa = 1000 - ¢ ‘Aluminium' , 3
[ Taz + Taog + Tag |
CPppz = 1000 - c| 'Awminium' A 21— 28 28

3

T + T + T 7
CPuz = 1000 - c| ‘Aluminiumy , —22& — 201 ~ 212

3

T + T + T 7
Cpsz = 1000 - ¢ ‘Aluminium' 213 2,14 218

' 3

Tase * Togz * Tom

CPgz = 1000 - ¢ 'Aluminium' 2

Ta1o * Tz * Tom

Cpmy = 1000 - cf ‘Aluminium’ | -
r T .
Cpes = 1000 - ¢| ‘Auminium’ , —22" Tozm * Ton
2 a
_ . ; )
Cpez = 1000 - c| ‘Aluminium’ Jazs * Tom * Tor

3

BLOCK 3

.
Cpys = 1000 - c['AIumin'tum' , _3.1___*_T;.LT3.3_]

Tay + Tag + T
Cpgs = 1000 - c[‘Aluminium‘ _%“—_;r"_aL]
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T + T + T
Cpas = 1000 - c['AIuminium' , —’-7—-—3*’———3"—]

3

T + T + T
CPus = 1000 - ¢ | ‘Aluminium’ 3,10 33" 3,12

Cpss = 1000 - cL'AIuminiurn'

* Tae * Tass

3

[ Tae + Tagzr + Tags |
Cpgs = 1000 - ¢ | 'Aluminium' 3,18 ;‘7 3,18

[ T + T * Taor |
‘Aluminium |, —212 22“ .21

(2]

Cpﬁ.; = 1000 -

T + T + T
CPas = 1000 - ¢ | Auminium , —2&2 ’;3 34

) T + T + T 1
Cpga = 1000 - ¢ | ‘Aluminium’ _325._—.’32';—3&

TBLOCK 4+

Teq1 + Tes + T
CPu4 = 1000 - c['Aluminium' ' MHHJ.L]

3
Cpps = 1000 - ¢ :'Aluminium' , _.T_L‘—"'—T;-"—LIJ-L]
CPue = 1000 - ¢ :'Aluminium' . L.\Z_..il;@;]
CPuya = 1000 - ¢ i'Alurniniurn‘ , Tato * T‘;" * Taaz :
Cpsq = 1000 - c;'AIuminium' , Tars * T;u + Tats
Cpm,a = 1000 - ¢ -'Aluminium' R w-

3

I 1
Jase * Taz * Tazt

Cpyae = 1000 - c| ‘Aluminium' 3

Cpaq = 1000 - ¢ | 'Aluminium’

Taze ¥ Tazs * Tuze h
3

[ T + T + T b
*Aluminium® |, W

1
—_
]
[=]
4]

CProa

*BLOCK 5

Tegq + Tgo ¢+ T
Cpys = 1000 - c['}\luminium' _m___su.a_]

Tsa * Tgs + T
Cpps = 1000 - c['AIuminium‘ , —51—5-5—5-“—]

[ Tes + Tgg + T
Cpas = 1000 - c| ‘Aluminium' Juu@-

Cpus = 1000 - c| "Aluminium’

Tsao * Tse *+ Tsap ]
3

I T + T + T
Cpss = 1000 - ‘Aluminium’ 513 514 -"115]

(2]

3
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T + T + T
Cpas = 1000 - c| ‘Aluminium' , —312 5"’ 518

[ T T T
Cpr’-’.s = 1000 - ¢ | ‘Aluminium' I_MM]

[ Tgar + T + T
Cpas = 1000 - c| ‘Aluminium’ _.___531_.§.L

T + T + T
Cpos = 1000 - c| ‘Aluminium’ -—-—-—-—---—-——‘—5'—525 528 27

BLOCK 6™

Tgy + Tea + T
Cpng = 1000 - c['Aluminium‘ ; —"z‘—gi—-?-&—]

1000 - cf ‘Aluminium’ |

CPuas

Tey + Tos + Tee]
3

Cpas = 1000 - c| 'Aluminium’ |

Tez + Ten + Tn]
3

Toso * Tois + Teaz |
3

Cpug = 1000 - ¢| ‘Aluminium’ |

Teas + Teaa * Teus |
3

CPss = 1000 - ¢/ ‘Aluminium’

Jose * Touz + Tons

Cpege = 1000 - ¢ | ‘Aluminium' n

Tere * Teoo + Teor |
3

Cpyg = 1000 - c| ‘Aluminium'

Tezz + Tozn * Too |
3

Cpag = 1000 - ¢ ‘Aluminium'

