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ABSTRACT

Windage heating is a phenomenon normally associated with all systems rotating in a
fluid medium but in the case of gas turbine, it can be found in the side cavities between
rotating and the stationary parts in nearly all kinds of compressor and turbines. The
flow conditions and the surface roughness of the disks have an impact on the windage
loss, which in turn affects the cooling effectiveness of the air and eventually the overall
efficiency of the engine. In order to better understand the windage heating in a rotor-
stator cavities, theoretical, numerical and experimental studies are performed in this
thesis.

In chapter 1, the functions of secondary air systems (SAS) and the responsibilities of
SAS designers are first introduced for the interested reader and as a broader description
of the specific area of interest addressed in this thesis. Then, the importance of windage
heating in gas turbines and the significance of this thesis are briefly explained.

Chapter 2 summarizes the theoretical knowledge gathered as a result of long and
detailed research, without overwhelming the reader with too many derivations but
rather aiming to explain the logic and the basis of the theory together with the results
that have been accepted by many authorities and the accuracy of which has been
evaluated by many tests. While covering the topics from the basis of rotating flows
such as “free disk” and boundary layer to complex cavity flows, | have generated
equations and results that are absent in the literature. In addition, all the theory learned
in this chapter applied to our test rig case and necessary calculations repeated and given
accordingly in the related parts.

In chapter 3, 1D cavity solver “SOCS design tool” developed using C-sharp and
Microsoft Visual Studio was introduced. This tool solving swirl and windage
distributions throughout the cavity in seconds and it’s accuracy has been questioned
throughout the following parts but in this part one test case example was made for the
accuracy of the approach itself.

In chapter 4, the setup of the numerical simulation is illustrated. In order to minimize
the error, the selection of a turbulence model and the generation of the mesh are
accomplished by benchmark and mesh independence studies respectively. The
simulation results are validated by more than one test data representing both high and
low windage levels, indicating that the set-up is reasonable. More importantly,
comparison studies between simulations and 1D cavity solver reveals how
advantageous “SOCS design tool” in terms of accuracy and computational cost.
Moreover, roughness studies also performed within CFD using Schlichting model
which generating reasonable results when comparing with those from the literature.

In chapter 5, the design of the test rig is presented together with its instrumentation
and hardware selection for both the windage and disk pumping tests. The uncertainties
of the experimental parameters are also estimated and briefly discussed.

All provide a comprehensive knowledge not only about windage heating but also from
the basis of the flow around rotating disks to complex cavity flows in a shrouded rotor-
stator cavities.

Keywords: Windage Heating, Windage Loss, Computational Fluid Dynamics
(CFD), Rotor-Stator Cavity, Test Rig Design, Secondary Air Systems
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OZET

Rizgarlama etkisi (windage) ile 1sinma, normalde akigkan bir ortamda donen (disk,
saft) tim sistemlerle iliskili bir olgudur; ancak gaz tiirbini s6z konusu oldugunda,
neredeyse her tiir kompresor ve tiirbinde donen ve sabit parcalar arasindaki yan
bosluklarda karsilasilan bir fenomendir. Akis kosullar1 ve disklerin yiizey puirtizliligi
bu kayip Uzerinde bir etkiye sahiptir ve bu da havanin sogutma etkinligini ve
nihayetinde motorun genel verimliligini etkiler. Bu tezde, donen ve ddnmeyen
yiizeylere sahip bosluklarda havanin riizgarlama etkisi ile isinmasini daha iyi anlamak
i¢in teorik, sayisal ve deneysel ¢alismalar yapilmistir.

Bolim 1'de, ilk olarak ikincil hava sistemlerinin (SAS) islevleri ve SAS
tasarimcilarinin sorumluluklari, ilgili okuyucular i¢in ve bu tezde ele alinan 6zel ilgi
alaninin daha genis bir agiklamasi olarak tanitilmaktadir. Ardindan, gaz tiirbinlerinde
rizgarlama etkisinin énemi ve bu tezin 6nemi kisaca agiklanmustir.

Bolim 2'de, uzun ve detayli arastirmalar sonucunda elde edilen teorik bilgiler,
denklemlerin tiretilmesinden ziyade teorinin mantigini ve temelini, bir¢ok otorite
tarafindan kabul edilmis ve dogrulugu birgok testle degerlendirilmis sonuglariyla
birlikte agiklamay1 amaclayarak Ozetlenmistir. "Serbest disk" ve siur tabaka gibi
donen akislarin temelinden bosluklarda goriilen karmasik akislara kadar konulari ele
alirken literatiirde olmayan denklemler ve sonuglar ortaya koyulmustur. Ayrica, bu
boliimde Ogrenilen tiim teori test diizeneginde sahip oldugumuz sistem i¢in de
uygulanmis ve gerekli hesaplamalar ilgili boliimlerde tekrarlanarak verilmistir.

Bolum 3'te, C-sharp ve Microsoft Visual Studio kullanilarak gelistirilen 1 Boyutlu
bosluk ¢oziicii "SOCS tasarim arac1" tanitilmistir. Bosluk boyunca goérulen girdap
orani Ve kayip dagilimlarini saniyeler i¢cinde ¢dzen bu aracin dogrulugu ilerleyen
boliimlerde sorgulanmistir ancak bu bdliimde yaklasimda yapilan varsayimin
dogrulugu i¢in bir test vakasi 6rnegi yapilmistir.

Boliim 4'te sayisal simiilasyonun kurulumu gosterilmektedir. Hatay: en aza indirmek
icin tdrbilans modelinin secimi ve agin olusturulmasi sirasiyla kiyaslama ve ag
bagimsizlig1 calismalar1 ile gerceklestirilmistir. Simiilasyon sonuglari, hem yiiksek
hem de diisiik riizgar seviyelerini temsil eden birden fazla test verisi ile dogrulanmistir
ve bu da kurulumun makul oldugunu géstermektedir. Daha da 6nemlisi, similasyonlar
ve 1 Boyutlu bosluk ¢o6ziicii arasindaki karsilastirma g¢alismalari, "SOCS tasarim
aracinin" dogruluk ve hesaplama maliyeti agisindan ne kadar avantajli oldugunu ortaya
koymaktadir. Ayrica, piiriizlilik ¢alismalar1 da literatiire kiyasla makul sonuclar
iireten Schlichting modeli kullanilarak CFD i¢inde gerceklestirilmistir.

Bolim 5'te, test techizatinin tasarimi, enstriimantasyon ve donanim se¢imi ile birlikte
hem ruzgarlama hem de diskin siiriikledigi hava miktari testleri i¢in sunulmustur.
Deneysel parametrelerin belirsizlikleri de tahmin edilmis ve kisaca tartisilmistir.

