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An experimental investigation has been conducted to confirm

the existence of core penetration flow; to find the causes of the

core penetration flow occurrence; and to examine the effects of

annulus flow coefficient, rotational Reynolds number and

non-dimensional purge air on core penetration flow.

For the experiments, the open loop low speed single-stage

turbine test facility in Seoul National University was modified. The

axial clearance rim seal and the rotor-stator disc cavity were

designed and installed in the test section. Artificial

non-axisymmetry in a rotor disc was made with the attachment of

a polyethylene terephthalate sheet on the rotor disc to examine the
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effects of geometric non-axisymmetry on the core penetration flow.

Time-resolved tangential and radial velocities and

time-resolved static pressures inside the cavity were measured to

confirm the existence of core penetration flow and to find its

causes with hot-wire anemometers and fast response pressure

transducers. Mass flow rates of the annulus and the purge air,

rotor angular velocity (RPM), time-averaged static pressures and

temperature were measured to calculate the experimental conditions.

Velocity field in the cavity was measured with Particle Image

Velocimetry (PIV) technique to remove ambiguities associated with

point velocity measurement.

Experiments were conducted under non-dimensional purge air

rates of 1000, 3200, 4000 and 5226; rotational Reynolds number of

7.9ⅹ105 and 9.0ⅹ105; and annulus flow coefficient of 0.26 and 0.23.

Experimental results showed that: (1) Core penetration flow

does occur, and it increases the angular velocity of an invicid core;

(2) Core penetration flow revolves at the disc rotating speed, and

occurs at three angular locations of the rotor disc; (3) Core

penetration flow is caused by the unsteady radial static pressure

gradient in the absolute frame caused by the non-axisymmetry in

the rotor disc geometry; (4) When the radial static pressure

gradient is suddenly increased by the rotating non-axisymmetric

geometry, core penetration flow occurs due to the time lag in the

tangential velocity response (Cause 1); (5) Core penetration flow

also occurs due to the time lag in the tangential velocity response

to the flow induced increase in the radial static pressure gradient

(Cause 2-A); (6) Core penetration flow occurs due to the time lag

in the tangential velocity response to the flow induced increase in
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the radial static pressure gradient following non-axisymmetric

geometry induced reduction in the radial static pressure gradient

(Cause 2-B); (7) Core penetration flow occurs when the temporal

variation in the radial static pressure gradient has low frequencies;

(8) Annulus flow coefficient and rotational Reynolds number do not

affect the core penetration flow; (9) As purge air rate increases,

core penetration flow disappears; (10) The magnitude of negative

radial velocity is proportional to the magnitude of the variation of

the radial static pressure gradient.

Keywords: Core penetration flow, Turbine rotor-stator disc cavity,

Rim seal, Time-resolved static pressure measurement,

Time-resolved velocity measurement, Invicid core,

Ingress, Egress.
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Chapter 1. Introduction

1-1. Background

A gas turbine has rotating parts such as discs, rotor blades,

shafts, seals, etc. as well as stationary parts like stator discs, struts,

cases, etc. Therefore a gap, or clearance, between a rotating part and

a stationary part inevitably exists. The turbine rotor-stator disc

cavity is formed by a rotating disc and an adjacent stationary disc in

the turbine section as depicted in Fig. 1.1 and Fig. 1.2.

High temperature annulus flow goes into or out of the cavity by

the disc pumping effect of a rotating disc and the radial static

pressure difference between the turbine rotor-stator disc cavity and

the annulus surrounding it, which are called ‘Rotational induced

ingress and egress’ and ‘Externally induced ingress and egress’,

respectively(Fig. 1.3). The temperature of the annulus flow has been

increasing as shown in Fig. 1.4 which shows the turbine entry

temperature improvements [1]. When the application temperatures of

superalloys, which are below 1,000 ℃, are considered, cooling and

sealing in the hot sections are necessary.

Hot gas ingestion into a turbine rotor-stator disc cavity could

degrade structural integrity. To resolve these problems, lower

temperature purge air from the high pressure compressor is delivered

into the cavity to prevent hot gas ingestion and to cool the turbine

rotor-stator disc cavity down. As shown in Fig. 1.5, the flow region

in a turbine rotor-stator disc cavity consists of three axisymmetric

regions - an outer region, a core region, and an inner region [2]. The

ingested high temperature annulus flow is mixed with the low
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temperature cavity flow in the outer region, and then goes inward

through a boundary layer on a stationary disc. Part of the mixed

flow is entrained to a boundary layer on a rotor disc through the

core region, and the rest is mixed again with the purge air in the

inner region and then enters the boundary layer on the rotating disc

to supply the flow rate pumped out by the rotating disc. In the core

region, there is an invicid rotating core in which radial and axial

velocity components are negligible. The angular velocity of the invicid

core with solid body rotation in the cavity is smaller than that of the

rotating disc in the absolute frame.

The amount of purge air needs to be minimized because

penalties in power output and turbine efficiency increase as the

amount of purge air is increased. However, under certain low purge

air rate conditions, ‘core penetration flow’, or local ingress of the high

temp annulus flow or outer region flow into the core region without

mixing with low temperature cavity flow, occurs as depicted in Fig.

1.6 [3-7]. The occurrence and angular velocity are case dependent

and have not yet been defined clearly. Core penetration flow causes

structural degradation, vibration, and seal’s sealing effectiveness

degradation [8].

1-2. Literature survey

Several studies on an invicid core, core penetration flow, velocity

measurement in the rotor-stator disc cavity and the effect of

non-axisymmetric flow and geometry on the cavity flow have been

conducted.
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I nvicid core

Batchelor suggested an analytical model of the rotor-stator disc

cavity flow in which there are an invicid core between a rotating

disc and a stator and two separated boundary layers on both the

rotor and the stator [9]. Fluids from the boundary layer on the stator

are entrained to the boundary layer on the rotor through the invicid

core and pumped out by disc pumping effect. There is radial inflow

of fluids on the stator disc for supplying this entrained fluid.

Stewartson had another model of rotor-stator disc cavity flow which

was more like that of a free disc [10]. Tangential velocity reduces

from the rotor speed to zero and an invicid core does not occur.

Commonly it is accepted that the rotor-stator cavity flow are initially

characterized by the Batchelor flow and becomes Stewartson flow

with the increase purge air. Picha and Eckert conducted velocity

measurements in the rotor-stator disc cavity open to the atmosphere,

and found that a stationary shroud at the outer radius causes the

occurrence of an invicid core [11]. After that, the rotating speed of

the invicid core with swirl ratio, β = Vθ/Ωr, have been measured by

several researchers [12,13].

Core penetration flow

For core penetration flow, Cao et al. [3] found large scale

unsteady flow structures, which cause the occurrence of core

penetration flow, occur at a frequency lower than the blade passing

frequency with CFD calculation and unsteady static pressure

measurement. They argued that these unsteady flow structures occur
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due to flow interaction between the rim seal and the annulus flows,

not to blade potential effects. The length scale of the unsteady

structure is linked to the radial extent of the uniform width region.

As the gap between rotor and stator was reduced, the ingestion of

annulus flow was suppressed. With unsteady pressure measurements,

they showed that ingestion of annulus flow which has higher

tangential velocity leads to increased vortex strength of cavity flow.

Jakoby et al. [4] numerically found large scale unsteady flow

structures revolving at 80 % of the rotor speed in the front cavity

when purge air fell below a certain limit which was 1500 of Cw in

this case. The existence of this large scale unsteady flow structures

were detected first by unsteady static pressure measurements in the

cavity. It persisted within a certain range of purge air rate and

significantly affected the sealing effectiveness and the pressure field

in the cavity. They captured this phenomenon with an unsteady

calculation using a 360° computational domain.

Boudet et al. [6] conducted CFD calculation on the turbine rim

seal ingestion. They argued that pressure asymmetries in the annulus,

due to the stationary and rotational parts, were major influence on

ingestion and the instability in the cavity and the potential effects of

rotor blades affected the cavity flow with showing the appearance of

non-linear coupled frequencies of pressure in the cavity.

Julien et al. [7] numerically showed a large scale unsteady flow

structure with 30 cells revolves at 90 % of the rotor speed under low

purge air rate condition. They argued that the presence of unsteady

flow structure induces the pressure perturbations inside the cavity

and leads to core penetration flow. Whereas unsteady vane-blade

interaction causes only shallow ingress. Their computational results
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showed that the pressure fluctuations in the cavity go on stabilizing

and the intensity of the large scale flow structures is reduced as

purge air increased.

Wang et al. [14] conducted numerical simulations of turbine rim

seal experiments with a time-dependent, 360-degree CFD model

including cavity and the annulus passage. They found circumferential

distributions of 15 and 17 sets of ingress and egress under the two

modest purge air conditions, and large cells that rotate in the disc

rotating direction at a slightly slower speed in the cavity. They

asserted it is due to the blade and vane flow interactions and the rim

seal ingress and egress characteristics.

Mirzamoghadam et al. [15] also conducted unsteady CFD

calculation of 360° full cavity with the annulus passage, and showed

flow structure in the cavity is unstable circumferentially even though

the rotor-stator cavity is geometrically axisymmetric. They argued

that interaction between swirling flows in the cavity and swirling

flows in the annulus creates non-periodic, time dependent unstable

flow patterns.

Velocity measurement

For the velocity measurement in a turbine rotor-stator disc

cavity, Zhou et al. [16] measured the instantaneous velocity field in a

rotor-stator disc cavity using Particle Image Velocimetry (PIV)

technique, and identified the multiple regions of ingress and egress by

inspecting the radial velocity distribution around the circumference in

the rim seal region. They showed that information of

ensemble-averaged velocity maps was not sufficient for identifying
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regions of ingress and egress because flow details, which varied from

instant to instant, were disappeared by the averaging.

Bohn et al. [17] measured unsteady velocities in the rim seal

with LDV (Laser Doppler Velocimetry) technique and found that the

cavity flow is influenced by the rotor blades as well as by the guide

vanes. They argued that the location of hot gas ingestion is moving

with the rotor blades and its strength is depending on the amount of

seal flow rate.

Sangan et al. [18-21] conducted steady state velocity and

pressure measurements in radial direction in the rotor-stator disc

cavity to investigate the flow field in the cavity. They found swirl

ratio and pressure distribution in radial direction for the various rim

seal configurations.

Effects of non-axisymmetric flow and geometry on the cavity

flow

In addition, the studies on the effect of non-axisymmetric flow

and geometry on the cavity flow, which can cause the occurrence of

core penetration flow, were conducted.

Campbell [22] found that the minimum purge air rate required

for rim sealing in a gas turbine engine was determined by the

annulus flow and circumferential pressure variations rather than by

rotational effects. Abe et al. [23], Bohn et al. [24], Dadkhah et al.

[25], Hamabe and Ishida [26], and Ishida and Hamabe [27]

demonstrated the effects of external flow on hot gas ingestion with

nozzle guide vanes. Studies with vanes and rotor blade were

undertaken by Green and Turner [28], Hills et al. [29], Roy et al.
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[30-32], Feiereisen et al. [33], Gallier et al. [34], and Bohn et al. [35,

36]. Chew et al. [37] showed that the pressure asymmetry decayed

axially downstream of the nozzle guide vanes.

Phadke and Owen showed that non-axisymmetric pressure

distribution in the external flow induced the occurrence of ingress

into the cavity even when the rotor was stationary [38-40]. They

found that fluid moved across the space of cavity from high pressure

regions to low pressure regions in the annulus with flow

visualization. The amount of fluid ingestion decreased as Cw

increased to Cw = 1800, above which there was no sign of ingress.