[ T + T + 1
Cpos = 1000 - c| ‘Auminiuny , ~828 * Tozs * Tz
‘ L . _

“eBLOCK 7+

T
Cppz = 1000 - c['AIuminium' LA Trz * T”]

3

Cppy; = 1000 - ¢ ‘Aluminium'

M.LTT.L]
3

Cpaz; = 1000 - c| 'Aluminium’

Trz + Typ # Tn]
3

Tr10 * Tran * Tree

Cpuz = 1000 - ¢ ‘Aluminium’ 3

Toaa + Tyga + Tags ]
3

Cpsr, = 1000 - ¢ | 'Aluminium'

T + T + T 7
Cpey; = 1000 - ¢ | ‘Auminium’ EAT WS AT B AT

i 3 ]
T ;
Cpyy = 1000 - c['Aluminium' Jﬁgﬂ;&&

Tozg + Tyoa + Tra |

w

Cpay; = 1000 - c['A!uminium’
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Cppy = 1000 - C['Aluminium'
Axial*

= K0 16: % A

Cpnq = 1000 - c['AIuminium'
Cpyy, = 1000 - c['AIuminium'
Cpyy = 1000 - c['Aluminium'
gl OCK 2%

Cpyy, = 1000 - c['Aluml'nium'
Cpyp, = 1000 - c['Aiuminium'
Cpy = 1000 - c['Aluminium'
rewil QUK 3

Cpy3 = 1000 - c{'AIuminium‘
Cpp, = 1000 - C['Aluminium'
€pyps = 1000 - C['Aluminium' .
= BLOCK 47

Cpoe = 1000 - c[‘AIuminium‘
Cpp4 = 1000 - c[‘Aluminium'
Cpas = 1000 - C['Aluminium'
gL OCK 5*

Cpyus = 1000 - ¢ | 'Aluminium'
Cpys = 1000 - ¢ | ‘Aluminium’
Cpyss = 1000 - ¢ ‘Aluminium'
MRLOCK 67

Cpye = 1000 - c['AIuminium'

Trzs * Tios + Tiy

]

3

Tig * Vg * Tyg * Tigo * Toas + Toge * Tygp + Tioo * Tyos
9

Tizg * Ty5 + Typ + Tyyy Tiaa * Ti47 Tizp * Tigs * Tioe
9

Tia * Tig * Tig * Tias + Toas + Tyga + Tyg * Ty + Typr
g

Ta1 * Tou * To7 + Togp * Toqz + Toqg * Tagp * Tagg + Typs
g

Ta2 * Tps + Tog * Toyg + Toag + Toqp + Toap + Toog + Tope
9

Taa * Tog + Tag + Foga *+ Togs + Toqg + Tagy + Tooy + Too
o

Tag * Tag + Tz + Ty Vaga + Taqe Tagp + Tage + Tao |
a

Tag * Tas + Tapg * Togy + Tagq + Tagy + Tag * Taos + Tyng |
]

Taa + Tap * Tag * Tago * Tags + Tygg + Tagy * Voo + Tyy
g

Tyg * Tag * Tz * Tyao + Fags + Tygg + Tyg + Tyoo + Tope ]
8

Taz + Ty * Tyg + Toqg ¥ Tyga * Tagr + Tygg * Tyon + Tyoog ]
<]

Taaz * Tas * Ty * Taag * Taas * Togs + Ty + Tyoy + Tyop ]
9

Toa * Ty + Toq7 + Tsy Tssa + Tsis Togg + Tsm + Tso
9

Tsg * Tss + Vo * Tsgy * Tsag + Tog7 + Toop + Toon + Tyoe
]

Tsa * Tsp ¥ Tso * Toga * Tays + Teag * Togy * Tso + Tsoy
9

Tos * Tou * Tgy + Teag * Toy3 * Tasa * Teip * Tooo + Tgys ]
9

4/20/2004 8:35:09 PM Page 15
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T + T + T + T + T + T + T + T + T
Cppe = 1000 - c['AIuminiurrl' B ]

Tes * Tgg + Tgg * T + T + T + T + T + T
CPrs = 1000 - c['AIurninium' R 83 512 L’—; ——nie e 824 427 ]

Wy CK Frwin

Tia * Tya * Tz v T + T + T + T + T + T
szm = 1000 - c['Aluminium‘ , AR T4 17 7.0 713 718 719 722 725 ]

9

Tya * Tos + Tyg * Togg * Tyge + Tppg + Tygp + Ty + T

szz‘_’ = 1000 - c['Aluminium’ , 72 75 78 7.1 7194 717 720 723 7.25}
Trs + Too + Tyg * Triz * Tygs + Toas + Tag + Ty + T