Tum bunlar sadece riizgarlama etkisi ile 1sinma hakkinda degil, ayn1 zamanda dénen
disklerin etrafindaki akis temelinden Ortiilii rotor-stator bosluklarindaki karmasik
bosluk akislarina kadar kapsamli bir bilgi saglamaktadir.

Anahtar Kelimeler: Rizgarlama Etkisi ile Isinma, Ruzgarlama Etkisi Kaybu,
Hesaplamah Akiskanlar Dinamigi (HAD), Dénen ve Ddoénmeyen Yuzeyli
Bosluklar, Test Donanimi Tasarimi, Ikincil Hava Sistemleri
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1. INTRODUCTION

Since the development of gas turbine engines at beginning of 40’s, they have advanced
significantly and have become the most compact power sources available today.
During this progress, turbine-inlet temperatures have risen from around 1000 K to over
2000 K on engineering race to create the most efficient engine which industry demands
in order to produce more power at lower cost. Since this temperature levels are over
the melting point of any structural material in contact, most of the increase has been
made possible by cooling technologies while some has occurred through the
development of materials and metallurgy. As the turbine inlet temperatures have
increased, so have the compression ratios; which resulted in elevated temperatures of
the air used for cooling. In fact, the temperature of air leaving the compressor of
modern engine is higher than the turbine-inlet temperatures of the earliest engines

during Whittle era!

Today especially modern commercial turbofan engines pushing further their limits in
terms of thermal efficiencies to make smaller cores, which meaning higher by-pass
ratio engines with higher propulsive, so that overall, efficiencies. Since high thermal
efficiencies requires not only high OPR and turbine inlet temperatures but also high
component efficiencies and low secondary system losses, today, sealing and cooling

technologies in demand as never before.

1.1. Secondary Air Systems in Gas Turbine Engines

In gas turbine engines, to increase cycle efficiency it is of paramount importance to
increase compressor pressure ratio and turbine inlet temperature. Higher increase
pressure ratios require efficient compression technologies whereas higher turbine inlet
temperatures demand better cooling technologies coupled with advanced materials.
Modern gas turbine engines work at elevated temperatures that are above the material

limits; hence, the cooling of turbine components is vital.

Another pertinent aspect is the leakage of main flow path gases into the cavities formed
by static and rotating components, which consequently reduced module efficiencies

leading to diminished cycle efficiencies. To provide necessary sealing to various



engine components sealing airflow is metered via dynamic sealing elements and routed
to those cavities. In addition cooling of bearings and the chambers around them is
accomplished with spraying/feeding oil onto relevant surfaces. Pressurization air is

utilized to seal the bearing chambers preventing oil leakage that might lead to oil fire.

The axial load of a gas turbine engine is the resultant of the aerodynamics loads
coupled with pressure loads occurring rotor-stator and rotor-rotor cavities, exerted on
rotating surfaces. Ball bearings situated inside bearing chambers carry axial load, and
the resultant load naturally needs to lie below the capacity of the bearings. Excessive
loading of ball bearings would result in overheating leading to reduction in service life.
Therefore, control and the management of axial loads is crucial for reliable operation.

In essence, the functions of Secondary Air Systems (SAS) can be summarized as

follow:

* Cooling of turbine components

* Sealing of cavities and bearing chambers
* Management of axial loads

* Providing bleed airs to assist compressor stability, for customer needs and anti-icing

systems.

In order to accomplish these functions, SAS flows are taken out from compressor
offtakes and routed to relevant components via restrictive elements. These airflows
essentially bypass the combustion chamber and consequently partially contribute to
the power/thrust generation detrimental to engine performance. Therefore,

minimization of SAS flows is key.

SAS is responsible for all the flows outside the main gas path and inherently interacting
significantly with the parts that are securing and fixing the aerodynamic components.
Thus, SAS designers work closely with mechanical and thermal designers. Throughout
the design process, boundary conditions taken from aerodynamic designers and then
the flows are calculated using regulative and metering elements such as holes, tubes,
orifices, cavities (rotor-stator and/or rotor-rotor), etc. While routing the required
airflows to respective components, associated pressure drop and temperature rise

owing to either heat transfer or windage heating are taken into account. After the



completion of functions, SAS flows are either injected back into main gas path or

discharged overboard.

While carrying out its functions, SAS needs to incorporate robust design philosophy,
which assures insensitivity of airflows to the changes happening throughout the
operating envelope, leading to reliable operation. These changes imply the alterations
in gaps and clearances between parts alter and variations of main gas path pressures
and temperatures. Moreover, manufacturing tolerances impose variations to the
geometries of critical restrictive elements. Generally, these alterations results in
changes to airflow rates proportional to engine air flow rate. Another important aspect
is the capability of SAS to respond to increase thrust/power levels, as known as growth
potential. To achieve this potential overdesigning of restrictive elements and/or having

the ability to apply small modifications to critical components with ease are required.
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Figure 1.1: Generic turbine SAS network [1].



SAS network from a generic turbine module is shown in Figure 1.1. In a gas turbine,
first stage nozzle guide vanes (NGVs) are cooled by compressor discharge air, routed
inside the vanes from below and above. For the first stage rotor blades, again,
compressor discharge air is passed through the inducers and transferred into rotating
cavity before pumped into blade cooling slots. Inducers swirl the incoming flow in the
direction of rotation causing a reduction in relative total temperature that is essential
for cooling and optimizing SAS airflow usage. Second stage NGVs and second stage
rotor blades are cooled by an earlier stage compressor offtake air; provided that the
supply pressure is adequate. Obviously, the vanes are cooled from above and the
blades are cooled from below. Similar routing design is employed for other turbine
stages. For the cooling of turbine cases and shrouds either compressor discharge air or

mid compressor air are utilized depending on supply pressures and temperatures.

On the other hand, as disks are bulky metal parts supporting rotary structures and suffer
from low temperature limits compared to vanes and blades; preventing hot gas
ingestion into disk cavities by providing relatively colder sealing airflows is vital.
Sealing flows also sweep over disk surfaces and cool them. While carrying out the
functions mentioned above, certain precautions need to be taken to limit temperature
gradients through transient maneuvers such as accelerations, decelerations, etc. in
order to meet life requirements of disks. Overcooling the disks results in higher
temperature gradients and excess air use with relatively smaller windage temperature
rise. Whereas undercooling causes lower temperature gradients and less air use with
relatively higher windage temperature rise; therefore the optimization of sealing
airflows plays a significant role is SAS design.