Hamabe and Ishida found with measuring sealing effectiveness

using gas concentration measurement that pressure asymmetries in

external flow decreases sealing performance of a rotor-stator disc

cavity without vanes [26].

Guo and Rhode [41, 42] showed with CFD calculation that

rotor-casing eccentricity decreases sealing performance of a

rotor-stator disc cavity. For 50 % rotor-casing eccentricity, ingress

increased largely and only 53 % rim seal effectiveness were

calculated. The minimum purge air to prevent ingress increased from

8000 to 23,500 when the rotor eccentricity increased from 5 to 50 %.

Isida et al. [43] studied the effect of fin overlap and eccentricity

in rim seal performance. They found that eccentricity between rotor

and stator degraded the average sealing effectiveness and sealing

effectiveness of overlap seal was more sensitive to eccentricity than

that of non-overlap seal.

Beside, analytical models for prediction of rim seal sealing

effectiveness have been developed by many researchers [44-51]. All

of them have been using orifice models except the way to select
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discharge coefficients (Cd) of orifice and pressure value at inlet and

outlet of rim seal. The reason of study on the analytical model is

that much of computational time and cost are need even though

numerical modeling of the full three-dimensional time-dependent flow

can be possible today. In addition, steady state numerical calculation

fail to predict the flow phenomena in the cavity and the calculation

errors increase when unsteady flow occurs [12, 13, 46, 47].

Johnson et al. [52] and Okita et al. [53] show the physical

mechanisms involved in turbine rim seal ingestion.

1-3. Motivation

Despite previous studies on the invicid core and core penetration

flow in the cavity, experimental verification and explanation on the

occurrence of core penetration flow in a turbine rotor-stator disc

cavity are insufficient. To the best of the author’s knowledge, there

has not been any time-resolved velocity measurement in the core

region of a rotor-stator disc cavity equipped with vanes and blades.

1-4. Research objectives

The objective of this study is to investigate core penetration

flow in a turbine rotor-stator disc cavity with time-resolved velocity

and static pressure measurements. The specific objectives to be

addressed are as follows.
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(1) To verify the occurrence of core penetration flow and to find

its features such as the number of occurrence and the

rotating speed.

(2) To find the fluid dynamic causes of core penetration flow.

(3) To examine the effects of the annulus flow coefficient(φ),

rotational Reynolds number (Reθ ) and non-dimensional

purge air rate (Cw) on the core penetration flow.

1-5. Thesis organization

This thesis consists of six chapters. Descriptions for each

chapter are as follows.

Chapter 1 introduces issues on unsteady flow phenomena in a

turbine rotor-stator disc cavity, especially core penetration flow. And

then previous studies on an invicid core, core penetration flow,

velocity measurement in the rotor-stator disc cavity and the effects

of non-axisymmetric flow and geometry on the cavity flow are

reviewed. Finally, the motivation and objectives of the present study

are presented.

Chapter 2 describes the experimental apparatus for the

measurement of core penetration flow. Description of test facility, test

section, instrumentation, PIV system, experimental conditions and

validation of test facility are presented.

Chapter 3 presents the experimental results of time-resolved
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velocity and static pressure measurements. Time-resolved radial

velocity measurement confirms the occurrence of core penetration

flow. PIV measurement shows the velocity field around single point

hot-wire measurement to get rid of ambiguity arose by point velocity

measurement. Time-resolved static pressure measurement shows the

features of core penetration flow such as the number of occurrence

and the rotating speed with the relation between static pressures and

velocities.

Chapter 4 explains the causes of core penetration flow.

Hypothesis, assumptions and mechanism of core penetration flow are

described.

Chapter 5 shows the effects of rotational Reynolds number,

annulus flow coefficient and purge air rate on the occurrence of core

penetration flow.

Chapter 6 summarizes the results and presents the conclusions

of this study.
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Figure 1.1 Simplified rotor-stator disc cavity showing

high temperature annulus flow ingestion.

Figure 1.2 Rotor-stator disc cavity and rim seal of GE F110

aeroengine (This picture was taken at National Museum of

the United States Air Force).



12

(a)

(b)

Figure 1.3 Simplified representation of ingress and egress: (a)

Rotational induced ingress and egress, (b) Externally induced

ingress and egress.
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Figure 1.4 Turbine entry temperature improvements [1]

Figure 1.5 Simplified representation of flow regions in the cavity

and an invicid core: (a) Flow region in the cavity, (b) Invicid

core.
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Figure 1.6 Simplified representation of core penetration flow.
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Chapter 2. Experimental Method

2-1. Test facility

In this experiment, the open-loop single-stage turbine facility in

Seoul National University depicted in Fig. 2.1 was used. It consists of

a main blower, a secondary blower, a rotor speed controller and a

test section.

Main blower

The 75-kW main blower (E-HWA, Turbo blower type, ETF-45,

900 mmAg, 3540 rpm) supplies mass flow rate of up to 4.92 kg/s to

the test section as annulus flow. Mass flow rate is controlled by a

valve (damper) equipped with a linear control type actuator of which

control resolution is 0.08 mA in full range of DC 4 - 20 mA. This

control resolution is identical to 0.45° resolution in full rotational

range of 0 – 90°. The valve is installed at the outlet of the main

blower. The material of all components is SUS304 for the corrosion

resistance. The air supplied by main blower is discharged to the

atmosphere through a nozzle plate for measuring mass flow rate, test

section and an exhaust duct of 700 mm inner diameter sequentially,

as shown in Fig. 2.1.

Secondary blower

Purge air is supplied by the 7.5-kW secondary centrifugal blower

(DAEYOUNG, DVB-10, 1300 mmAq, 3450 rpm) which is capable of
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supplying air flow rate of up to 0.18 kg/s. Mass flow rate is

controlled by a variable frequency drive (LS, SV075IS5, 12.2 kVA, 16

A, 0 –400 Hz, 0 –120 Hz (for vector control)) with 0.01 Hz

resolution. Purge air is discharged to a venturi flowmeter depicted in

Fig. 2.2 (80 mm inner diameter at inlet, 40 mm inner diameter at

throat) for measuring mass flow rate, and then to a rotor-stator disc

cavity through two struts which are in front of test section as shown

in Fig. 2.3. The other two struts are used for the passage of sensor’s

cables and tubing installed on a stationary disc.

Rotor speed controller

The rotor speed controller are composed of a direct current

motor (KO-SAN, 22-kW, 2500 rpm), a motor controller, a torque

meter and an encoder. The speed of rotor is controlled by the motor

controller, which is equipped with a DC motor drive (Parker SSD,

Accuracy of 0.1 % full range.), with rpm information fed back from

an incremental rotary encoder (HEIDENHAIN, ROD 430, Incremental,

optical, rotary, HTL, Line count 1024) regardless of annulus flow rate.

This capability allows the test rig to be used for the experiments of

compressor when turbine blades are replaced with compressor blades.

The controllable maximum rotating speed of the turbine rotor is 2000

rpm, and the maximum shaft power is 22-kW. The torque meter

(Lebow, 1104-2K slip ring torque sensor with ± 0.1 % linearity) is

connected directly to the rotor disc shaft and the shaft of the direct

current motor to measure the toque of turbine. The measured value

of torque is displayed on a strain gage transducer indicator (Lebow

Model 7552).
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Test section

The test section is composed of a single-stage turbine, an axial

clearance rim seal and a rotor-stator disc cavity as shown in Fig.

2.4.

The single-stage turbine has 38 vane blades with solidity of 1.87

and 70 rotor blades with solidity of 1.53. This turbine was designed

by scaling a steam turbine. The configuration and specification are

described in Fig. 2.5 and Table 2.1.

The configurations of the rim seal and the turbine rotor-stator

disc cavity were designed for the fundamental research on a

rotor-stator disc cavity flow. The inlet-exit radius ratio of the

rotor-stator disc cavity (rinlet/b) is 0.455. Here, b is the exit radius of

the cavity, and is 275 mm. Non-dimensional axial seal clearance (Gc

= Sc/b) was set by considering the manufacturing tolerance.

Non-dimensional cavity width (G = S/b) was chosen to make

Batcherlor flow which has two boundary layers on a stationary disc

and a rotor disc, and a rotating invicid core. The cavity’s exit is

located midway between vanes and blades in axial direction. The

design values of the rim seal and the turbine rotor-stator disc cavity

are described in Table 2.2.

The clearances in the rim seal were checked. Interface surface

between the casing supporting stationary parts and the casing

supporting rotational parts is selected as a reference plane. The

manufacturing errors in the rim seal attached on the stationary disc

were measured from the reference plane to the end of the rim seal as

shown in Fig. 2.6. The error in axial length, which is most important

parameter in the axial rim seal, is 0.05 mm. The manufacturing error
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in radial direction is 0.1 mm. For the manufacturing errors of rotating

part, axial gaps between the stationary disc and the rotational disc at

two locations, r/b = 0.909 and 0.509, in the cavity were measured

with gap sensor (LION precision, ECL101-U8-SAM system) as

shown in Fig. 2.7. The variations of axial gap are about 0.2 mm at

the lower location and 0.25 mm at the upper location as shown in

Fig. 2.8. From the manufacturing errors, axial clearance of rim seal,

whose design value is 2 mm, can be expected to vary from 1.2 mm

– 1.45 mm as shown in Fig. 2.9. There are also manufacturing

errors in step which is a gap between vane hub and rotor blade hub

as shown in Fig. 2.10. The step of which design value is 2 mm was

measured with a gap gage. It varies 1.8 mm – 2.3 mm.

Maximum axial Reynolds number (Rex = ρvxCvane/μ) is 2x10
5

based on the vane chord length. And, maximum rotational Reynolds

number (Reθ = ρΩb2/μ) is 9x105 based on the radius of the rotor

hub. The specification of experimental facility is summarized in Table

2.3. Figure 2.11 shows the comparison of operating capability of test

facilities for a turbine rotor-stator disc cavity flow in other research

groups in the field.

This low speed turbine experimental facility is limited to

incompressible, isothermal conditions. However, a couple of studies

showed that the results from low speed turbine experimental facilities

can replicate the results of real turbines qualitatively when

non-dimensional purge air flow rate (Cw = ṁpurge/(μb)), rotational

Reynolds number and annulus flow coefficient (Φ = vx/U) are

representative of those in real gas turbines [54-56].
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2-2. Instrumentation

For the present study on a rotor-stator disc cavity flow, several

parameters were measured as depicted in the schematic of

measurement and instrumentation (Fig. 2.12). Mass flow rates of the

annulus and the purge air, rotor angular velocity (RPM),

time-averaged static pressures and temperature were measured to

calculate non-dimensional purge air flow rate (Cw), rotational

Reynolds number (Reθ) and annulus flow coefficient (Φ). To

investigate the flow in the cavity, time-resolved static pressures and

time-resolved velocities were measured. Considering the data

analyses, time-averaged measurement data and time-resolved

measurement data were stored separately as shown in Fig. 2.13, 2.14.

Sampling rate for the time-resolved measurements was set to 10 kHz

to prevent aliasing. Sampling rate for the time-averaged

measurements was set to 10 Hz.

Mass flow rate of the annulus

Mass flow rate of the annulus was measured with a bank of

nine nozzles with 1 % accuracy. A nozzle with 220 mm throat

diameter is installed in the center of the nozzle plate, which is

depicted in Fig. 2.15, and 8 nozzles with 140 mm throat diameter are

installed around that. Figure 2.16 shows the calibration results of 9

nozzles conducted by Korea Research Institute of Standard and

Science. For the uniformity of nozzle inlet flow, straight duct 3 m in

length and honeycomb (100 mm in thickness, cell size 15 mm) are

installed in front of the nozzle plate. Mass flow rate is calculated by
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using Eq. 2.1 with 3 parameters; inlet temperature, inlet pressure and

differential pressure between upstream and throat and throat area.