CpﬂJ = 1000 - c[,Numinium. , 7,3 7.8 RA 7,12 71; 7,18 721 724 TE_]

werrresnTomperature Node Points ™"

Ttheta, Node
Temperatumm,m block)Node point]
!*****anu-BLOCK 1 Lt

“"iNO DE e

2

T - T 2
‘{rin‘hinside -(Tf"—T1_1)+(r1+DZ)-k,‘( 14 11)}*9
s

P CPHJ . [(H + D2 )2 - (T1 - D2 )2] A : cF’z1,1 C A
A1 {Tia = Tea ) * Ppgom - (T = Taa )] Xy =0
z
X, vk [ Fa o T
! Py - CPn1 g Ag ry?
2
2 Tyg = T 1
-r--h--Tf—T)+r+Dz'k-(15 ‘2)+
P1 - Cpkﬂn ~[(ry +D2)Y - {r, - D2 )2] [m o~ (Thy s (s )k e pr* CPan - &,
{X‘_' (Tis = Tiz ) - A_‘" {Tiz = Tug )] + Xz =0
z T
X.. = ! LI ET TS
12 p1 - CPaa - 4y Ay rn?
3
2 T - T 2
e N (T - T +|-+Dz.k_(41.5 13)*
o1 Cpkm . [(I‘1 + D2 )2 _ (I’1 _ D2 )2] [ln insitde ( ai 1,3) (1 ) 1 Ar p1 - sz:m . Az
['Ai_ (Tiz = Tia )+ hyg - (T - Ty )] + X3 5 0
t 4
Xpp = . K1 Jis = Tas
| Pt CPua - B Ay n?
4
2 - Ky (rz+02) ( r—DZ) 2
AT - T Y ) {[Tga = Tia ] |2 +
p1 CPgq - [{rz + D2 )* - (r, - D2 ¥ [( ' ) LY [Tra ] [ LY } ] p1 - CPay - 4

B
Ky
_l;z—'. (Tis = Tia ) * Nogom - (Tl — Tya )] + X4 =0
X\ = ! ok [ Taaz Taa
* Pt~ CPay - B Ag 1,2
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2 - ky

p1 - Cpay - [{rz + D2 Y - (rp, - D2 ¥ ] . [(Tu =T ) (rz_;rD-z_)_ ([T1'5 - Tl [rz ;r = ]H ' P CP1zz,1 :

K
: [ L (Te = Tig ) - A1 ATis = Tia )] + X5 = 0
z

Az
oo = — vV Kk [Tas = Tas
8 p1 - CPra - A Ag ry?

2 - Ky

b1 Car [(1 + D2 F - (; - D271 [ = T (=) (s - a1 [ )] e

k
) [_1 {Tis — Tyg )t hygy « (Thy = Ty )] + Xy =0

Y. = 1 ok [ Tis - Tae
18 P cPrz.1 . AB Ay rzz

ey [ o (452) (oo [252])

h]

AP ATy - T + h Ty - T + X = ¢
P1 " CPny - A Ay (Tas 1) batom ~ { Tfan 17 )] 17
X = _-.--.-1— k_1 Tiz = T2
17 < - - - — AL
P1 - CPry - A, Ay [

o f oy [ e (25 [ [252]))

k
= (Tie = T )= == (Ta = Tis )] + Xipg =0

P1 CPami - Ag

A, A,
X = —— v ki [ Tas - Tos
18 = . . - 2

Pt CPay - Ay Ag Iy
9

ey Lo ) e [452])

L (Tee - Tio 2+ hyg - (Thy = Ty )] + Xy = 0

y —_— @
P cbz‘.m % Ag

Koo = ——d ok [ Tus - Tae
19 - -
P17 Cpaq - Ao Ay rs

10

1
: ATy = T + h (T - T + Xy = O
Py Cbz‘l.i - A, A, ( 1.1 1,10 ) bottom ( b 1,10 )] 1,10

1 k Tyw = T

P1° Cpug - As Ay r,?

11

1 CPus - [1(“ +2[;2k12 - (g - D2)] [(T"“ = T ) (%)_ ([T"" =Tl [%} )]

4 k
+ L Ty = Tonn )= == (Tasr = Ta )|+ X4 = ©
A Az

P Cppy - A;
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1 ky Tia1s = Tour
X,_n = ee——— - — |:__|—:.__

Pt CPus " B Ag n?