To seal the bearing chambers, pressurization air taken from earlier stages usually, is
routed via SAS elements and transferred to chambers. On the way to the chambers,
sealing air experiences pressure drop and heating owing to heat transfer from
surroundings and windage. Preferably, the biggest pressure drop is observed on critical
sealing elements (see Figure 1.2) and metering is accomplished via these elements.
To avert oil coking inside the chambers, temperature rise of the pressurization air needs
to be controlled. To achieve this, clever designs need to be incorporated to reduce heat
transfer and windage to the sealing air, which ensures safe and sound operation of

bearings within temperature limits devoid of coking inside the oil system components.

4



Just as the external power of strong athletes depends on the health of their internal
flows of blood, water, and air so is true for a gas turbine whose operational life depends
heavily on the robust design of its internal cooling and sealing flows [1]. A gas turbine

engine with dysfunctional SAS design is certainly an unreliable inefficient engine.

Fluid and abradable lined labyrinth seal Continuous groove interstage (labyrinth) air seal

[
Abradable lining J ‘ J

Lo ! ///, ‘
B .
( f « 1\; \ \&mmj

JUUUL .

| |

Rotating annulus |

of oil
Intershaft hydraulic seal Ring type oil seal = (

" _\‘rg l
Low High pressure i_—_ = [ s
pressure L —— e
| |

Sealing air
. Qil

Rotating assemblies

Brush seal

Spring ’ ‘

t |pmdees—

H-’JoonoL

Carbon Secondary

Ceramic coating seal

Figure 1.2: Dynamic sealing elements [2].



1.2. Significance of Windage Heating in Gas Turbines

Figure 1.1 shows a typical internal air system design on the turbine side of the engine.
The figure illustrates how engineers controlling metal temperatures by using some of
the compressed main flow and routing it to critically hot parts, particularly nozzle
guide vanes, turbine blades and discs for cooling. Otherwise, these temperatures would
cause accelerated degradation of the metal components, shortening fatigue and creep
life, eventually reducing the service life of the components.

Cooling air is subject to heating through viscous friction related work transfer from
rotor surfaces (what we call windage heating) and heat transfer from the stator and
rotor surfaces. Continuously absorbing heat, reducing its own cooling effectiveness
demanding more mainstream air usage which however meaning a penalty on
performance overall. Therefore, designing for optimum as well as robust cooling
presents a significant challenge whilst the ability of more accurately quantifying

windage heating is one of the important part of this challenge.

1.3. Significance of This Thesis

Nature of gas turbines possess rotor-stator cavities, which are closely associated with
many design constraints such as axial load management, frictional losses, hot gas
ingestion, excessive windage loss or flow induced vibration problems. Understanding
the flow physics in these cavities, therefore, becomes one of the major concern to
improve the component life and the efficiency further in gas turbines.

The rotation of the disk induces a tangential fluid motion and secondary flows, leading
to complex flow structures known as three-dimensional boundary layer flow in the
literature. This kind of boundary layer displays different characteristics than what we
have used to from flat plates. Superposed flow further complicates the situation inside
the cavity for example by adding an additional momentum. The flow can be either
radially inward, such as leakage flow at the rear side of impellers or radially outward,
such as superposed purge flows introduced by designers in the turbine as we saw in
Figure 1.1. These two example of rotor-stator cavity has been the subject of many

studies in the literature due to many constraints mentioned above.



The situation becomes even more complex when considering the surface roughness
and the pre-swirl. Because both windage heating and the torques taken from rotating
and stationary disks changes with the surface roughness of the disks and swirl of the
flow inside the cavity. To investigate the knowledge gaps, this study aim to qualify
windage heating in shrouded rotor-stator cavities with superposed radial outflow and
how the flow effects, also being affected by windage sources considering pre-swirl of

the flow and surface roughness of the disk.

More importantly, as a step towards TEI’S mission to become a leading OEM, a test
rig was designed within the scope of this study to measure windage directly from the
enthalpy rise of the air in a cavity insulated with epoxy woven glass fabric through
rotating disk and stationary casing. Although the rig is still in the installation phase, |
believe that these test campaigns will increase TEI’s knowledge and contribute to
TETI’s vision of developing globally competitive indigenous power systems. This belief
has been the main driver and motivation of this work, which also implies once again

the importance of this thesis.



2. THEORETICAL BACKGROUND

In the following, a general review about the physical aspects of the flow in rotor-stator
cavities will be given. Due to the extensive number of publications on the topic, only
a brief summary can be provided here. A more complete and detailed review up to the
year 1989 can be found in Owen and Rogers [3].

2.1. Free Disk and Boundary Layer

Free disk represents a disk rotating in an initially stagnant fluid as a medium. Due to
the viscosity, as the disk starts to rotate, the layer of fluid directly in touch with the
surface rotates with same angular velocity as the disk because of the no-slip condition,
forming a boundary layer in the rotational direction and experiences the same
centripetal acceleration. Fluid just above the surface also beginning to rotate but cannot
retain same acceleration as the surface and acquires a radial secondary outward flow.
In other words, centrifugal forces produced by the rotating disk result in a radial
outflow of fluid within the boundary layer. At the distance beyond the boundary layer
flow, the fluid is not rotating and no mechanism is available to maintain radial flow.
This is compensated by the fluid particles, which are expected to flow in the axial
direction onto the disk for reasons of continuity. New fluid particles are then
continuously drawn onto the disk and then ejected centrifugally again. Therefore, this
is a three-dimensional flow that acts like a pump and this radial outflow is referred to
as the pumped flow (pumping flow) or entrainment in the literature where in the case

of a free disc known as the “free-disk pumping”.

The principal flows and associated boundary layer for this free disk case are shown in
Figure 2.1. Although a free rotating disk is not seen in a gas turbine, it represents the
base for all rotating-disk systems and indicates the upper limit for the disc pumping
flow rate. Therefore, it is very important and can be seen as a first step to understand

flow physics inside more complicated cavities.



Figure 2.1: Flow structure on the free disk [4].

It is important to emphasize that a boundary layer will form on each side of the disk
through which the tangential velocity of the fluid Vj, is sheared from the disk speed wr
by satisfying the no-slip condition, to zero in the “free-stream” outside of the boundary
layer. Because of the symmetry, some analysis and test results are given for both side
of disk in the literature, and attention should be taken when using those if interested
on one side of the disk only. Also in this thesis, values will be given for only the one

side of the disk since in gas turbines each cavities examined separately with different

design intents and concerns so that other side of the disk will be another cavity with

another concerns.