Here, the inlet temperature and the inlet pressure are used to

calculate density. The inlet temperature is measured with a

Resistance Temperature Detector (RTD, Pt100Ω, 4 wire type, 0.1 %

accuracy). The time–averaged static pressures are measured with a

pressure transducer (Validyne P55D-24, 0.25 % Accuracy, range 0-2.2

kPa). Its accuracy was checked with the comparison to the pressures

measured simultaneously by a more accurate 16-channel pneumatic

pressure scanner (NetScanner, Model 9116, 0.05 % Accuracy, full

range of 4.964 - 4.964 Pa). As shown in Fig. 2.17, time–averaged

static pressures measured by them are identical to each other.

 


 


  
(2.1)

where,

: mass flow rate

A: area

p: pressure

D: diameter

ρ: density
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Mass flow rate of the purge air

Mass flow rate of the purge air was measured with a venturi

flowmeter which is designed 70 mm upstream inner diameter and 40

mm throat diameter. The volume flow rate is calculated by using Eq.

2.2 with 3 parameters; inlet temperature, differential static pressure

between upstream and throat, and throat area. Density is calculated

with the inlet temperature and ambient pressure. The inlet

temperature is measured with a K-type thermocouple. The

time-averaged static pressures are measured with a pressure

transducer (Validyne P55D-22, 0.25 % Accuracy, full range of 0 - 1.4

kPa). Calibration of the venturi flowmeter was conducted with

comparing the volume flow rates measured with the venturi

flowmeter and a pitot tube. The volume flow rates with the venturi

flowmeter and the pitot tube were calculated by using Eq. 2.2 and

2.3, respectively.

 



  

(2.2)

where,

: volume flow rate

    (2.3)

where,

V: velocity
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Figure 2.18 shows the time-averaged velocity measured by a

pitot tube in the duct of 80 mm inner diameter in front of the venturi

flowmeter, and Fig. 2.19 depicts the comparison of mass flow rates

calculated by using Eq. 2.2 and 2.3. From this comparison, purge air

rate can be determined with substituting the mass flow rate

calculated by the venturi flowmeter into Eq. 2.4, which is the

corrected linear fitting of mass flow rate with residual sum of

squares 1.02306E-4.

×  (2.4)

RPM and Torque

A HEIDENHAIN ROD 430, Incremental optical rotary encoder

installed at the end of the direct current motor, was used to measure

the rotor angular velocity. A reference mark signal from the encoder

was also used as a reference position to find the angular location of

the rotor. Accuracy of the encoder is 0.072 deg. The angular velocity

sent by the motor controller was stored at a data storage system

through ethernet communication. As a monitoring parameter, toque

was measured with a toque meter (Lebow, Model 1104-2K, Slip ring

torque sensor, ± 0.1 % linearity) and an strain gage transducer

indicator (Lebow, Model 7552). The torque was stored at the data

storage system through a 16-bit resolution A/D board (NI PCI-6251).

Time-averaged static pressures and temperature
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For the measurement of static pressures, temperature and

velocities in the cavity, the stationary disc was designed and

manufactured as shown in Fig. 20. 12 holes of 1.6 mm inner diameter

in circumferential direction are for the measurement of the time-

averaged static pressures of two vane pitches to check the periodicity

of time-averaged pressure around the cavity. 11 holes of 1.6 mm

inner diameter in radial direction are for the static pressure

distribution in radial direction. The holes of 4 mm inner diameter are

for the measurement of time-resolved static pressures and

time-averaged temperature. The holes of 4 mm in circumferential

direction are prepared to find the rotational speed and number of core

penetration flow. The holes of 6 mm inner diameter are for the

measurement of time-resolved velocities.

Time-averaged static pressures for calculating the mass flow

rates and the pressure distribution in the cavity were measured with

a Scanivalve, pressure transducers (Validyne P55D-22, Validyne

P55D-24) and a data logger (HP 34970A). Pressure taps on the

stationary disc, the nozzle plate and the venturi flowmeter are

connected with flexible vinyl tubes to the Scanivalve which is a

device containing 48 inlet channels and 1 outlet channel. A function

generator sends a trigger signal to the Scanivalve at each setting

time interval to change the inlet channel which is connected to the

outlet. The pressure from the outlet is transferred to the pressure

transducer, and stored at the data storage system through the data

logger. Other static pressures are measured with the 16-channel

pneumatic pressure scanner (NetScanner, Model 9116).

The resistance temperature detector (RTD) for the calculation of

the annulus mass flow rate and the K-type thermocouples for the
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purge air flow rate and the temperature in the cavity were also

stored at the data storage system through the data logger.

Time-resolved static pressures

Time-resolved static pressures were measured at four locations

on the stationary disc as shown in Fig. 2.21. P4 which is 60° away

from P2 in circumferential direction was measured to check whether

pressure fluctuation is rotating or not, and to calculate the revolution

frequency of pressure fluctuation if so.

For the measurement of the time-resolved static pressures on

the stationary disc, fast response Kulite pressure transducers

(XCQ-062, 0-34473 Pa of differential pressure range, 0.1 % FS

nonlinearity) were used. As shown in Fig. 2.22 and Fig. 2.23, the

linearities and offsets of Kulite pressure transducers were checked

with MKS pressure transducers which have the accuracy of 0.15 %

reading value. As the linearities of Kulite pressure transducers are

guaranteed, the linear equations for XCQ-062 Kulite pressure

transducers were obtained as describe in Table 2.4. The measured

time-resolved pressures were stored at the data storage system

through a NI SCXI 1520 and a 16-bit resolution A/D board (NI

PCI-6251).

Time-resolved velocities

Time–resolved velocities were measured with a DANTEC 90C10

CTA (Constant Temperature Anemometer) system and a 55P62 and a

55P64 hot-wire probes which are X-probes for 2D flow measurement.
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X-probe has 2 hot-wire sensors perpendicular to each other and

calculates 2D velocities with them. The thermal anemometer provides

the velocity in a point which is available anytime unlike the velocities

measured by LDA (Laser Doppler Velocimeter) and PIV. The

principle of thermal anemometer is to measure the voltage drop which

is used as a measure of velocity as Eq. 2.5.

  ××  (2.5)

where,

E = CTA output volts

Tw = Sensor hot temperature (average)

Ta = Ambient reference temperature

V = Velocity

A, B and n = Calibration constants

When current is passed through hot-wire sensors, heat is

generated. This is balanced by heat loss to the surroundings in

equilibrium. When velocity changes, hot-wire temperature will change

and eventually reaches a new equilibrium state. CTA keeps the

difference of temperatures constant and measures the voltage drop.

The relation between voltage drop and velocity is obtained from

velocity calibration as shown in Fig. 2.24.

In this measurement, there is no ambiguity on the velocity

direction even though the measurable angle is within ±45°. Because

the magnitude of tangential velocity is larger than that of radial

velocity and the negative tangential velocity does not occur.

Tangential and radial time-resolved velocities were measured at the

core region, r/b = 0.793, 0.502 and x/S = 0.5, in the cavity.
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Detailed specifications and accuracies of instrumentations are

given in Table 2.5.

2-3. Particle Image Velocimetry (PIV)

To examine the flow field in the cavity, PIV technique was

used. PIV is one of non-intrusive measurement techniques and area

velocity measurement. Instantaneous whole velocity field can be

obtained from Eq. 2.6. To get the information of distance vector,

particles are seeded to the flow and illuminated by laser light and

light sheet optics at two instances within a known time interval. The

image of light scattered by particles are captured by CCD camera.

The captured two images are divided into a number of areas, which

are called interrogation areas, and the distance vectors of group of

particles are determined by cross-correlation technique.




(2.6)

where,

 = Velocity

 = Distance vector

 = Time interval

PIV measurement system is composed of an image recorder, a

synchronizer, a light source and light sheet optics as shown in Fig.

2.25.
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Image recorder

The images, captured by charge-coupled device (PCO Sensicam)

which contains 1376x1040 light sensitive pixels (Pixel size 6.45 ㎲×

6.45 ㎲, Readout frequency 10 fps), are transferred via the PCI-Board

(PCO, Model 525KP, PCI Local Bus compatible, revision 2.1) to the

computer. The data are saved in the RAM of the computer. The

maximum memory space for the storage of images depends on the

computer’s RAM size. The control software, ‘CamWare’, is used to

setup, display and record the images. The 12 bit data from the

camera are converted to the 16 bit array, and then automatically

converted in the 8bit array via the PCI-Board. A double frame and

single exposure method is used to obtain the images from which

velocity vector field can be calculated with cross-correlation

technique. The exposure times of camera shutter are 54 ㎲ and 1000

㎲. The minimum time (dead time) between the two images is 0.5 ㎲.

The CCD camera window size and location are shown in Fig. 2.26.

Interrogation area is composed of 32 pixels.

Synchronizer

The synchronizer is ‘Quantum composers 9518+ pulse generator’

which has 8 independent output channels with digitally controlled

delay and pulse width. The controllable ranges of delay and pulse

width are 0 - 1000 sec and 10 ns - 1000 sec respectively. Resolution

and accuracy are 1 ns and 1 ns + .0001 × set point. Output channels

are configured as follows.
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§ A : TTL pulse signal to CCD camera

§ B : Flash Lamp (Laser1)

§ C : Q-switch (Laser1)

§ D : Flash Lamp (Laser2)

§ E : Q-switch (Laser2)

To capture the images of double frames, timing was set as

shown in Fig. 2.27. Timing of camera shutter is determined by

specification of CCD camera. Timing for flash lamps and Q-switches

are decided considering a time interval between two Q-switches

which is used to calculate the velocity. In this experiment, the time

interval is 10 ㎲.

Light source

As the light source, laser light is used, which has high energy

density and can easily make light sheet thin. In the present study,

New Wave Solo PIV was used to produce laser light. It consists of a

dual flash lamp-pumped Nd: YAG rod head in a resonator to

generate radiation at 1064 nm and a second harmonic generator body

to generate radiation at 532 nm. The specification of New Wave Solo

PIV is as follows.

§ 120 mJ, 532 nm, double cavity, Nd:YAG

§ Beam diameter: 4.5 mm

§ Repetition rate: 15 Hz

§ pulse width: 3-5 ns

§ Divergence: less than 2 mrad
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§ Q-switch control

Light sheet optics

The optics for light sheet are composed of cylindrical lens (New

Port, CKV006, focal length: 6.4 mm) and 5 high-energy Nd:YAG

laser mirrors (New Port) with which laser beam is delivered in the

cavity through the strut for the tubing. To remove the possibility of

being out of alignment with light source and light sheet optics, laser

is installed on the frame of test rig as shown in Fig. 2.28. This

combination of optics generates a laser sheet of 3 mm thickness and

makes it locate in the middle of the cavity.

Seeder

PIV technique measures the velocity of seeded particles instead

of the velocity of fluid. Therefore, the seeded particles faithfully

follow the flow for the accurate velocity measurement of flow. In this

study, Laskin nozzle particle generator is employed as a seeder. It

produces particles of 1-2 ㎛ in diameter with olive oil.

Particles are injected into the cavity through 7 holes on the

stationary disc and into the annulus through 6 vinyl tubes by

pressurizing the seeder as shown in Fig 2.26.