12

1
* — - “(Tigs = Tiaz 4 Mg - (T = Ty )] * Xy = 0
P1 sz:m ) Az Az P

X =tk [Tz = Taw
12 p1 - Cpuit - Ay Ag r?
13
2 - Ky [ t; + D2 rs - D2
' (T1.1s - T ) ("‘_‘_ - [Tma - T1.1o]' I
p1 - CPmsa - [2("5 + D2 ) - (ry - D2 )] Ay Ar
s — < | T =T +h C(Thy - T + X3 = 0
o1 - Chua - Ae . (T1aa 1 ) bottorn (Try 113 ) 113
X = — & [ Tue = Tans
e p1 - Cpsa - Ay Ag rs?
14

2 Ky

Pt CPusy [1(r5 + D2 ¥ - (rg - D2 )] . [(Tm SR (l;i)_ ([Tm " Tun ] [i;ri] )]

1

O ATy = T - = Ty - T + X =0
o1 Cpan A A (Tus 4 ) A (To1a 115 )] 114

oo = vk T - T

i P1 ° CPrsa  Ag Aq rg 2

15

2k,

2 ky

e | (Ty - T +hg - (Thy - 7T + Xy = 0
p1 CP;:U Az Az ( 1,14 1,15 ) lop ( | 1,15 )] 1,18

X _ 1 ok [ Taas = Tass
15 =TT - |
! p1 - CPsa Ay Ay l'sz

16

2 -k

$  — | (T - T +h Ty = T + Xgqg = 0
o [ (T = T ) M+ (T = Tase )] + e

Koo = — 4 _ ki T = Tase
e Pt~ CPea A Ag rg 2

17

(T = Ty }= A_1' (Tiar = Tise )] + Xy = 0
T

+

P17 Cpnj Y &z
X _ 1 K Tiaz = Tour
1 S T = | T
P11 CPma © A Ay rg
18

2k,
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X = 1 ok [ Tus = Tom
e p1 - CPuy ~ A 4y rg?

12

Pt CPay [2(r7 +2D.2kE‘P - (y - 027 [(T‘R = Tie ) (LL;—rEz—)— ([ng - T ] ['7 _A, D2 ])]

A1 “(Tazo = Tiae ) * Boggom - {Tfa = Tyge )} + Xy = 0
r3

y ——— .
P1 Cpaa - 4,

X m et _ % [ Taie = Taw
e P1 - CPm1 - A fy 2

2 - k4 [( r; + D2 r; - D2
' T1,za - T1,2o ) (__ - Tizo - T1,17 I
p1 - Cpgy - [(rs + D2 )zk— (r; - D2 ] Ar [ ] Ar
1 s 1
—_— . —T . T - T - —. T - T + X = 0
* P szz,1 © Ag Az ( 12 120 ) Ag ( 120 1.19 ) 1.20

1 k1 T1£ - TZZO
Xigg = =————— -—" [ 5

p1 - CPaa - A, Ag r

21

pr - CPs [2('7 *20-;32 - (-D2)7] [(T‘-“ - T ) (ﬁ—;ﬂ)- ([T,.21 - Tie] [rr ; D2 ])]

1
t ——— | = (T4 - T +hyp o (Thy = T + X = 0
p1 - szs‘ . Az Az ( 1.20 121 ) wp ( F:] 121 )] 1.21

1 ke [T121 - Ton ]
2

Xigg & ——— " -
7

p1° CPea - Ag Ay

22

2"(1

m-wm-nu+m2-(u—owﬂ'h“”"“ﬂy(ii20'ﬁ“”‘“”][kﬁ%i”]
2 S (Tyms = Trz ) * Nootom -(Tfm-T,m)]-rxuz =0

..
P1 - CPay * A Az

X e vk [Tz - Tem
1,22 Pt ﬁpm1 © Ag Ag raz
23
2 - Ky [ rg + D2 tg — D2
: (T126 - Tim; ) (_-—— - Tiga ~ Typ ] | ———
P Opmy [(w e D2 f - (n-o02y] M7 ~ [Tias = T ] | =0
1 1 ]
oo A | (T - T -4 (Tyms - T + Xz = 0
g1 - CPmq - A, A; ( 124 1,23 ) A, ( 123 122 )] 123
Koo = kM [Tun - _Ton
b p1 - CPuy - A Ag re?
24

p1 ° CPm1 - [2('5 +262k12k_ (re — D2 )*] ' [(T1'27 - Toa ) (l:‘ri)- ([Tm - T ] [l:’-“r_m_] )]

1
§ — . T - 7T + h . Tf - T + X = ¢
p1 - CPay - A A (Trs 124 ) w  (Tha 1.4 )] 124

1 . k_:_[T124-ng4]