Within the disk boundary layer, the flow can be laminar or turbulent. Its characteristics
are defined by the local rotational Reynolds number, which is governed by the relative
magnitude of inertia to viscous effects as defined in equation (2.1).

pwr? (2.1)
U

ReG,local =

Where p and u are the density and the dynamic viscosity of the air respectively, w is
the angular speed of the disk and r is the local radius of the disk. If we define it

accordingly to the ratio of local radius, r to the disk outer radius, R, with full disk



Reynolds number, it can also be expressed as in equation (2.2) which will be used

often in the analysis of cavities.

r

2 2 2
pwR pwr (2.2)
Regocai = x*Reg = (_R) =

u p

Where x is the ratio of local radius, r to the disk outer radius, R.
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Figure 2.2: Schematic of boundary layers on a rotating disk [5].

For low values of the local rotational Reynolds number, the flow will be laminar over
a rotating disk. As the rotational Reynolds number increases from the center of the
disk to its periphery, the flow will become unstable and turbulent. The earliest
measurements date back to 1940’s. Theodorsen and Regier [6] revolving disks in air
and also in Freon 12 (refrigerator fluid) to extend Reynolds Numbers as well as Mach
numbers range. They found that the laminar flow starts to become unstable for a local
rotational Reynolds numbers of about 3.1 x 10° for a highly polished smooth disk.
They also achieved to decrease transition number to around 2.2 x 10° for roughened
disk with an application of coarse sand glued to the surface of the disk. Later on,
experimental findings by Gregory, Stuart, and Walker [7] for a rotating perspex disk
agrees on that the flow onset instability at local rotational Reynolds numbers between
1.8 x 10° and 2.1 x 10° and transition to turbulence occurs around between 2.7 X
10° and 3 x 10°. They using stethoscope to listen at one end of a short tube, the other

end of which held very close to rotating disk to detect critical Reynolds number and
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transition from laminar to turbulent by sound, coming from “silence” in the laminar

region, a “regular note” in the transition and a “roar” in the turbulent region.

wr? 2.3
i ~2x10° 23)

— a2 _
Re@,local,critical = x“Reg =

Reg criticar» represents the value of the local rotational Reynolds number at the flow
conditions become “critical” with breakdown of laminar flow and start of transitional

flow.

2 2.4
PO S 3% 105 (2.4)

Reg iocat,turbutent =

Where Reg 1yrputent: represents the value of the local rotational Reynolds number at

the boundary layer flow become “turbulent”.

Although these values verified by test results as quoted above the actual value will
depend on surface roughness of the disk and specific condition of the flow. For
example, some impingement of air jet flow to the disk can trigger turbulence or disk

surface can be too rough, in such scenarios; critical value can be lower.

2.1.1. Laminar Flow over the Free Disk

Von Karman [8] was the one first pointed out a simple solution of Navier-Stokes
equations of motion with incompressible, rotationally symmetric, steady flow and
constant viscosity assumptions for a free disk of infinite radius. Obviously, these
assumptions are not exactly true for the real situation, but solutions giving valid results
for flows that remain laminar. The analysis approach is to reduce the Navier-Stokes
equations by transforming them into a set of ordinary differential equations that can
be solved numerically. Here we will present only the results and where they coming
from? Whole Navier-Stokes Equations in cylindrical polar coordinates can be found

in many source (see Childs pp.85-90 [5]).

A simple force balance between radial component of the shearing stress, 7,, and
centrifugal force of the disk for a volume area dr.ds and height §, as the boundary layer
thickness giving, (see Schlichting pp.103-104 [4]).

11



Tysina drds = pw?r §drds

Where « is the angle between the direction in which fluid is slipping and the
circumferential velocity of it. On the other hand, assuming that the circumferential of
the shear stress must be proportional to the velocity gradient of the circumferential
velocity at the wall.

TyCoSax ~ pwr/d

Eliminating 7,, from these two gives,

v
§% ~— tana
)

Here it is relevant to note that the growth of boundary layer flow over a free disk is

proportional to \/v/w and clearly independent from radius, r, resulting in the case of
an infinite disk, a finite boundary layer thickness. Unlike a boundary layer flow over
a flat plate which giving an infinite boundary layer thickness for an infinite plate as

proportional to \/vx /U,.

In order to integrate the system of equations, Von Karman [8] introducing a new
variable, a dimensionless distance from the disk, ¢ ~ z/6§

o (2.5)
§=z ”

Then, assuming radially similar profiles for the velocity components and pressure to
reduce Navier-Stokes equations to a coupled system of non-linear ordinary differential
equations. The full equations of Von Karman were first solved by Cochran [9] by using
power series expansion near the disk vicinity combined with an asymptotic approach

away from it. More accurate results later on given by Owen and Rogers [3].

According to Owen and Rogers [3], the thickness of the boundary layer, & is defined
as the axial distance from the disc at which the tangential velocity of the fluid is equal

to 1 percent of the disk speed wr, then, for laminar flow

§~55 P (2.6)
w
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Experimental results by Theodorsen and Regier [6] given below also validating this
number quite perfectly. Although they compare their laminar results with wrong
constant, 2.58 , which was firstly found by Von Karman and highlighted as “Von
Karman Laminar 6” in Figure 2.3, actual constant corresponding to around 5 from
their test results as one can simply measure from the figure by referencing the
highlighted boundary layer thickness (2.58). Moreover, it can be seen from the figure

that boundary layer thicknesses are constant throughout the laminar region.
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Figure 2.3: Observed tangential velocity profiles (S; = Vy/wr) and transition from
laminar to turbulent on rotating disk [6].

The pumping flow rate, m,, for the laminar boundary layer of free disc is given as,

' pwr? 0.5 (2.7)
mgy = 2.779 ur P

Or in a non-dimensional form,

m
H_: = 2.779 (x?Rep)?® = 2.779(

pwr2>0'5 (2.8)

Note that for a laminar boundary layer the disk pumping flow rate varies with r?2; since

the disk area also varies with 2, the axial velocity of entrainment remains uniform
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over whole disk from its center to outer periphery. Now it is necessary to introduce

dimensionless moment coefficient of the disk,C,,,, for the one side of the disk as,

oM (2.9)

%pa)zR5

Which is given for laminar flow by,

pr2>_0'5 (2.10)

Cm = 1.935Re;%® = 1.935 < p

2.1.2. Turbulent Flow over the Free Disk

The flow in the rotating disk vicinity becomes turbulent at local rotational Reynolds
Number larger than, pwr?/u = 3 x 10° in the same way as the flow about a flat plate.
The difference is that instead of free stream velocity U,,, one need to define the
boundary layer according to tangential velocity of the disk, wr, to zero tangential
velocity of the fluid in the free stream in case of a “free disk”. Making same estimation
of the balance of viscous and centrifugal forces for the turbulent case giving the radial

component of shearing stress relation as,

TySinadrds = pw?r§drds

On the other hand, for the tangential component of shearing stress, using resistance
formula that is developed for pipe flow, replacing U, by the tangential velocity, wr.
(See. Schlichting pp. 648-649 [4]).