For the seeder particle dynamics, Stokes number (Stk) is

checked. It is a measure of flow tracer fidelity in PIV technique

[57-59]. Stk is the ratio of the characteristic time of the particle to

the characteristic time of the flow. When Stk is much less than 1,

particles follow fluid streamlines closely. If Stk is less than 0.1,
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tracing accuracy errors are below 1 %. In the present study, Stk is

0.00082 as shown in Table 2.6.

Stk = τp*Vf/dc (2.3)

where,

τp: particle time constant

Vf: fluid velocity

dc: fluid flow characteristic length

τp = (ρf-ρp)dp
2/18ρfvf (2.4)

where,

ρp: particle density

ρf: fluid density

dp: particle diameter

vf : fluid dynamic viscosity

2-4. Experimental conditions

The flow in a turbine rotor-stator disc cavity is determined by

non-dimensional purge air rate (Cw), rotational Reynolds number

(Reθ) and annulus flow coefficient (Φ). So, these three

non-dimensional parameters were selected as variables for this

experiment. In this study, two experimental conditions for rotational

Reynolds number, two experimental conditions for annulus flow
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coefficient and four experimental conditions of non-dimensional purge

air rates were selected as shown in Table 2.7 to examine the effects

of these three non-dimensional parameters on the core penetration

flow occurrence. The value of Reθ = 7.9ⅹ10
5 is above the critical

rotational Reynolds number (Reθ_crit) of 3.0ⅹ10
5 to ensure turbulent

boundary layer on the discs [12]. In appendix A, deduction of these

three non-dimensional parameters is described.

To examine the effects of geometric non-axisymmetry in the

rotor disc on the variation of the radial static pressure gradient in the

cavity, the axial clearance and the step of the rim seal were changed

as shown in Fig. 2.29 and Fig. 2.30. Because the amount of ingress

depends on the axial clearance of the rim seal, and the external static

pressure at the exit of the cavity can be changed due to the

geometric non-axisymmetry in the rotor disc. The axial clearance of

the rim seal is reduced by the attachment of a 60° polyethylene

terephthalate sheet of 0.4 mm in thickness on a rotating disc as

shown in Fig. 2.29. Figure 2.30 shows the modification of the rim

seal’s step which is decreased by 0.4 mm with the attachment of the

60° polyethylene terephthalate sheet on the rotating disc.

2-5. Validation of test facility

Prior to conducting experiments, pressure distributions in and at

the exit of the cavity were measured for the validation of test rig’s

setup. Time-averaged static pressures were measured at 9 locations

in radial direction and 12 locations in two vane pitches in

circumferential direction as shown in Fig. 2.31. Fig. 2.32 shows that



32

pressure field at the exit of the cavity is well developed periodically,

and pressure in the cavity shows to be increasing in radial direction

as expected under condition of Cw = 1000, Φ = 0.26 and Reθ = 7.9ｘ

105. Static pressure coefficient is defined as follows.









(2.5)
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Main Blower

Secondary
Blower

Rotor speed 
controller

Test section

Valve (Damper)

Venturi 
flowmeter

Honeycomb

Nozzle plate

Torquemeter
DC motor

Encoder

Figure 2.1 Schematic diagram of experimental facility and its

components.
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Figure 2.2 Configuration of a venturi flowmeter.

Figure 2.3 Strut passages for sensor, tubing and purge air.
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Figure 2.4 Configuration of test section.
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Figure 2.5 Configuration of single-stage turbine.
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Figure 2.5 Configuration of single-stage turbine.

Parameters Vane Rotor

Axial Chord(mm) 96.01 41.04

Hub diameter(mm) 562 560

Tip diameter(mm) 700 697.2

Solidity (Chord/Pitch) 1.87 1.53

Inlet angle(deg) 0 (α1) 62.3 (β2)

Exit angle(deg) 77.3 (α2) 74.6 (β3)

Stagger angle(deg) 28.9 11.4

No. 38 70

Table 2.1 Design values of single-stage turbine.

Parameters Design Value

Cavity inlet-exit radius ratio (rinlet/b) 0.455

Non-dimensional axial seal clearance(Gc = Sc/b) 0.007

Non-dimensional cavity width(G = S/b) 0.086

Table 2.2 Design values of rim seal and the cavity.
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Figure 2.6 Manufacturing error of stationary part in rim

seal

Figure 2.7 Installation of gap sensor.
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Figure 2.8 Variation of gaps between a stationary disc

and a rotational disc.
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Figure 2.9 Variation of axial clearance of rim seal.
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Figure 2.10 Variation of step of rim seal.
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Figure 2.11 Comparison of operating capability of test facilities (Penn

state Univ.).

Value

Max. mass flow rate for the annulus (kg/s) 4.92

Max. mass flow rate for purge air (kg/s) 0.18

Max. rotating speed (rpm) 2,000

Max. shaft power (kW) 22

Pressure ratio 1.1

Annulus flow coefficient 0.3

Work coefficient 1.9

Max. axial Reynolds number 2x105

Max. rotational Reynolds number 9x105

Table 2.3 Specifications of experimental facility
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1.Mass flow rate of      
annulus flow: 
Bank of nine nozzles

2. Mass flow rate of purge air:   
Venturi flowmeter

4. Torque: 
Strain gauge type torque meter

3. Rotor angular velocity: 
Encoder

5. Temperature:
Thermocouples

6. Time-averaged static pressures:
Validyne, NetScanner pressure transducer

7. Time-resolved static pressures:
Fast response Kulite pressure transducer

8. Time-resolved velocities: 
DANTEC 55P62 2-D hot wire probe

Figure 2.12 Schematic of measurement and instrumentation.
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PC
(Time-resolved measurement,

Sampling rate : 10 kHz)

NI PXI 4472 NI PCI 6251

NI SCXI 
1520

NI SHC 68 Cable

Pressure sensor
(Kulite XCQ-062)

Hot-wire
(DANTEC 90C10 CTA)

Encoder
(HEIDENHAIN ROD 430)

BNC Cable

Figure 2.13 Schematic of time-resolved measurement.
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Figure 2.14 Schematic of time-averaged

measurement.
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Figure 2.15 Nozzle plate for nine nozzles of flow meter
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Figure 2.16 Calibration chart of flowmeter (Cd vs. ReD)
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Figure 2.17 Calibration chart of flowmeter (Mass

flow rate vs. Pressure difference, No.1 –No. 8).
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Figure 2.18 Calibration chart of flowmeter (Mass

flow rate vs. Pressure difference, No.9).
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Figure 2.19 Comparison of pressures measured by

NetScanner 9116PSI and Validyne 24

Figure 2.20 velocity measurement with a pitot

tube



48

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

 Measurment 
 Linear Fit of massflowpitot

M
as

s 
flo

w 
ra

te
_P

ito
t T

ub
e 

[k
g/

s]

Mass flow rate_Venturi meter [kg/s]

Equation y = a + b*x
Adj. R-Square 0.99909

Value Standard Error
massflowpitot Intercept 6.73001E-4 6.79644E-4
massflowpitot Slope 1.00735 0.01517

Figure 2.21 Comparison of mass flow rates measured by a pitot

tube and a venturi flowmeter.

Figure 2.22 Taps on a stationary disc.
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Figure 2.23 Locations of measurement.
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Figure 2.24 Setup for comparison of XCQ-062 Kulite with MKS.
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Figure 2.25 Comparison of XCQ-062 Kulite with MKS.

Pressure a(Slope) b(intercept)

P1 405211.6 -923.4

P2 382140.4 100.6

P3 382551.9 737.4

P4 382258.6 -1163.4

Table 2.4 Linear equations for XCQ-062 Kulite pressure

transducers: y(pressure) = a×X(voltage)+b.
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Figure 2.26 Comparison of XCQ-062 Kulite with MKS (For

spare sensors).

Pressure a(Slope) b(intercept)

P5 405211.6 -217.1

P6 375763.3 -36.5

P7 381908.6 -59.8

Table 2.5 Linear equations for XCQ-062 Kulite pressure

transducers: y(pressure) = a×X(voltage)+b (For spare sensors).
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(a) 55P64 hot-wire probes
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Figure 2.27 Calibration of hot-wire probes.
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Measurement Instrumentation Range/Accuracy

Mass flow rate

of annulus flow

Bank of nine nozzles

- Temp.: Pt100Ω 4

wire

- Press.: Validyne 24

0 - 250 m3/min (5 kg/s) /

1 %

Mass flow rate

of purge air

Venturi flowmeter

- Temp.: K type

thermocouple

- Press.: Validyne 22

0 - 6 m3/min

Time-resolved

static pressures
XCQ-062 Kulite

0 - 34473 Pa(difference)

/±0.1 % FS

Time-resolved

Velocity

DANTEC 90C10

CTA system

55P62, 55P64 hot

wire probe

0.05 - 500m/s / 2 %

Rotor angular

velocity
Encoder ROD 430 0 - 2000 rpm / 0.05 %

Time-averaged

static pressures

NetScanner Model

9116

-4.964 - 4.964

Pa(difference) / ±0.05 %FS

Table 2.6 Instrumentation.
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Figure 2.28 Schematic diagram of PIV system and its

components.
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Figure 2.29 CCD window size and location.

Figure 2.30 Timing for image capture.



56

Charateristic length (m) 0.278

Particle diameter (m) 0.000002

Particle density (kg/m3) Olive oil 915

Fluid density (kg/m3) 1.19

Fluid kinematic viscosity (m2/s) 0.000015

Fluid  maximum tangential velocity (m/s) 20

tp 1.13764E-05

Stk 0.00082

Table 2.7 Seeder particle dynamics.

Figure 2.31 Installation of laser and laser sheet optics.



57

No. Reθ Cw Φ

1 7.9ⅹ105 1000 0.26

2 7.9ⅹ105 3200 0.26

3 7.9ⅹ105 4000 0.26

4 7.9ⅹ105 5226 0.26

5 9.0ⅹ105 1000 0.23

6 7.9ⅹ105 1000 0.23

Table 2.8 Experimental matrix.

Figure 2.32 Modification of rim seal’s axial clearance.

Figure 2.33 Modification of rim seal’s step with

axial clearance.
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Figure 2.34 Locations of time-averaged static pressure measurement.

Figure 2.35 Radial and circumferential steady static pressure

distribution at the exit of the cavity at Cw = 1000, Φ = 0.26 and

Reθ = 7.9ｘ10
5.



59

Chapter 3. Core Penetration Flow

3-1. Time-resolved velocity measurement

Figure 3.1 shows the transient traces of non-dimensional radial

velocity (Vr/Ωb) and non-dimensional tangential velocity (Vθ/Ωb) in

the absolute frame measured with a 2-D hot-wire anemometer at a

core region, r/b = 0.793, under low purge air rate condition, Cw =

1000. From spectral analyses of these velocities shown in Fig. 3.2, it

is observed that velocities are fluctuating at a disc rotating frequency

and its higher harmonics. Therefore, the time resolved-velocities can

be ensemble-averaged based on the disc rotating frequency as shown

in Fig. 3.3 to analyze the flow phenomena in the cavity.