Xiza = - . - 3

p1° CPay ' Ay Ag rs

25

2 ky
p—_— = (T4 - T +hge - (T, = T + Xy = 0
ps - Cpasa - Az [Az ( 147 1,18 ) top ( zt 1,18 )] 118
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2
. T h .
P1'pr.1‘[2(r9*02 z‘(rs‘Dz)zj [M ¢

1
o— 2T - T + h (Tf,, - T + X = 0
p1 sz1.1 Ay Aq ( 126 125 ) bottom ( zb 125 )] 1,25

Tim = T
Tfm-T,l25)+(r9—D2)-k1-( 122A 125)]
.

x5=___1___._h__ Toas = Togs
12 P1 -~ CPra1 ~ A Ag re?
26
2 Tizs — Tizs
“from - b (T, - T +r—Dz-k-(1 1)
T T T Y G o L M (T Tia e (- 02) =
b —k1—--(T127—T12°)——1-(T125-T125) + Xy =0
P11 cpzﬂA © Az Az ’ ’ A, ’ ! ’
Xemg = e K1 [ Tozs = Tz
’ p1 - CP1 ~ A 4y re?
27
2

T - T
] : [fout “Pousge - (T = Tyzp }+ {rg = D2 )~ ky - ('_‘_"""_124 A L2 )]
r

p1 Oy [(rg + D2 ¥ - (1, - D2 )?

2 1
e | (T4 - T *hg « (Thy = T + Xysy = O
p1 ' CPamy 4 A, (Toz 11 )+ Mgy - (Tha 121 )] 127
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APPENDIX E: Discretisation of the conduction equations

Q

Figure E.1: Coordinate system for conduction equations.

As stated in chapter 3, the equation of energy in terms of the transport properties
for Newtonian fluids of a constant density and conduction coefficient can be
given in the form: (Bird et al. (1960:319))

r 0 z
—(oT 10( 0T 10T o&°T
pCv —_—= k —_—— |+ YY) + o
ot ror\ or ) rco6° oz
We will derive the integral form of the equation in three component parts.

1. r-Coordinate

2. 6-Coordinate

3. z-Coordinate



A control volume is defined as foliows:

dz

Figure E.2: Control volume definition.

Where

dV = rdédzdr

r-Coordinate Component

internal node

Ar Ar

Figure E.3: Radial internal node definition.



Mathematical relationships
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Omitting the transient term yields
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Figure E.4: Radial inner node definition.



Mathematical relationships
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Now for a node on the inner surface of the cylindrical rotating cavity, follows
(0T 10
Cl—|=———
"[ ot ] ror (r9,)
dV = -
f [ ] f r 6r
o[ [ a0z~ fff-* (rg,)rtp % 2
v at r

ror



—[(0T r ABAz ¢ O
C1—IABAZ | —dr =— -—(rq, )dr
C.| G |00z f Zar =—== [ =-(ra)
~(oT\(W-7%) _ 1
C =—— —
!0 v 8t 4 2 (rqr )w (rqf )e]
pC_ 3T 2 2 1r 87-
Y| — —r)=——=|-rh(Tf_—T, —kK—
4 8t (rw re) 2[ r ( n I)+rw ar "
C,(0T /2 ,2y_ 1 Tw—T,)
vI—Irl —rf)=——=|-rh{Tf, —T.}—r k|+—L
o 5 =)= =T B
- 2 2
pC 8T Ar] [ Ar] 1 1 [ Ar][Tw—T-]
2 il r —_ 1 — —_—— :-—rh Tf —T —k r :
46t{+2 2('" ')+2 +2 Ar
oT 2 Ar\(T, —T.
= h(Tf, —T.)+k\r+ Wi
C e L o
[y
[aT] = 22 2 rh(Tfr'n_Ti)‘f‘k[f-l-Ar] T}H—Tj)
ot ), p.-CT [r+_A_r] _[r_g] 2 \ G
v 2 2
Omitting the transient term yields
22 5 rh(Tt;,,—T,)+k[r+Ar] T"+"_Tf] =0
S
pf vi 2 2




Outer node

Qrw

Figure E.5: Radial outer node definition.

Mathematical relationships
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Omitting the transient term yields

0-Coordinate Component

Internal node

The temperature distribution of the disc will only be simulated for a 60 degree
segment of the disc. The axisymmetric nature of the disc allows the use of a
segment of the disc to simulate the temperature distribution of the disc as a
whole.




Figure E.&: Theta internal node definition.

Mathematical relationships
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omitting the transient term yields
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The following is also true for the sides of the axisymmetric segments:
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Clockwise node

Clockwise of the middle point P
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z-Coordinate Component

Internal node
Qze Jzw
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Figure E.7: Axial internal node definition.

Mathematical relationships

Az = Z,—2,=2,—Z_,

E=i-1
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using the same relation as the theta component
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Figure E.B: Axial top node definition.