(2.11)

ENI

p—(z;)z = 0.0225 (ﬁ)

Which follows,
T,cosa ~ p(wr)”/* (v/8)1/*
Equating shear stress t,,, results in,

14



5 ~ T'3/5 (V/w)l/S

Which shows us that in the turbulent case, the boundary layer thickness increases in

proportion to r3/5, and does not remain constant as in the laminar case.

These numbers coming from pipe experiments. The n-th power velocity distribution
law are related to Blasius’s law of friction and actually, 1/7-th power velocity
distribution law can be deduced from Blasius’s resistance formula. (See Schlichting
pp. 596-602 [4]). This relation was firstly found by L. Prandtl [10] and J. Nikuradse
[11], allowing them to extend the range of Reynolds number by using smaller
exponents into Blasius’s equation which meaning that the exponent n = 7 in the power
law should have to be replaced by 8, 9 etc. to have an agreement with their measured
data for higher Reynolds Numbers. Suitable power law exponents given in Table 2.1
below as a function of Reynolds numbers by Schlichting [4] between ranges of 10* <
Reg < 10°. Later studies showed that these values also valid for boundary layers on
flat plates as well as for rotating disk modifying U, by the tangential velocity, wr over

a certain range of Reynolds Number.

Table 2.1: Exponent n and associated C(n) as a function of Reynolds number [4].

n 1/7 1/8 1/9 1/10
C(n) 8.74 9.71 10.6 11.5
Re, < 0.6 X 10° 3 x 10° 7 x 10° 1.7 x 10°

This discovery have a great importance in the fundamental theory of turbulent flow
and eventually developing to Universal velocity-distribution law or what we known as
Universal law of the wall today. In Computational Fluid Dynamics (CFD), this law
still in use with normalized axes as u+ and y+, to find out velocity distribution near the

wall and correct wall shear stress accordingly.

Von Karman [8] was the one first investigated the turbulent boundary layer on a
rotating disk, assuming the variation of the tangential velocity component through the
boundary layer obeys 1/7-th power law, and solving turbulent momentum integral
equations for the “free disk”. According to Owen and Rogers [3], the solution of the
integral equations for the thickness of the boundary layer, pumping flow rate and

moment coefficients were, respectively:
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8 pwr?\ ™" 2.12)
® — 0.5261
r U

. 21,08
Mo _ 02186 (pm ) (2.13)
ur u
— -0.2

It is important to emphasize that these values are derived for 1/7-th power profile that
Is often in use for turbulent case. On the other hand, Dorfman [12] using logarithmic
profiles for boundary layer, then solving the equations explicitly for each range and

combining his solution for 10* < Rey, < 10° to give the equation,

Cn = 0.491(logso(Reg)) " (2.15)

Later on Bayley and Owen [13] rotating 762 mm diameter disk in air up to the range

of Reg ~ 4 x 10° and correlating the moment coefficients by

Cm = 0.0655 Rey %186 (2.16)
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Figure 2.4: Variation of moment coefficients with Reynolds numbers (Theory vs
Experiment).
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All experimental results and theoretical curves compared in Figure 2.4. According to
figure, 1/7-th power law underestimates measured C,, values at higher Reynolds
numbers of Rey > 10°.At this point, although, using higher exponent for power law
profile could give better agreements for moment coefficient at Reynolds Numbers

higher than Rey > 10°, using logarithmic profile seems more appropriate.

Moment Coefficients
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0.450

0.400

100 *Cm

0.350

0.300

0.250
1.0E+06 1.0E+07

REQ

Figure 2.5: Comparison of moment coefficients correlations.

However, over the range of 10° < Rey < 107, they only differs 10 percent between
1/7-th power profile and Dorfman’s logarithmic profile as one can see from the Figure
2.5. Beyond the range of Reg > 107, this difference getting higher between 1/7-th
power and logarithmic profile to around 20 percent but getting closer with 1/10-th
power profile to around 5 percent but neither of them supported by any measurements.
Thus, considering the whole range of turbulent case, 10> < Rey < 107, we can say

that 1/7-th power law holds fairly well predictions for the moment coefficients overall.

Same deduction, however, cannot be made for disk pumping flow rate. Childs [5] (see
pp. 104-121) giving whole solution of equations with a general n-th power law, for the
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thickness of the boundary layer, disk pumping flow rate and moment coefficients were,

respectively:

5 e 30
7=y< " >
. . (2.18)
wr g’"( u >

2 219

Where the corresponding coefficients given as in Table 2.2,

Table 2.2: Power law coefficients [5].

n 7 8 9 10

V4 0.5263 0.4973 0.4791 0.4633
Em 0.2187 0.1869 0.1643 0.1460
£y 0.0729 0.0561 0.0448 0.0365

Dorfman [12] using logarithmic profiles, obtains solution for disk pumping rate which

as,

mo prZ 0.8774 (2.20)
— = 0.0705
ur

Results giving in the Figure 2.6, in the non-dimensional form ni,/mpwR3 to compare
with the available test results in the literature. Power law approximations resulting in
more than 20 to 35 percent difference in the range of 10° < Rey < 107 and there is

no measurement for higher Reynolds numbers to clarify the situation.
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Figure 2.6: Dimensionless disk pumping mass flow rate as a function of Reynolds
number (Theory vs Experiment: Case [14], Cham & Head [15]).

Note that these equations for the n-th power law velocity profiles, assuming turbulent
boundary layer right from tor = 0, to outer radius, R and calculating flow rates
accordingly. Moreover, rotational Reynolds numbers are written for full disk as well
as the measured data from experiments. Thus, we are actually looking at rpm as
Reynold Numbers on the x-axis. At transition Reynolds numbers around, Rey =~ 3 X
105, the disk will be laminar over most of its area while we are calculating disk
pumping rates for fully turbulent disk. In Head [15]’s case, half of the disk area was
laminar at low Reynolds number, Rey =~ 4 x 10°; and when they increased to Rey =~
108,where the disk turbulent over about % 80 of its area, measured data closing to
1/7-th power profile curve and Dorfman’s logarithmic profile; and as it goes to higher
Reynolds numbers have an almost perfect match with both. This phenomenon clearer
when we add laminar disk pumping curve to figure, with same assumption that laminar
boundary layer right from to » = 0, to outer radius R. Measured data is showing the
transition from laminar to turbulent ones for pumping flow rates. However, the data

available only up to Rey =~ 2 x 10°.
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Figure 2.7: Non-dimensional disk pumping mass flow rate as a function of Reynolds
number (Theory vs Experiment: Case [14], Head [15]).