I nvicid core

By definition, an invicid core rotates like solid body at a

percentage of the disc rotating speed. Figure 3.4 shows the tangential

and radial velocities measured at r/b = 0.502 and 0.793. At radial

equilibrium state where radial velocity and the rate of change of

radial velocity are zero, t/τrevolution = 0.9 - 1.0 revolution, swirl ratios

(β = Vθ/Ωr) are 0.54 at r/b = 0.502 and 0.58 at r/b = 0.793. It

means that the flow in the cavity rotates as solid body, in other

words, there is an invicid core rotating at about 0.58 of swirl ratio in

the cavity.
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Existence of core penetration flow

From non-dimensional radial velocity in Fig. 3.3, it can be seen

that core penetration flow, which has inward (negative) radial

velocity, exists at t/τrevolution = 0.0 - 0.15, 0.27 - 0.5 and 0.8 - 0.9

revolution. In addition, an invicid core which has no radial velocity is

also observed at t/τrevolution = 0.5 - 0.56 and 0.9 - 1.0 revolution.

However, there is no inward radial velocity in the inner zone (r/b =

0.502) as shown in Fig. 3.4.

I ncrease of angular velocity of invicid core

An invicid core is revolving at 0.47 of non-dimensional

tangential velocity (Vθ/Ωb). 0.47 of non-dimensional tangential

velocity is correspond to 0.59 of swirl ratio (β = Vθ/Ωr), which is

higher than 0.43 of typical swirl ratio (β_no purge air) under no purge

air rate condition. It means that there is ingestion of the annulus

flow which has higher tangential velocity than that of the cavity

flow. Daily et al. (1964) found that swirl ratio under no purge air

rate condition can be correlated by

  


  (3.1)

Therefore, it is known that the angular velocity of an invicid

core is increased by core penetration flow.
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3-2. PIV measurement

Hot-wire anemometer is a point velocity measurement method.

Therefore, two questions were occurred in this study. The first was

whether the annulus flow goes into a core region in the cavity or not

when core penetration flow occurs, i.e. whether negative radial

velocity only exists without ingestion of annulus flow into a core

region. The second was whether the velocities measured by hot-wire

anemometer can represent the cavity flow field or not. Visualization

and velocity field measurement conducted by PIV technique answered

those questions.

I ngestion of annulus flow

To find whether the ingestion of annulus flow occurs or not

when core penetration flow exists, visualization method with PIV

system was used.

When ingestion of the annulus flow without seed into a core

region occurs, namely when core penetration flow occurs, the

concentration of seed in the cavity flow becomes thinner. So, Seed

was supplied only into the cavity through 7 holes on the stationary

disc not into annulus flow. Figure 3.5 shows the images captured at

the moments when core penetration flow occurred during velocity

measurement with hot-wire anemometer. The ingestion of annulus

flow into the core region can be seen with the difference of

brightness of light scattered by seed. An upper region is darker than

an inner region due to the absence of seed. It means that annulus

flow which has no seed came into the cavity when core penetration



62

flow occurred.

On the contrary, Fig. 3.6 shows the images of the cavity flow at

the moment when egress, which is the flow with positive radial

velocity, was expected. An upper region is as bright as an inner

region. It means that the amount of annulus flow ingestion into the

cavity was small or none at all at that moment.

Qualitative representativeness of the cavity flow field

PIV measurements were conducted to find the relation between

velocities measured by a hot-wire anemometer and velocity field

around a hot-wire anemometer measuring point in the cavity.

To measure the velocities in the cavity, seed was injected into

the annulus flow as well as into the cavity. Figure 3.7 shows that

the effects of seeding to the cavity through a stationary disc on the

velocity field in the cavity is negligible.

Figure 3.8 shows the comparison of velocities measured by a

hot-wire anemometer and PIV technique at the identical measuring

point for the identical configuration of test section. Velocities

measured by a hot-wire anemometer correspond to those measured

by PIV technique.

Figure 3.9 - 3.10 show the velocity fields when a rotor disc

rotates. Even though velocities vary with time, there is no flow with

a large velocity variation like vortex, reverse flow. It indicates that

the velocities measured hot-wire anemometer qualitatively represents

the cavity flow field. In other words, the following analyses on the

causes of core penetration flow with the velocities measured hot-wire

anemometer is reasonable.
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3-3. Time-resolved static pressure measurement

Revolution of static pressure in the cavity

Figure 3.11 shows the transient trace of ensemble-averaged

static pressure coefficients measured at point 2 (Cp2) and point 4

(Cp4), which are 60° away from each other on a stationary disc, in

the absolute frame. The patterns of variation in two static pressures

coefficients are identical with 0.18 revolution of time difference. Time

difference of 0.18 corresponds to the 60 degree revolution time of a

fluctuating static pressure revolving at disc rotating speed.

 

 





(3.3)

Therefore, the fluctuating static pressure is revolving at the disc

rotating speed.

Spectral analyses of two static pressure coefficients, Cp2 and

Cp4, reconfirmed the frequencies and the revolution of pressure

fluctuation. As shown in Fig. 3.12, two static pressure coefficients

have the same fluctuation frequencies. Its energetic frequencies are a

disc rotating frequency and its higher harmonics. It means that the

variation of static pressures in the cavity is revolving at the disc

rotating speed in the absolute frame.

Revolution of the radial static pressure gradient in the cavity
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Figure 3.13 shows the transient trace of ensemble-averaged

non-dimensional radial static pressure gradient (ΔCp31/ (Δr/b))

between point 3 and point 1 and static pressure coefficient (Cp2) at

location 2 in the absolute frame. The variation patterns of two

parameters with time are similar to each other. In addition, the

energetic frequencies of two fluctuations are identical as shown in

Fig. 3.14, Therefore, ΔCp31/ (Δr/b) is also revolving at the disc

rotating speed in the absolute frame. Non-dimensional radial static

pressure difference coefficient and non-dimensional radial static

pressure gradient are defined by

 

 
(3.4)






 
(3.5)

3-4. Relation between static pressures and

velocities

Prior to finding the causes of core penetration flow, the relation

between pressures and velocities in the disc cavity was investigated.

In addition, invicid momentum equation, hypothesis and other findings

are presented in this chapter.

I nvicid momentum equations
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Radial momentum equation for an invicid core can be simplified

as flows.















(3.6)







(3.7)

Assumption:  




 




 


≪







≪



In this study, the radial static pressure gradient at location 2

cannot be obtained due to limited experimental data. Therefore,

another assumption, that is radial pressure difference is proportional

to the radial static pressure gradient, is given with characteristic

variables for non-dimensional momentum equation. Equation 3.6 and

3.7 can be converted as follows.











(3.8)











(3.9)
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(3.10)

Assumption: 


∝









Characteristic variables:

- time: 1/Ω ( = trevolution)

- velocity: bΩ

- length: b

- Pressure: ρ(bΩ)2

From radial momentum equation, time lag in the response of

velocities to the variation of the radial static pressure gradient (


)

can be expected. Besides, pressure at location 3 (Cp3) is proportional

to the cavity exit pressure.

Unsteady 


initiates Core penetration flow

Figure 3.15 shows the transient trace of ΔCp31/ (Δr/b) with

 and  measured at a fixed point in the absolute frame. In

the time interval from 0 to 0.1 revolution, ΔCp31/ (Δr/b) varies ahead

of the variations of and  after passing radial equilibrium

state (τ/τrevolution = 0). As ΔCp31/ (Δr/b) increases, the rate of change

of non-dimensional radial velocity (


) and  decrease.

When  increases from 0.1 to 0.22, the rate of change of
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tangential velocity (


) decreases and  decreases with

time lag. 


is zero when  becomes zero. These

relations could be explained qualitatively with momentum equation of

an invicid core as described in Eq. (3.9) and (3.10). From the

relations between non-dimensional static pressures and

non-dimensional velocities, it is known that core penetration flow

occurs due to the variation of the radial static pressure gradient.

However, the radial static pressure gradient with high variation

frequencies like rotor blade potential effects does not affect the

occurrence of core penetration flow as shown in Fig. 3.16. Whenever

the spatial or temporal variation of the radial static pressure gradient

in a core occurs, the force balance between centrifugal force and the

radial static pressure gradient is broken, and then radial velocity

occurs in a core region. Therefore, long period of the variation of the

radial static pressure gradient indicates the duration for accelerating

the fluid in radial direction is long. In the present study, the

frequencies of core penetration flow are limited under 10 time of a

disc rotating frequency.

Revolution of core penetration flow

From the relations among ,  and ΔCp31/(Δr/b), and

the results of spectral analyses of them shown in Fig. 3.2 and Fig.

3.14 energetic frequencies of three parameters are identical, it is found

that core penetration flow is also revolving at the disc rotating speed

in the absolute frame.
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3-5. Conclusions

The conclusions of this chapter can be summarized as follows.

1. Core penetration flow occurs and it leads to the increase of an

angular velocity of the invicid core.

2. Core penetration flow revolves at the disc rotating speed with

occurring three times per revolution in the absolute frame in

the present study.

3. Core penetration flow occurs when the radial static pressure

gradient varies with lower frequencies than a blade passing

frequency at a fixed point in the absolute frame. In the

present study, the frequencies of core penetration flow are

limited under 10 time of a disc rotating frequency.
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Figure 3.1 Transient trace of non-dimensional velocities in absolute

frame of reference at Cw = 1000, Φ = 0.26 and Reθ = 7.9ｘ10
5.

Figure 3.2 Spectral analyses of non-dimensional

velocities at Cw = 1000, Φ = 0.26 and Reθ = 7.9ｘ10
5.
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Figure 3.3 Transient trace of ensemble-averaged

non-dimensional velocities at Cw = 1000, Φ = 0.26 and Reθ =

7.9ｘ105.

Figure 3.4 Transient trace of ensemble-averaged

non-dimensional velocities in the inner zone of an invicid core at

Cw = 1000, Φ = 0.26 and Reθ = 7.9ｘ10
5.
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Figure 3.5 Region of core penetration flow; Existence of annulus

flow ingestion.
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Figure 3.6 Region of positive radial velocity; No of annulus flow

ingestion.
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Figure 3.7 Effects of seeding into the cavity on the cavity

velocity field.

Figure 3.8 Consistency between PIV and hot-wire.
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Figure 3.9 Region of positive radial velocity.

Figure 3.10 Region of core penetration flow.
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Figure 3.11 Transient trace of static pressure coefficients, Cp2 and

Cp4, at Cw = 1000, Φ = 0.26 and Reθ = 7.9ｘ10
5.

Figure 3.12 Spectral analyses of static pressure

coefficients, Cp2 and Cp4 at Cw = 1000, Φ = 0.26 and

Reθ = 7.9ｘ10
5.



76

Figure 3.13 Transient trace of ensemble-averaged non-dimensional

radial static pressure difference coefficient, ΔCp31/ (Δr/b), and static

pressure coefficients, Cp2, at Cw = 1000, Φ = 0.26 and Reθ = 7.9ｘ10
5.

Figure 3.14 Spectral analyses of ΔCp31/ (Δr/b) and Cp2,

at Cw = 1000, Φ = 0.26 and Reθ = 7.9ｘ10
5.
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Figure 3.15 Transient trace of ΔCp31/ (Δr/b), Vr/Ωb and Vr/Ωb at Cw

= 1000, Φ = 0.26 and Reθ = 7.9ｘ10
5.