Mathematical relationships

Az:zm—z =Z —Z,

E=i-1

W=i+1
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omitting the transient term

2

p;C,AZ

LS
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i+1

The same process can be followed to derive the equation for the bottom side:

2
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2] =T (T )| =0
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APPENDIX F: Experimental data

Volume flow Volume flow

Hz N (rpm) P_in (Pa) (% 1280 Limin) {L/min)
11.3 2000 86189.2 17 36.26
86120.8 15 32.00

86042.5 13 27.73

85964.2 11 23.46

85886.0 9 19.20

12,43 2200 86159.9 24 51.20
86081.6 22 46.93

85983.8 20 42.66

85886.0 18 38.40

85807.7 16 34.13

85729.5 14 29.86

85641.5 12 25.60

85558.3 10 21.33

85485.0 8 17.06

13.56 2400 86120.8 30 64.00
86022.9 28 59.73

85910.4 26 55.46

85807.7 24 51.20

85709.9 22 46.93

85607.2 20 42 66

85514.3 18 38.40

85416.5 16 34.13

85338.2 14 29.86

85260.0 12 25.60

85162.2 10 21.33

85079.0 8 17.06

14.69 2600 86071.8 35 74 .66
85939.8 33 70.40

85807.7 31 66.13

85685.5 29 61.86

85568.1 27 57.60

85455.6 25 53.33

85357.8 23 49.06

85260.0 21 44.80

85162.2 19 40.53

85054.6 17 36.26

84961.6 15 32.00

84878.5 13 27.73

84790.5 11 23.46

84702.4 9 19.20

15.82 2800 86013.2 40 85.33
85876.2 38 81.06




85729.5 36 76.80
85592.5 34 72.53
85445.8 32 68.26
85328.4 30 64.00
85220.8 28 59.73
85108.4 26 55.48
84985.9 24 51.20
84883.4 22 46.93
84785.6 20 42.66
84673.1 18 38.40
84594.8 16 34.13
84497.0 14 29.86
84399.2 12 25.60
84286.7 10 21.33
84203.6 8 17.06
16.95 3000 85839.8 44.5 94.93
85856.6 42.5 90.66
85714.8 40.5 86.40
85553.4 38.5 82.13
85387.1 38.5 77.86
852541 345 73.60
85113.3 32.5 69.33
84986.1 30.5 65.06
84868.7 28.5 60.80
847416 265 56.53
84619.3 24.5 52.26
84506.8 225 48.00
84389.4 20.5 43.73
84286.8 18.5 398.46
84188.9 16.5 35.20
84086.2 14.5 30.93
83988.4 12.5 26.66
83890.6 10.5 22 .40
83783.0 8.5 18.13
18.08 3200 85856.6 48.5 103.46
85758.8 46.5 95.20
85592.5 44.5 94.93
8§5426.3 42.5 90.66
85260.0 40.5 86.40
85113.3 38.5 82.13
84966.5 36.5 77.86
84795.4 34.5 73.60
84634.0 32.5 69.33
84511.7 30.5 65.06
84399.4 28.5 60.80
84267.1 26.5 56.53
84149.8 24.5 52.26
840324 22.5 48.00




83905.2 20.5 43.73
83807.4 18.5 39.46
83694.9 16.5 35.20
83587.3 14.5 30.93
83489.5 12.5 26.66
83381.9 10.56 22.40
83274.3 8.5 18.13
19.21 3400 85798.0 53 113.06
86661.0 51 108.80
85485.0 49 104.53
85299.1 47 100.26
85132.8 45 96.00
84942.1 43 91.73
84795.4 1 87.46
84609.5 39 83.20
84453.0 37 78.93
84306.3 35 74.66
84169.3 33 70.40
84037.3 31 66.13
83500.3 29 61.86
83783.0 27 57.60
83646.0 25 53.33
83528.6 23 49.06
83401.5 21 44.80
83293.9 19 40.53
83196.1 17 36.26
83073.8 15 32.00
82804.8 13 27.73
82697.2 11 23.46
82589.6 9 19.20
20.34 3600 85719.7 57 121.6
85494.7 55 117.33
85274.6 53 113.06
85098.6 51 108.80
84917.6 49 104.53
84736.7 47 100.26
84565.5 45 96.00
84399.2 43 91.73
84242.7 41 87.46
84076.4 39 83.20
83915.0 37 78.93
83768.3 35 74.66
83621.6 33 70.40
83489.5 3 66.13
83352.6 29 61.86
832254 27 57.60
83098.3 25 53.33
829711 23 49.06