If we draw the same graph on logarithmic scale for a non-dimensional form, m,/uR,
given in Figure 2.7, one can see theoretical curves like a linear lines. At transition,
same phenomenon appears and measured flow rates coming between laminar and
turbulent curves. It was possible to estimate an exponential curve below equation
(2.21) to compare with our “free disk pumping” test results. Predicted curve’s slope
fitted to measured data at high Reynolds, Rey, > 10°, but converging to higher
exponent of power law profile similar to logarithmic curve up to maximum Reynolds

number of Rey < 107,

— =0.05
ur

my <pwr2>0'9 (2.21)

Although these equations have many assumptions and using the data that is developed
from pipe experiments, they giving reasonable answers about “free disk” and showing
the basic dynamics behind the rotational flow. In gas turbines, fluid is not stationary,
in no case, near rotating disks but also itself rotating at some portion of the rotor

angular velocity, what we call swirl ratio.
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2.2. Flow on a Rotating Disk beneath a Forced Vortex

Figure 2.8: Flow structure beneath a forced vortex (Newman [16]).

Figure 2.8 showing the boundary layer on a rotating disk where outside the boundary
layer the fluid itself rotates as a forced vortex at a portion of the disk angular velocity.
The ratio of the fluid angular velocity to the disk angular velocity is defined by the

swirl factor S¢.

Wryid Vefluid (2.22)
Sf = =

Wrotor Wrotor’

For the “free disk”, Sy = 0, the variation of the tangential component of velocity,
which gives rise to the radial pumping flow, varies from 0 to wr, however, beneath a
forced vortex, the equivalent variation through the boundary layer from Srwr to wr.
If, Sy = 1, meaning the fluid is getting into solid-body rotation with the disk so that
there will be no boundary layer formation between. It is very important to understand
that without the boundary layer formation, no shear related work transfer such us
windage would occur to the fluid, neither the disk pumping flow. More interestingly,
if Sy > 1, firstly discussed by Batchelor [17], the flow will pump radially inward and
work transfer will take place from fluid to disk not the other way. Therefore, swirl is

the real key to understand complex flow structures inside cavities.
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In gas turbines, swirl factor generally somewhere between zero and unity, 0< Sy < 1
in the rotor-stator cavities. For those cases, Newman [16] extends the momentum
integral method of Von Karman to where the outer flow is not stationary but rotating
at some constant fraction of the rotor angular velocity. Assuming boundary layers
turbulent right from to » = 0, to outer radius, R, Sultanian [1] giving the formula with
a correction to free disk pumping mass flow rates for the one-seventh power law profile

as,

(@) = 0219 <pwr ) ¢ 223
ur ) _, u

Where the correction factor given as

¢=(1-0515:)(1-5;)"° (2.24)

¢, correction factor plotted in the Figure 2.9 yielding maximum pumping flow rate in
a “free disk” case and no pumping flow in a “solid-body rotation” case as discussed

above.

—>Sultanian [1], Eq. 2.24
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Figure 2.9: Fraction to “free disk” pumping mass flow rate vs swirl factor [1].
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Since the disk pumping flow rates are strongly depended on swirl factor, it seems
reasonable that not only pumping flow but also transition values, Reg cyiticq;, WoUld
reduce as Sy increase, however, according to test results of Daily and Nece [18] in an
enclosed cavity where Sy was around 0.4, instability starting at Rey ~ 1.8 X 105, and

transition to turbulent around Rey =~ 3 x 10°.

To find out the difference between n-th power law profiles at high Reynolds numbers,
it was possible to generate them from Newman [16] as a correction factor to “free disk”
pumping like Sultanian [1] did, which resulting in, for n = 8, 9, and 10 respectively as

follows,

(2.25)
Mo = 0.1869 por?) " (1 —0.4948S? + 1.831357 — 2.3376S;)
n=
(2.26)
m_b ~ pwr? 0.833 B ’ ,
= 0.1643 (1—0.709S7 + 2.2349S7 — 2.52625;)
I’l‘r n=9 IJ‘
(2.27)
m_.o ~ pa)rz 0.846 B , ,
o = 0.1460| — (1—0.9107S? + 2.6064SF — 2.69525;)
n=10

Figure 2.10 plotted for the maximum Reynolds number, Rey ~ 5.4 X 10° (more than
90 percent of the disk area is turbulent) that will be reached in our “rotor-stator cavity
tests”. At Sy = 0.4, pumping flow rates differ less than 10 percent between 1/7-th and
1/10-th power profile and for higher swirl factors, lines are merging so that exponent
of the n-th law approximations do not matter anymore. However, in terms of “free
disk” case there is a significant difference that more than 35 percent between 1/7-th

and 1/10-th power profile, and even more than 10 percent between n=7 and n=8.
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Disk Pumping beneath a Forced Vortex

——1/7 th power profile, Eq. 2.23
1/8 th power profile, Eq. 2.25
1/9 th power profile, Eq. 2.26
1/10 th power profile, Eq. 2.27

700

600

500

(1it/WR )/100

300

200

100

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Sy

Figure 2.10: Variation of dimensionless disk pumping mass flow rates with swirl
factor.

For our test campaigns, the superposed flow will be introduced into the cavity from
the center of the stationary disk without swirl. Thus, swirls inside the cavity are
expected to be lower than 0.4. Although, we will only measure the disk pumping flow
rates for “free disk” cases in tests, it is important to estimate pumping flow for non-
zero Sy values. Because this phenomenon, actually, affecting the amount of air rotating
inside the cavity, which can effect windage distribution through ingestion phenomenon

when the superposed flow rates not satisfying the disk pumping need.

The associated prediction of boundary layer thickness also presented by Newman [16]

as a function of Sy and plotted for n = 7 and 8 in Figure 2.11. One can see how non-
dimensional boundary layer thickness varying from its max value at “free disk” (Sy =
0) case to zero thickness when Sy = 1 which representing the solid body rotation

meaning no formation of boundary layer.
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Figure 2.11: Variation of non-dimensional boundary layer thickness with swirl factor
(re-plotted from Newman [16]).

2.3. Cavity Flows

The rotor-stator and rotor-rotor cavities are the most dominant and common features
encountered in the secondary flow systems of gas turbines. Assuming a turbulent
cooling and sealing flows in these systems, the interaction of the flow on a rotor
surface, a stator surface, and the mass flow rate associated with radially outward or
inward flow is responsible for a variety of flow structures found in these cavities. A
good understanding of these flow features, therefore, is key to their one-dimensional
modelling for the flow network of these secondary flow systems. In the scope of this
study, only rotor-stator cavities with no through-flow and with superposed radial

outflow will be examined.