Figure 3.16 Effects of radial static pressure gradient with

high variation frequencies on the occurrence at Cw = 1000,

Φ = 0.26 and Reθ = 7.9ｘ10
5.
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Chapter 4. Causes of Core Penetration Flow

4-1. Geometric non-axisymmetry in a rotor disc

Effects of the cavity exit pressure on an invicid core flow

Transient trace of ensemble-averaged static pressure coefficients

(Fig. 4.1), of which data were smoothed by FFT (Fast Fourier

Transform) low-pass filter method (cutoff frequency : 4 time disc

rotating frequency), and spectral analyses of them (Fig. 4.2) show

that the variation of static pressure coefficient measured at an upper

region of the invicid core (P3) is more severe than that at a lower

region (P3) like the behavior of velocities shown in Fig. 3.4. It means

that the flow in the cavity is determined by the exit conditions of the

cavity. Pressures and velocities of flow in the disc cavity do not

change with time in the absolute frame and mass in the cavity is

conserved with ingress, egress and purge air in radial equilibrium

state. However, ingress increases when the cavity exit pressure starts

increasing from the radial equilibrium state. It makes static pressure

at an upper region and the radial static pressure gradient in the

cavity increase. At that moment, the rate of change of radial velocity

decreases, and then the rate of change of tangential velocity increases

with the decrease of radial velocity as mentioned at chapter 3.4. On

the contrary, egress increase when the cavity exit pressure starts to

decrease from the radial equilibrium state. It makes static pressure at

an upper region and the radial static pressure gradient in the cavity

decrease. At that moment, the rate of change of radial velocity

increases, and then the rate of change of tangential velocity decreases
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with the increase of radial velocity.

Effects of the geometric non-axisymmetry on an invicid core

The variation of cavity exit pressure is due to the geometric

non-axisymmetry in a rotor disc. As mentioned chapter 2.4, there is

a manufacturing and assembling error in the outer edge of a rotor

disc in the present test section. It causes the 0.5 mm min-max

variation in the step. When step increases, the support of a rotor disc

appears as shown Fig. 2.10. In axial clearance rim seal case, the

highest static pressure occurs at the stagnation point near the outer

edge of the rotor [60]. In the present test rig, the increase of step

corresponds to the increase of blockage effect of the support as

shown in Fig. 4.3. Therefore, high step induces the increases of static

pressure at the cavity exit and the radial static pressure gradient in

the cavity.

In the present experiments it was assumed that static pressure

at the exit of the cavity (P exit) was proportional to the step, and

varied with time due to the variation of step in the absolute frame. It

caused the static pressure in a disc cavity to rotate with an angular

velocity of a rotating disc (Ω).

In real gas turbine, the annulus flow asymmetry and geometry

asymmetry cause the flow asymmetry around the exit. The annulus

flow asymmetry occurs due to the distortion of combustor exit

pressure, the existence of igniter, struts, cooling or leakage flow, etc.

as shown in Fig. 4.4. Geometry asymmetry is created by

manufacturing and assembling errors, thermal expansion, etc.
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4-2. Cause 1

The first cause of core penetration is the time lag in response of

tangential velocity to the increase of the radial static pressure

gradient which is caused by the non-axisymmetric rotor disc

geometry as shown in Fig. 4.5.

In a radial equilibrium state, t/τrevolution = 0.0 revolution (or 1.0

revolution), the radial forces between the cavity exit pressure, and the

sum of pressure in the cavity and centrifugal force(




) for

tangential velocity at the exit is balanced. In addition, the radial static

pressure gradient at point 3 in the cavity is also balanced with the

centrifugal force of tangential velocity (





) measured at point 3.

 




(4.1)






 



(4.2)

After passing the radial equilibrium point, t/τrevolution = 0.0 - 0.1

revolution in Fig. 4.5, temporal static pressure at the exit of the

cavity increase due to the geometric non-axisymmetry in a rotor

disc. It makes the radial static pressure gradient increases in the

cavity. However, there is time lag in the change of tangential

velocity of the invicid core due to the inertia according to Eq. 3.9 –

3.10. It means that time is needed to increase the tangential velocity.
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In this process, the radial static pressure gradient in the cavity is

greater than centrifugal force in the cavity. Therefore, negative radial

velocity starts to occur. In other words, core penetration flow occurs.

In this process, the time lag in response of tangential velocity to

the increase of the radial static pressure gradient is 0.061 revolution

as shown in Fig. 4.5. The time constant, which is the response of a

first-order linear time invariant system to a step input, cannot be

obtained. Because the relationship between velocities and the radial

static pressure gradient is non-linear.

4-3. Cause 2-A

The second cause of core penetration flow is due to time lag of

tangential velocity to the flow induced increase of the radial static

pressure gradient following the flow induced reduction in the radial

static pressure gradient as shown in Fig. 4.6.

Tangential velocity is increasing at the radial force balanced

point where the radial static pressure gradient in the cavity is

balanced with the centrifugal force created by tangential velocity of

the invicid core at point 3, t/τrevolution = 0.1 revolution, due to the time

lag of tangential velocity to the increase of the radial static pressure

gradient, which makes the centrifugal force of tangential velocity be

higher than the radial static pressure gradient in the cavity from t/τ

revolution = 0.1 to 0.22 revolution. Therefore, the static pressure and the

radial static pressure gradient in the cavity decrease due to the

decrease of ingress (t/τrevolution = 0.1 to 0.15) and the increase of

egress (t/τrevolution = 0.15 to 0.22) in this process. At the next radial
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force balanced point, t/τrevolution = 0.22 revolution, the tangential

velocity in the cavity is decreasing due to the time lag of tangential

velocity to the decrease of the radial static pressure gradient, on the

contrary. The time lag, which is 0.058 revolution, causes the radial

static pressure gradient in the cavity to be higher than the

centrifugal force induced by tangential velocity of the invicid core,

which makes the positive radial velocity start to decrease. After that

moment, egress decreases (t/τrevolution = 0.22 to 0.28) and core

penetration flow occurs eventually (t/τrevolution = 0.28 to 0.5) with the

increase of the radial static pressure gradient in the cavity. The flow

stabilization is due to the reduced magnitudes of the radial static

pressure gradient and tangential velocity of which the difference

cause the unbalanced radial force and radial velocity.

After arriving at the next radial force balanced state, t/τrevolution =

0.5 revolution, there is no variation in velocity and pressure in the

cavity because of the absence of the cavity exit pressure variation.

The time lag in response of tangential velocity to the increase of

the radial static pressure gradient is 0.058 revolution in this process

as shown in Fig. 4.6.

4-4. Cause 2-B

The last cause of core penetration flow is identical to the second

one except the reduction of the radial static pressure gradient prior to

the increase of flow induced radial static pressure gradient as shown

in Fig. 4.7.
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In the process of t/τrevolution = 0.57 – 0.72 revolution, the

pressure and the radial static pressure gradient in the cavity decrease

due to the decrease of step. At the next radial force balanced point,

t/τrevolution = 0.72, the tangential velocity in the cavity is still

decreasing due to the time lag of tangential velocity to the decrease

of the radial static pressure gradient, which is 0.055 revolution. It

makes the radial static pressure gradient in the cavity be higher than

the centrifugal force induced by tangential velocity of the invicid core

in the process of t/τrevolution = 0.72 – 0.83 revolution, which causes

the positive radial velocity to start to decrease, and then core

penetration flow occur. The flow stabilization is due to the reduced

magnitudes of the radial static pressure gradient and tangential

velocity like Cause 2-A. After arriving at the next radial force

balanced state, t/τrevolution = 0.9 revolution, there is no variation in

velocity and pressure in the cavity because of the absence of the

cavity exit pressure variation.

4-5. Verification of the effects of geometric

non-axisymmetry on 



To verify the effects of geometric non-axisymmetry on the

radial static pressure gradient (


) and Cause 1 of core penetration

flow, artificial geometric non-axisymmetry in a rotor disc was made

with attaching a 60° sheet of 0.4mm thick on the outer edge of a

rotor disc as shown in Fig. 4.8. 2 cases of experiment were
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performed with attaching the sheet on the different locations. Figure

4.9 shows the step sizes for the 2 cases.

For case 1, Fig. 4.10 shows that the decrease of step by

attaching sheet makes the decrease of radial pressure gradient, t/τ

revolution = 0.50 – 0.66 revolution. It means that the radial static

pressure gradient in the cavity decreases with the decrease of step

with the attachment of sheet. In the attachment section, positive

radial velocity occurs due to the higher centrifugal force induced by

tangential velocity of the invicid core flow than the radial static

pressure gradient. Tangential velocity decreases with time lag due to

the positive radial velocity in accordance with Eq. 3.6 and 3.7. After

passing the end of attachment, the pressure and the radial static

pressure gradient in the cavity increase again to restore to the

reference case (t/τrevolution = 0.66 – 0.73 revolution). In this process,

the radial static pressure gradient is greater than centrifugal force

due to the time lag, and core penetration flow occurs. Figure 4.11

shows the difference value of radial velocity and pressures between

the reference case and case 1. The decrease of pressure and the

increase of radial velocity can be found in the sheet attached area.

After passing that area, core penetration flow occurs due to the time

lag of tangential velocity to the increase of the radial static pressure

gradient.

Fig. 4.12 and 4.13 show the radial pressure difference coefficient

and velocities for case 2 and the reference case. In the sheet

attachment section, the radial static pressure gradient is decreased by

the decrease of step (t/τrevolution = 0.34 – 0.50 revolution). Therefore,

positive radial velocity occurs, and tangential velocity decreases with

time lag like case 1. The pressure and the radial static pressure
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gradient in the cavity increase again to restore to the reference case

after passing the end of the sheet attached area. In this process, the

radial static pressure gradient is greater than centrifugal force in the

cavity, and core penetration flow occurs. In case 2, geometric

non-axisymmetry in a rotor disc makes core penetration flow occur

four times.

Time lags of tangential velocities to the variations in the radial

static pressure gradient are from 0.055 to 0.060 revolution in these

two cases, and similar to those of the reference case.

Figure 4.14 and 4.15 show the effects of rim seal axial clearance

on the variation of the radial static pressure gradient and velocities.

Rim seal axial clearances are reduced 0.4 mm without any variation

of step by attaching a 60° sheet of 0.4mm thick on the outer edge of

a rotor disc for two cases. The variations of the radial static

pressure gradients and velocities with attachments of a sheet for two

cases are negligible as shown in Fig. 4.14 and 4.15.

4-6. Conclusions

The conclusions of this chapter can be summarized as follows.

1. Core penetration flow is caused by the unsteady radial static

pressure gradient in the absolute frame which is due to the

non-axisymmetry in rotor disc geometry.
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2. There are three causes of the occurrence of core penetration

flow.

a. Core penetration flow occurs due to the time lag in

response of tangential velocity to the increase of the radial

static pressure gradient which is caused by the

non-axisymmetric rotor disc geometry (Cause 1).

b. Core penetration flow is due to time lag of tangential

velocity to the flow induced increase of the radial static

pressure gradient following the flow induced reduction in

the radial static pressure gradient (Cause 2-A).

c. Core penetration flow is due to time lag of tangential

velocity to the flow induced increase of the radial static

pressure gradient following the non-axisymmetric geometry

induced reduction of the radial static pressure gradient

(Cause 2-B).

3. The effects of geometric non-axisymmetry in a rotor disc on

the radial static pressure gradient (


) and Cause 1 of core

penetration flow were verified by examining the effects of

artificial geometric non-axisymmetry in a rotor disc on the

invicid core.
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4. Time lags of tangential velocities to the variations in the

radial static pressure gradient ranges from 0.055 to 0.066

revolution for this test rig.

5. The effects of rim seal axial clearance on the variation of the

radial static pressure gradient and velocities are negligible.
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Figure 4.1 Transient trace of ensemble-averaged static pressure

coefficients, Cp1, Cp3 at Cw = 1000, Φ = 0.26 and Reθ = 7.9ｘ10
5.

Figure 4.2 Spectral analyses of static pressure coefficients,

Cp1, Cp3 at Cw = 1000, Φ = 0.26 and Reθ = 7.9ｘ10
5.
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Figure 4.3 Simplified representation of the effect of the increase of

step.