82765.7 21 44.80
82589.6 19 40.53
824722 17 36.26
82359.7 15 32.00
822473 13 27.73
82139.7 11 23.46
82027.2 9 19.20
21.47 3800 85636.6 62 132.26
85455.6 60 128.00
85250.2 58 123.73
85049.7 56 119.46
84854.0 54 115.20
84653.5 52 110.93
84467.7 50 106.66
84291.6 48 102.40
84110.6 48 98.13
83939.5 44 93.86
83778.1 42 89.60
83616.7 40 85.33
83470.0 38 81.06
83308.6 36 76.80
83152.1 34 72.53
83005.3 32 68.26
82726.6 30 64.00
82589.6 28 59,73
82462.5 26 55.46
82325.5 24 51.20
82203.2 22 46.93
82071.2 20 42.66
81958.7 18 38.40
81846.2 16 34.13
81728.8 14 29.86
81601.7 12 25.60
81474.5 10 21.33
81366.9 8 17.06
226 4000 85475.2 68 147.20
85240.4 67 142.93
85005.7 65 138.66
84819.8 63 134.40
84604.6 61 130.13
84409.0 59 125.86
84213.3 57 121.60
84027.5 55 117.33
83822.1 53 113.08
83646.0 51 108.80
83450.4 49 104.53
83274.3 47 100.26
83117.8 45 96.00




82941.7 43 91.73
82785.2 41 87.46
82628.7 39 83.20
82457.6 37 78.93
82310.8 35 74.66
8§2159.2 33 70.40
82012.5 3 66.13
81876.6 29 61.86
81728.8 27 57.60
81591.9 25 53.33
81464.7 23 42.00
81347.4 21 44.80
81210.4 19 40.53
81093.0 17 36.26
80975.7 15 32.00
808568.3 13 27.73
80731.1 11 23.46
80604.0 9 19.20
23.73 4200 85343.1 74 157.86
85147.5 72 153.60
84902.9 70 149.33
84707.3 68 145.06
844872 66 140.80
B84276.9 64 136.53
84061.7 62 132.26
83880.8 60 128.00
83680.3 58 123.73
83474 .8 56 119.46
B3293.9 54 115.20
83103.1 52 110.93
82936.9 50 106.66
B2755.9 48 102.40
82584.7 46 98.13
82418.4 44 93.86
82257.0 42 89.60
82100.5 40 85.33
81924.5 38 81.06
81792.4 36 76.80
81631.0 34 72.53
81489.2 32 68.26
81352.2 30 £4.00
81200.6 28 59.73
81058.8 26 55.46
80936.5 24 51.20
80804.5 22 46.93
80692.0 20 42.66
80584 .4 18 38.40
80452.3 16 3413




80320.3 14 29.86
80188.0 12 25.60
80080.8 10 21.33
79973.0 8 17.06
24.86 4400 §5230.6 76.5 163.20
85005.7 74.5 158.93
84741.6 72.5 154.66
84511.7 70.5 150.40
84286.7 68.5 146.13
84086.2 66.5 141.86
83861.2 64.5 137.60
83660.7 62.5 133.33
B83416.2 60.5 129.06
83235.2 58.5 124.80
83039.6 56.5 120.53
B82843.9 54.5 116.26
82667.9 52.5 112.00
82486.9 50.5 107.73
82296.2 48.5 103.46
82105.4 48.5 99.20
81944.0 44.5 94.93
81787.5 42.5 90.66
81611.5 40.5 86.40
81445.2 38.5 82.13
81274.0 36.5 77.86
81127.3 34.5 73.60
80965.9 32.5 69.33
80819.2 30.5 65.06
80682.2 28.5 60.80
80545.3 26.5 56.53
80423.0 24.5 52.26
80276.3 22.5 48.00
80158.9 20.5 43.73
80041.5 18.56 39.46
79904.6 18.5 35.20
79792.1 14.5 30.93
79660.0 12.5 26.66
79528.0 10.5 22.40
79415.5 8.5 18.13
2599 4600 85108.4 79 168.53
84780.7 77 164.26
B4516.6 75 160.00
84291.6 73 155.73
84076.4 71 151.46
83812.3 68 147.20
83572.7 67 142.93
83347.7 65 138.66
83147.2 63 134.40