2.3.1. Enclosed Rotor-Stator Cavity with No Through-flow

As we enclose the rotor disk with a stationary disk, shroud, casing etc., flow inside the
cavity also starting to rotate at some swirl, what we called “core rotation”. In other
words, now disk rotates under some forced vortex not in a stationary state anymore as

was in the “free disk” case.
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Batchelor [17], generalized Karman's solution of the Navier-Stokes equations that
describe the steady viscous flow in the vicinity of a rotating disk, and obtained
differential equations that can be used to predict the flow near a rotating disk when the
fluid at infinity is rotating about the same axis, and also for the flow between two
rotating coaxial disks. He does not obtain any explicit solutions but uses physical
arguments and general properties of the ordinary differential equations to predict the
general nature of the flow. He defined rotor-stator flow structures as an extreme case
to co-rotating cavity with one disk rotating slower than the other disk at some distance

away and for the slower one’s angular velocity limiting to zero.

Rotating disc — Stationary disc

.
=

Figure 2.12: Batchelor type of flow structure [5].

Figure 2.12 showing type of flow structures, which normally best describes the flow
we encounter in rotor-stator cavities; known as Batchelor flow model in the literature.
Batchelor predicting these flow behaviors by looking at swirl factors, Sy which is
giving rise to radial pumping flow at the rotor that is rotating faster than the fluid, and
at the stationary casing side resulting in radially inward flow where the fluid is rotating
outside the boundary layer, as mentioned before like Sy > 1 case. Because the disk
demanding flow to pump and demanding more from center to its radially outward, it
is continuously being fed from the radially inward flow along the stator and axially

from the stator boundary to the rotor boundary layer.
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Figure 2.13: Idealised enclosed rotor-stator cavity.

It is now relevant to define the gap ratio, which is the ratio of the axial distance, s
between rotor and stator to radius of the disk as given in equation ((2.28). When written

according to the axial clearance s, it is called as clearance ratio G,.
S (g =5 (2.28)
G=— (6 = - )

Gap ratio is very important in terms of flow structures we see inside the cavity

therefore defined here and will be examined soon.
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Figure 2.14: Variation of swirl factor with axial location across a rotor-stator cavity
(Batchelor type of flow structure) [5].
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Figure 2.14 shows typical variation of the tangential velocity of the fluid between the
rotor and stator discs in Batchelor type flow. The gap ratio is large enough; allowing
two separate boundary layers, with the tangential velocity of the fluid vy, sheared from
the disk speed, wr, at the rotor boundary layer, to some constant swirl in the core
region and then reducing to zero in the stator boundary layer through no slip condition.

This constant swirl core region also known as core rotation as we mentioned before.

Stationary enclosure
Boundary layer edge
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Figure 2.15: Rotating disk in an enclosed cavity [1].

For an enclosed rotor-stator disc system where no throughflow supplied or extracted
as shown in Figure 2.15, between the rotor and stator boundary layers, there is an
inviscid core of fluid that rotates at some portion of the rotor angular velocity; and is

likely to be expected to rotate at less than half of the disk angular velocity, Sy < 0.5.
As the gap ratio decrease, core swirl ratio tends to rotate closer to, Sy ~ 0.5 as reported

by Daily [19]. Although the torque on the stator is not doing any work, there is
continuous work transfer into the fluid from the rotor disk with windage. Hence, the

fluid temperature within a perfectly insulated enclosure will rise continuously.

If the gap ratio decreases to some degree or there is superposed radial outflow to

suppress core rotation or both conditions exists; there can be no more separate but
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merged boundary layer from rotor tangential velocity to zero velocity in the stator
boundary layer which known as Stewartson flow model that shown in Figure 2.16.
Today, we know that depending on flow conditions both models are valid and can be

seen in rotor-stator cavities.

1 1 1
Vg /wr V. fowr VL /wr
X 1000
0 ' 0 L 0 ﬁ
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Figure 2.16: Characteristic velocity profiles in a rotor-stator cavity (a) to (c) Batchelor
type of flow structure; (d) to (f) Stewartson type of flow structure [5].

Daily and Nece [19] carried out an extensive experimental and theoretical studies for
the flow in an enclosed rotating disk. Their tests representing the fundamental fluid
mechanics associated with this type of flow. In the experiments, velocity, pressure and
torque measurements are conducted for varying the disk speed and gap ratios. The
torque data were obtained over a range of rotational Reynolds numbers from Rey =
103 to Rey = 107 for gap ratios from G = 0.0127 to G = 0.217 for a constant tip
clearance while also pressure and velocity measurements taken for both laminar and
turbulent flows. As a result, they were able to identify four basic flow regimes for each
that can occur depending on the rotational Reynolds number and the gap ratio as shown

in Figure 2.17.
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Figure 2.17: Regimes of flow for an enclosed rotor-stator cavity [19].

In their experiments the test fluids was water and oils and data were obtained over a
wide range of rotational Reynolds Numbers and gap ratios. The schematic of the test
rig is shown in Figure 2.18. During the experiments, there is no superposed flow is
provided, despite a closed recirculation system through pipes with a heat exchanger to
keep constant density and viscosity of the test fluids. Torques are measured with SR-
4 water-proofed bonded strain gages that were placed at angles of 45 degree from the
shaft center line, to have a bridge circuit measuring torsional stresses only. Voltage
differences from the circuit are taken off through slip rings mounted on the shaft. A
DC galvanometer serves as the indicating device. As the strain-gage was located on
the fluid side of the shaft seal, only measured the torques coming from fluid resistance
so that no deductions being needed for bearing and sealing friction. To express the
resistance of the disk surfaces only they even calculated the torques coming from the
tip of the disk by using disks with different thicknesses and making corrections to
measured data. Their test results often in use in the literature, therefore, explained in
detail. Later on, authors upgrading same test rig to take measurements for rough disks

and casings as well as for throughflow cases which will be explained in detail later on.
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Figure 2.18: Test rig structure of Daily and Nece [19] (Taken from Bo Hu [20]).