Figure 4.4 Causes of the flow variation around the cavity exit
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Figure 4.5 Relation among step, radial static

pressure gradient and velocities for Cause 1 of core

penetration flow.
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Figure 4.6 Relation among step, radial static pressure

gradient and velocities for Cause 2-A of core

penetration flow.
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Figure 4.7 Relation among step, radial static

pressure gradient and velocities for Cause 2-B of

core penetration flow.
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Figure 4.8 Attachment of a 60° sheet of 0.4mm thick on the

outer edge of a rotor disc.

(a)

(b)

Figure 4.9 Step sizes of a rotor disc for 2 cases;

(a) Case 1, (b) Case 2.
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Figure 4.10 Comparison of ΔCp31/ (Δr/b), Vθ/Ωb and Vr/Ωb

between artificial non-axisymmetry in a rotor disc (case 1)

and reference at Cw = 1000, Φ = 0.26 and Reθ = 7.9ｘ10
5.
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Figure 4.11 Difference value of pressures and velocities between

the reference case and case 1; ΔCp31/ (Δr/b), Cp3, Vθ/Ωb and

Vr/Ωb at Cw = 1000, Φ = 0.26 and Reθ = 7.9ｘ10
5.
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Figure 4.12 Comparison of ΔCp31/ (Δr/b), Vθ/Ωb and Vr/Ωb

between artificial non-axisymmetry in a rotor disc (case 2)

and reference at Cw = 1000, Φ = 0.26 and Reθ = 7.9ｘ10
5.
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Figure 4.13 Difference value of pressures and velocities between

the reference case and case 2; ΔCp31/ (Δr/b), Cp3, Vθ/Ωb and Vr/

Ωb at Cw = 1000, Φ = 0.26 and Reθ = 7.9ｘ10
5.
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Figure 4.14 Effects of rim seal axial clearance on he variation of

pressures for two cases; ΔCp31/ (Δr/b), Cp3 at Cw = 1000, Φ = 0.26 and

Reθ = 7.9ｘ10
5.
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Figure 4.15 Effects of rim seal axial clearance on he variation of

velocities for two cases; ΔCp31/ (Δr/b), Cp3 at Cw = 1000, Φ = 0.26

and Reθ = 7.9ｘ10
5.
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Chapter 5. Parametric Study

As mentioned at chapter 2, the flow in a turbine rotor-stator

disc cavity is determined by non-dimensional purge air rate (Cw =

ṁpurge/ (μb)), rotational Reynolds number(Reθ = ρΩb2/μ) and annulus

flow coefficient(Φ = vx/U). In this chapter, the effects of these

parameters on the occurrence of core penetration flow are described.

5-1. Effects of rotational Reynolds number

As shown in Fig. 5.1, when rotational Reynolds number of 7.9ⅹ

105 is changed to 9.0ⅹ105, the tangential velocity of an invicid core

increases. It is due to the increase of ingress to meet the increased

mass flow rate pumped out by a rotor disc.

Mass flow rate in the disc cavity is conserved as like Eq. 5.1 or

5.2.

 
   (5.1)

or







 (5.2)

When an invicid core and 1/7th power law profiles are employed

to model the rotor and boundary layer flows, the mass flow rate in

the boundary layers are described as follows (Owen and Rogers,

1989).
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 (5.3)









 
 (5.4)

where,

 : 0.5533

 : 0.0983

  (Owen, 1988)

 



A relationship between the swirl ratio and rotational Reynolds

number is given as follows when Eq. 5.3 and 5.4 are substituted in

Eq. 5.2,

 
  (5.5)

From Eq. 5.5, a relationship between the swirl ratio and

non-dimensional purge air rate also can be expected.

Equation 5.3, 5.4 and 5.5 show that as the rotational Reynolds

number is increased, ingress through the boundary layer on a

stationary (stator) disc is increased in order to satisfy the mass flow

rate pumped out by a rotor disc through the boundary layer on the

rotor disc. This makes tangential velocity of the invicid core increase

and the radial static pressure gradient and static pressure in the

cavity increase as shown in Fig. 5.2, 5.3 and 5.4. In this chapter,
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average static pressure of Cw 1000 is used in Eq. 3.2 instead of

P3_avg when Cp is calculated. Figure 5.5 illustrates the variations of

the swirl ratio with non-dimensional purge air rate and rotational

Reynolds number found by other research groups [61]. However,

rotational Reynolds number does not affect the temporal variation of

the cavity exit pressure and the radial static pressure gradient in the

absolute frame but affect the flow in the cavity axisymmetrically. It

means that rotational Reynolds number does not affect the occurrence

of core penetration flow. In Fig. 5.1, the locations of the occurrence

for rotational Reynolds number of 9.0ⅹ10
5
are exactly identical to

those for rotational Reynolds number of 7.9ⅹ105.

Spectral analysis of radial velocity was conducted with the raw

data which was not ensemble-averaged. As shown in Fig. 5.6, the

results of spectral analyses under both rotational Reynolds number

conditions are exactly identical to each other. It means that the

temporal variation of the radial velocity measured at a fixed point in

the absolute frame is not affected by rotational Reynolds number.

5-2. Effects of annulus flow coefficient

As shown in Fig. 5.7, when annulus flow coefficient (Φ) of 0.23

is changed to 0.26, the tangential velocity of an invicid core

decreases. It is due to the decrease of the cavity exit pressure and

the radial static pressure gradient as shown in Fig. 5.8, 5.9 and 5.10.

The decrease of the cavity exit pressure is because this single stage

turbine is an impulse-type one in which turbine inlet pressure is

almost expanded and decreased in vanes. The decreases of the radial
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static pressure gradient and tangential velocity depend on the

characteristics of test rig and the interaction between the annulus

flow and the cavity flow. What is important is that the occurrence of

core penetration flow or the variation of the radial static pressure

gradient is not affected by the change of annulus flow coefficient as

shown in Fig. 5.7. Because annulus flow coefficient does not affect

the temporal variation of the cavity exit pressure and the radial static

pressure gradient in the absolute frame. It only affects the flow in

the cavity axisymmetrically like rotational Reynolds number.

Figure 5.11 shows that the results of spectral analyses conducted

on the radial velocity for both cases are identical. It also means that

the temporal variation of the radial velocity in the absolute frame is

not affected by annulus flow coefficient.

5-3. Effects of purge air rate

As purge air rate increases, tangential velocity of an invicid core

and the radial static pressure gradient decrease as shown in Fig. 5.12

and 5.13. It is due to the decrease of ingestion of annulus flow which

satisfies the mass flow rate pumped out by a rotor disc. Ingestion of

annulus flow, that is ingress, is reduced as purge air rate increases

according to Eq. 5.2. This reduction induces the radial static pressure

gradient and tangential velocity to decrease. Therefore, the reduction

of the radial static pressure gradient and the increase of purge air

lead static pressure in the cavity to increase and the cavity flow to

be more proof against the temporal variation of the cavity exit

pressure created by non-axisymmetric geometry in a rotor disc as
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shown in Fig. 5.14, and 5.15. Eventually, the radial static pressure

gradient becomes steady and core penetration flow disappears. In the

present study, core penetration flow disappears above 4000 of Cw

conditions as shown in Fig. 5.16. After core penetration flow

disappears, positive radial velocities occur in accordance with mass

conservation law in radial direction.

 


(5.5)

Figure 5.17 shows the relation between the variation of radial

velocity and the variation of the radial static pressure gradient in the

time interval from 0.1 revolution to 0.2 revolution under four

experimental conditions for purge air rate. It indicates that the

magnitude of negative radial velocity, that is the strength of core

penetration flow, is proportional to the magnitude of the temporal

variation of the radial static pressure gradient which is generated by

non-axisymmetric geometry in a rotor disc. However, the radial static

pressure gradient with high fluctuation frequencies like those due to

the blade potential effect do not affect the fluctuation frequencies of

Vr/Ωb as mentioned in chapter 3.4. It is due to the shortage of time

to develop the velocities in the cavity by the unbalanced force created

by the difference between the radial static pressure gradient and

centrifugal force of tangential velocity.
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5-4. Conclusions

The conclusions of this chapter can be summarized as follows.

1. As rotational Reynolds number increases ingress increase.

However, rotational Reynolds number does not affect the

temporal variation of the cavity exit pressure and the radial

static pressure gradient in the absolute frame. Rotational

Reynolds number only affects the flow in the cavity

axisymmetrically. It means that rotational Reynolds number

does not affect the occurrence of core penetration flow.

2. In the present test rig which employs an impulse-type single

stage turbine, the increase of annulus flow coefficient results

in the decrease of cavity exit pressure, the radial static

pressure gradient and tangential velocity in the cavity.

However, the occurrence of core penetration flow or the

variation of the radial static pressure gradient is not affected

by the change of annulus flow coefficient. Because annulus

flow coefficient does not affect the temporal variation of the

cavity exit pressure and the radial static pressure gradient in

the absolute frame. It affects the flow in the cavity

axisymmetrically.

3. As purge air rate increases, tangential velocity of an invicid

core and the radial static pressure gradient decrease due to

the decrease of ingestion of annulus flow rate which satisfies

the mass flow rate pumped out by a rotor disc. The reduction
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of the radial static pressure gradient and the increase of

purge air lead static pressure in the cavity to increase and

the cavity flow to be more proof against the temporal

variation of the cavity exit pressure created by

non-axisymmetric geometry in a rotor disc. The radial static

pressure gradient becomes steady and core penetration flow

disappears, eventually. In the present study, core penetration

flow disappears above 4000 of Cw conditions.
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Figure 5.1 Effects of rotational Reynolds number on

transient trace of ensemble-averaged Vθ/Ωb and Vr/Ωb at

Cw = 1000, Φ = 0.23
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Figure 5.2 Effect of rotational Reynolds number on

transient trace of ensemble-averaged ΔCp31/(Δr/b) at Cw

= 1000, Φ = 0.23
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Figure 5.3 Effect of rotational Reynolds number on

transient trace of ensemble-averaged Cp3 at Cw = 1000

and Φ = 0.23.
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Figure 5.4 Effect of rotational Reynolds number on

transient trace of ensemble-averaged Cp1 at Cw = 1000

and Φ = 0.23.
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Figure 5.5 Variations of β/β* with λt/x
2.6 [61].

Figure 5.6 Spectral analyses of Vr/Ωb at Cw = 1000, Φ = 0.23.
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1000 and Reθ = 7.9ｘ10
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Figure 5.8 Effect of annulus flow coefficient on transient

trace of ensemble-averaged ΔCp31/(Δr/b) at Cw = 1000 and

Reθ = 7.9ｘ10
5.
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Figure 5.9 Effect of annulus flow coefficient on transient

trace of ensemble-averaged Cp3 at Cw = 1000 and Reθ

= 7.9ｘ105.
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Figure 5.10 Effect of annulus flow coefficient on

transient trace of ensemble-averaged Cp1 at Cw = 1000

and Reθ = 7.9ｘ10
5.
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Figure 5.11 Spectral analyses of Vr/Ωb at Cw = 1000 and

Reθ = 7.9ｘ10
5.
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Figure 5.12 Effect of purge air rate on transient trace of

ensemble-averaged Vθ/Ωb at Φ = 0.26 and Reθ = 7.9ｘ10
5.
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Figure 5.13 Effect of purge air rate on transient trace of

ensemble-averaged ΔCp31/(Δr/b) at Φ = 0.26 and Reθ = 7.9

ｘ105.
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Figure 5.14 Effect of purge air rate on transient trace of

ensemble-averaged Cp3 at Φ = 0.26 and Reθ = 7.9ｘ10
5.
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Figure 5.15 Effect of purge air rate on transient trace of

ensemble-averaged Cp1 at Φ = 0.26 and Reθ = 7.9ｘ10
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Chapter 6. Conclusions and Future Work

6-1. Conclusions

An experimental investigation has been conducted to confirm the

existence of core penetration flow; to find the causes of the core

penetration flow occurrence; and to examine the effects of annulus

flow coefficient, rotational Reynolds number and non-dimensional

purge air on core penetration flow. The main conclusions of this

investigation are as follows.