829417 61 130.13

N 82707.0 59 125.86
824918 57 121.60

82310.8 55 117.33

82120.1 53 113.06

| 81904.9 51 108.80
81728.8 49 104.53

815332 47 100.26

E 81376.7 45 96.00
81200.6 43 91.73

81044. 1 41 8746

80882.7 39 83.20

B 80711.6 37 78.93
805453 35 74.66

N 80398.5 33 70.40
| 80242.0 31 66.13
80114.9 29 61.86

B 79953 5 27 5760
79821.4 25 53.33

79704.1 23 49.06

79586.7 21 44 80

79454.6 19 4053

79327.5 17 36.26

79205.2 15 32.00

- 79087.8 13 27.73
78950.9 11 23.46

78818.8 9 19.20

27.12 4800 84966.5 83 177.06
84751.3 81 172.80

84467.7 79 168.53

842231 77 164.26

83988 4 75 160.00

83685. 1 73 155.73

83470.0 71 151.46

832156 69 147 20

829711 67 142.93

82726.6 65 138.66

82530.9 63 134.40

823157 61 130.13

B 82100.5 59 125.86
81904.9 57 121,60

81709.3 55 117.33

| 81503.9 53 113.06
81318.0 51 108.80

81122.4 49 104.53

80926.7 47 100.26

80750.7 45 96.00

80574.6 43 9173




80418.1 41 87.46
80242.0 39 83.20
80085.5 37 78.93
79889.7 35 74.66
79762.7 33 70.40
79608.2 31 66.13
79464.4 29 61.86
79312.8 27 57.60
79185.6 25 53.33
79058.5 23 49.08
78921.5 21 44.80
78804.2 19 40.53
78677.0 17 36.26
78549.8 15 32.00
78422.7 13 27.73
78275.9 11 23.46
78158.6 9 18.20
28.25 5000 84800.2 86 183.46
84497.0 84 179.2
84223.1 82 174.93
83928.7 80 170.66
83670.5 78 166.40
83430.8 76 162.13
83186.3 74 157.86
82932.0 72 153.60
82687.4 70 149.33
82472.2 68 145.08
82232.6 66 140.80
81992.9 64 136.53
81787.5 82 132.26
81552.8 80 128.00
81357.1 o8 123.73
81141.9 56 119.46
80956.1 54 115.20
80765.4 52 110.93
80545.3 50 106.66
B0374.1 48 102.40
80178.5 46 98.13
79987.7 44 93.86
79836.1 42 89.60
79664.9 40 85.33
79508.4 38 81.068
79327.5 36 76.80
79185.6 34 72.53
79019.3 32 68.26
78872.6 30 64.00
78725.9 28 59.73
78589.0 26 55.46




78461.8 24 51.20
78334.6 22 46.93
78197.7 20 42.66
78051.0 18 38.40
77914.0 16 34.13
777771 14 29.86
77649.9 12 25.60
77532.5 10 21.33
77415.2 8 17.06

Table F.1: Data obtained from the experimental test bench,




APPENDIX G: Additional EES simulation results

The appendix will contain the results obtained from the EES simulation model for
higher inlet temperatures.
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Figure G.1: Rotating pipe temperature distribution for various rotational speeds at an inlet

temperature of 35°C.

|— - Rotating pipe pressure distribution with
TO_in = 35°C
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Figure G.2: Rotating pipe pressure distribution for various rotational speeds at an inlet
temperature of 35°C.



Rotating pipe density distribution with
TO_in = 35°C
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Figure G.3: Rotating pipe density distribution for various rotational speeds at an inlet temperature
of 35°C.

Rotating pipe velocity distribution with
TO0_in = 35°C
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Figure G.4: Rotating pipe velocity distribution for various rotational speeds at an inlet
temperature of 35°C.




Rotating pipe temperature distribution with
TO_in = 456°C
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Figure G.5: Rotating pipe temperature distribution for various rotational speeds at an inlet
temperature of 45°C.
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Figure G.6: Rotating pipe pressure distribution for various rotational speeds at an inlet
temperature of 45°C.



Rotating pipe density distribution with
TO_in = 45°C
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Figure G.7: Rotating pipe density distribution for various rotational speeds at an inlet temperature
of 45°C.

’7 Rotating pipe velocity distribution with
i T0_in = 45°C
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Figure G.8: Rotating pipe velocity distribution for various rotational speeds at an inlet
temperature of 45°C.
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Figure G.9: Rotating pipe temperature distribution for various rotational speeds at an inlet
temperature of 55°C.

r Rotating pipe pressure distribution with !
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Figure G.10: Rotating pipe pressure distribution for various rotational speeds at an inlet

temperature of 55°C.



Rotating pipe density distribution with
TO_in = §56°C
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Figure G.11: Rotating pipe density distribution for various rotational speeds at an inlet
temperature of 55°C.

F Rotating pipe velocity distribution with
i TO_in = §5°C
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Figure G.12: Rotating pipe velocity distribution for various rotational speeds at an inlet
temperature of 55°C.