Determined relationships for the moment coefficient for each of these regimes, for the
one side of the wetted disk in the range of rotational Reynolds numbers, 103 < Reg <

107 and gap ratios, 0.0127 < G < 0.217 are given below,

e Regime I : Laminar flow, small gap ratio, merged boundary layers,

_ T (2.29)
G- Reg

Cin,
e Regime II : Laminar flow, large gap ratio, separate boundary layers,

C, = 1.85- G"1Rey%® (2.30)

e Regime III : Turbulent flow, small gap ratio, merged boundary layers,

Cpn, = 0.04- G017 Rey 025 (2.31)

e Regime IV : Turbulent flow, large gap ratio, separate boundary layers,

Cm, = 0.051- G*'Rey%? (2.32)

In gas turbines high Reynolds numbers achieved throughout the most critical cycles
so that flow generally turbulent, also gaps between rotating disk and stationary parts
are large enough that the regime IV becoming the most likely to occur in design
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applications. The small gap ratio cases (regime | and regime 111) essentially presents a
Stewartson-type of flow while the other two regimes corresponding to Batchelor-flow
characterized by a separate boundary layer with an inviscid core region rotating
between. For merged boundary layers (Regime | and Ill), the frictional resistance
decreases with increasing gap ratio as a result of the reduced velocity gradients. In
contrast, the frictional resistance increases with raising gap width in case of separated
boundary layers (Regime Il and 1V) due to braking influence of enclosed cavity and
closing to case of a “free disk” which represents the maximum resistance as we

discussed before.

For the boundary layer growth, Daily and others [18] taking direct measurements at
three radial location (x= 0.469, 0.648, 0.828) for the case of G = 0.0665 and Rey =
6.9 x 10> by sending different superposed flow rates so that changing core rotation

swirls and giving the relation as a function of core rotation swirl as,

r

pa)r2>_0'2 (2.33)
m

S04t —Sf)2<

In Figure 2.19, Equation (2.33) plotted with those theoretically extended by Newman
for turbulent 1/7"" and 1/8" power law assumption which giving similar results to

empirical correlation derived from tests.
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Figure 2.19: Variation of non-dimensional boundary layer thickness with swirl factor.
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2.3.2. Shrouded Rotor-Stator Cavity with Superposed Radial Outflow

Superposed radial outflow rotor-stator cavities commonly encountered in the turbine
side of the engine; first investigations, therefore, starts with hot gas ingestion related
issues which often seen problem in gas turbines that could have catastrophic
consequences for the engine. Questions arise on necessary superposed flow rates

coupled with better rim seal designs to prevent ingestion into these critical cavities.

For a low superposed flow rates that are not fully meeting the demand of disk pumping
flow, external fluid can be ingest and flow radially inward from the edge of the shroud
into the cavity. This phenomenon often known as “rotationally-induced ingress”. Later
researches with the development of test rigs and measurement techniques, however,
shows “externally-induced ingress” is the dominant mechanism for hot gas ingestion
in gas turbines, which happens due to the unsteady non-axisymmetric variation of

pressure in the annulus created by the presence of guide vanes and rotor blades. [21]
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Figure 2.20: Batchelor and Stewartson type of flow structures in rotor-stator cavity
with superposed radial outflow.

Owen [22] solving the linear Ekman-layer equations for the case a rotor-stator system
with superposed radial outflow. For laminar flow, the predicted core rotation swirl
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agrees well with Daily’s [18] experimental measurements when the superimposed
flow rate is zero, but underestimating the core rotation when the flow rate is non-zero.
For turbulent flow, the linear theory underestimates the core rotation under all
conditions. More importantly, reporting that Stewartson type flow forms in the lower
inlet area of the cavity (named source region) while, as the radius increases, the mass
flow is increasingly entrained into the rotor boundary layer and Batchelor type flow
dominates from there to periphery of the cavity as shown in Figure 2.20. Today, many
researches shows that it is indeed the case for radial inlet while also similar for the

axial inlet with a few exceptions.
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Figure 2.21: Simplified flow structure in a rotor-stator cavity with superposed outflow
of fluid [22].

In general, the core rotation decreases with a radial outflow and flow structures that
can initially be characterized by the Batchelor model can tend toward that of the
Stewartson model with no or very little core rotation as the radial outflow increases.
The turbulent flow inside rotor-stator cavity with superimposed through-flow is quite
complex and cannot be explained with two basic flow model all the time. One thing
for sure, radial outflow will suppress the core rotation, results in lower swirl factors
throughout the cavity; and even completely make an end of the core rotation if gap

ratio is low enough.

Non-dimensional flow rate coefficient for superposed flows defined as,
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_ msuperposed (2-34)

C

One should not be confused by the fact that some papers referring C,, = 0 as “free
disk” when comparing their results with and without superposed flow but they actually
referring to no throughflow case as “free disk”. Since if there is a stationary casing that
allowing the core rotation took place, it will not be a rotating disk in a stationary fluid
anymore as in its defined condition of “free disk”. In contrast, it will be the minimum

resistance case with maximum core rotation comparing to superposed flow ones.

Daily et al. [18], correlating their test results with superposed flow by a direct relation

between swirl ratio and turbulent parameter which is defined as

A¢ = C, Rep®® (2.35)

Or according to volumetric flow rates as Daily defined

2.36
Ae = % Reg? = C, Reg®® (2:36)

They giving core rotation swirl vs turbulent parameter equation as,
Sf 1 (2.37)

S _13
fO Coltx 5 +1

Where Sfo representing the core rotation swirl factor without superposed flow and C,

some constant they use to fit the curve according to their measured data. Measured

values of Sfo for different gap ratios are given by Daily et al. [18] in Table 2.3, which

is decreasing with increasing gap ratios as we expect.
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Table 2.3: Measured core swirl factors with zero throughflow rates for different gap
ratios by Daily et al. [18].

G St
0.027 0.475
0.069 0.450
0.124 0.420

Authors based their correlation on velocity measurements at x = 0.469, 0.648, 0.828
for the gap ratios G = 0.055, 0.060 at Rey; = 6.9 x 10° as given in Figure 2.22, and
choose Sfo = 0.5 and C, = 12.74 which are given acceptable approximations at all
three radius. As it can be seen from measurements, swirl ratios reducing with

increasing superposed flow rates throughout the cavity and Daily et al. [18] giving

correlation as,

S _13 !

= (12.74 Aex” 5 + 1) (2.38)
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Figure 2.22: Comparison of measured and calculated core rotation swirl factors by
Daily et al. [18].
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Owen [22] using radius ratio, x = r/R , which was firstly introduced by Daily et al.
[18], to correct flow parameters to local values

2
o Local Reynolds number: Reg x? = 25 (2.39)
o Local through-flow rate: C,x~! = W (2.40)
B superpose 2,708 241
o Local turbulent parameter: 2,x~ s = ”W” d(p “;LT ) (241)

Owen [22] using this approach to find out the where the disk pumping flow rate
exceeds the superposed flow ones so that suggesting the point will be the radius at
which the “source region” ends and core rotation begins. Moreover, giving a direct
relation between the core rotation swirl and the local turbulent parameter by solving
the boundary layer equations with an 