(1) Core penetration flow does occur, and it increases the angular

velocity of an invicid core.

(2) Core penetration flow revolves at the disc rotating speed, and

occurs at three angular locations of the rotor disc.

(3) Core penetration flow is caused by the unsteady radial static

pressure gradient in the absolute frame caused by the

non-axisymmetry in the rotor disc geometry.

(4) When the radial static pressure gradientis suddenly increased
by the rotating non-axisymmetric geometry, core penetration

flow occurs due to the time lag in the tangential velocity

response (Cause 1).

(5) Core penetration flow also occurs due to the time lag in the

tangential velocity response to the flow induced increase in the
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radial static pressure gradient. The flow induced increase is

due to the reduction in egress and the increase in ingress,

which are caused by the time lag in the tangential velocity

response to the reduction in flow induced radial static pressure

gradient (Cause 2-A).

(6) Core penetration flow occurs due to the time lag in the

tangential velocity response to the flow induced increase in the

radial static pressure gradient following non-axisymmetric

geometry induced reduction in the radial static pressure

gradient(Cause 2-B).

(7) Core penetration flow occurs when the temporal variation in

the radial static pressure gradient has low frequencies. In the

present study, the frequencies are limited under 10 times the

disc rotating frequency.

(8) Annulus flow coefficient and rotational Reynolds number do not

affect the spatial/temporal variation of the radial static pressure

gradient or the core penetration flow occurrence.

(9) As purge air rate increases, tangential velocity of the invicid

core and the radial static pressure gradient decrease due to the

decrease of ingestion of annulus flow rate which satisfies the

mass flow rate pumped out by the rotor disc. The reduction of

the radial static pressure gradient and the increase of purge air

lead static pressure in the cavity to increase and the cavity

flow to be more proof against the temporal variation of the
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cavity exit pressure created by non-axisymmetric geometry in

a rotor disc. Eventually, the radial static pressure gradient

becomes steady and core penetration flow disappears.

Therefore, core penetration flow occurs under low purge air

conditions. In the present study, core penetration flow

disappears above 4000 of Cw conditions.

(10) The magnitude of negative radial velocity, that is the strength

of core penetration flow, is proportional to the magnitude of

the variation of the radial static pressure gradient.

6-2. Recommendations for future work

To make the present study be useful in the design of gas

turbine, following future works are suggested.

(1) The study on the quantitative relation between core penetration

flow and the unsteadiness of the radial static pressure gradient

such as the frequency and the magnitude of the variation

would be fruitful. The quantitative relation would present the

design guidelines for the geometric non-axisymmetry in a rotor

disc. In the study an analytical model would also be developed

with the experimental data.

(2) The study on the parameters which influence the time lag in

the tangential velocity response to the variation of the radial
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static pressure gradient would also be necessary to design rim

seal and the rotor-stator disc cavity. The study would identify

the effects of the types of rim seal configuration, the cavity

inlet-exit radius ratio (rinlet/b), the non-dimensional axial seal

clearance (Gc=Sc/b) and the non-dimensional cavity width (G =

S/b) on the core penetration flow, and explain the flow

phenomena.

(3) It seems of interest to examine the effects of the temperature

difference between the annulus flow and the purge air on core

penetration flow. The temperature difference causes the

difference in the density, which could impact the core

penetration flow.
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Appendix A. Dimensional analysis and

similarity

The continuity and momentum equations in cylindrical polar

coordinates are presented in Eq. A.1 – A.4.
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(A.4)

The boundary conditions for a rotor-stator disc cavity are given

by
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§ Solid surface on a stator: Vz, Vθ, Vr = 0

§ Solid surface on a rotor: Vz, Vr = 0, Vθ = Ωr

§ Inlet, outlet: Pinlet,
 inlet, Poutlet,

outlet

Figure A.1 Control volume.

These equations can be made dimensionless with appropriate

reference constants which are provided as follows.

§ Length: b (Radius of disc)

§ Velocity: Ωb(velocity of disc)

§ Pressure: 0.5ρ(Ωb)2

§ Time: 1/Ω

Here, the dimensionless variables are denoted using an asterisk

as follows.
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§ r*=r/b

§ z*=z/b

§ Vz
*=Vz/Ωb

§ Vθ
*=Vθ/Ωb

§ Vr
*=Vr/Ωb

§ p*=(p-poutlet)/0.5ρ(Ωb)
2

§ t*=tΩ 

When the dimensionless variables are substituted in governing

equations, Eq A.1 to A.4, the dimensionless governing equations are

transformed as follows.
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(A.8)

Rotational Reynolds number (Reθ =


) can be derived.

When the dimensionless variables are substituted in boundary

conditions, boundary conditions are transformed as follows.

§ Solid surface on stator: Vz
*=Vz/Ωb, Vθ

*=Vθ/Ωb, Vr
*=Vr/Ωb = 0

§ Solid surface on rotor: Vz
*=Vz/Ωb, Vr

*=Vr/Ωb = 0, Vθ
*=Vθ/Ωb,

=r/b

§ Inlet: (pinlet-poutlet)/0.5ρ(Ωb)
2, Vinlet

*=Vinlet/Ωb = f(Cw, Reθ)

where,

Dimensionless purge flow rate (Cw): ṁ/μb

This relation can be derived from integration of simplified

invicid radial direction momentum equation. Governing equation

can be simplified as follows with assumptions












(A.9)

 




(A.11)
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  (A.12)

Substitute Eq A.11 and A.12 in Eq A.9, and integrate from

inlet to outlet.
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(A.16)

where,

  



  



§ Outlet: Depend on turbine performance(Φ, Reθ)

where,

Annulus flow coefficient (Φ): vx/U
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From these derivations of dimensionless governing equations and

boundary conditions, it is known that the flow in a turbine

rotor-stator disc cavity is determined by non-dimensional purge air

rate (Cw), rotational Reynolds number (Reθ) and annulus flow

coefficient (Φ). So, these three non-dimensional parameters were

selected as variables for this experiment.
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Appendix B. Determination of the purge air

rate and pressure

A secondary air system exists in the gas turbine. It performs

many necessary functions outside main flow path such as turbine

blade cooling supply, rotor-stator disc cavity purge, sump

pressurization, thrust balance, etc. It is composed of inducer,

pre-swirler, rotating orifice, labyrinth seal, rim seal, etc. as shown in

Fig. B. 1.

Figure B. 1 Secondary air system in a turbine section.

Purge air is supplied through a labyrinth seal by the difference

between labyrinth inlet pressure and rim seal exit pressure, and goes

out to the annulus flow through rim seal as shown in Fig. B. 2.

Therefore, purge air rate and its supplied pressure are determined by



135

the design results of labyrinth seal and rim seal. They are not

independent design variables.

Figure B. 2 Flow through secondary air system.

Figure B.3 shows the design procedure of rim seal and cavity

used in the design of gas turbine. First, inlet pressure rotor-stator

disc cavity (Labyrinth seal outlet pressure) is assumed. Then, leakage

flow rate through the labyrinth seal can be calculated with the given

inlet total pressure and labyrinth seal performance. The calculated

mass flow rate should correspond to the purge air rate which is

required to meet the design rim seal sealing effectiveness. To meet

these design criteria, calculation is conducted with iteration procedure.

Purge air rate and its supplied pressure can be obtained by the

results of this calculation. The rim seal sealing effectiveness is

determined by the design results of rim seal.
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Figure B. 3 Rim seal and rotor- stator disc cavity design

procedure.

Figure B. 4 shows the typical model for the calculation of

labyrinth seal performance suggested by Morrison et al.
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Figure B. 4 Calculation of labyrinth seal performance.

One of rim seal models for calculating sealing effectiveness is as

follows (Owen et al.).

Rotationally induced ingress

min  (B.1)

where,

K=0.6 (for Gc = 0.0033 –0.0067, Reθ =4×10
5 –4×106)

min


 
 


(B.2)



138

where,

ε = Sealing effectiveness

Γc = ratio of discharge coefficients (Cdi/Cde)

min


 
 


(B.3)

Externally induced Ingress

min max (B.4)

where,

max 

max

ΔPmax: Maximum circumferential pressure difference in

annulus

min



  


(B.5)

min



  


(B.6)
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Appendix C. Photographs of test facility

Inlet Exit

Figure C. 1 Test facility.

Valve 
(Damper)

Figure C. 2 Main blower.
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Torque meter

DC motor

Encoder

Motor 
controller

Figure C. 3 Rotor speed controller.

Venturi flowmeter
Secondary blower

Figure C. 4 Secondary blower.
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Stationary disc
Rotor disc

Axial clearance 
rim seal

Figure C. 5 Test section.

Strut passage for 
sensor and 
tubing

Strut passage for 
purge air

Figure C. 6 Strut passages.



142

Pitot tube
Venturi 
meter

Figure C. 7 Calibration of venturi flowmeter.

Figure C. 8 Calibration of hot-wire anemometer.
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요약문(국문초록)

터빈 로터-스테이터 디스크

캐비티 내의 코어통과유동 연구

김 유 일

기계항공공학부

서울대학교 대학원

가스터빈엔진 터빈부의 로터-스테이터 디스크 캐비티 내에 낮은 냉

각공기 공급조건에서는, 반경방향 속도가 없고 디스크 회전속도보다 낮

은 회전속도로 회전하는 ‘비점성 코어’ 유동이 발생하고 캐비티 내부로

유입된 주 유로 고온가스는 유입영역에서 냉각공기와 혼합되어 일부가

정지디스크 경계층을 통해 캐비티 내부로 유입된다. 하지만 특정 조건에

서는 캐비티 내부로 유입되는 고온가스가 냉각공기와 혼합하지 않고 불

규칙적으로 코어영역으로 유입되는데, 이는 캐비티 내부 온도 불 균일을

야기해 주변 구조물의 구조 건전성을 악화시키거나 진동문제, 림 씰 씰

링효과 감소 등을 야기 시킨다. 본 연구에서는 이러한 주 유로 유동의

불규칙적인 코어영역 유입을 ‘코어통과유동’으로 명명하였다. 현재까지

코어통과유동에 대한 연구는 전산수치해석과 캐비티 내부 압력 측정을

통한 존재 확인 정도만이 이뤄졌으며, 발생 현상과 그 원인에 대한 연구

결과는 충분치 않은 실정이다. 따라서 본 연구의 목적은 터빈 로터-스테

이터 디스크 캐비티 내의 코어통과유동 발생 여부 확인과 발생할 경우,
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발생 횟수와 회전수를 확인하고 발생 원인을 찾는 것이다. 또한 캐비티

내부 유동을 결정하는 3가지 유동변수인 회전 레이놀즈수(Reθ), 주 유로

속도계수(φ) 그리고 무차원 퍼지 공기량(Cw)이 코어통과유동 발생에 미

치는 영향을 조사하는 것이다.

코어통과유동 발생 여부를 확인하기 위해, 무차원 간극 0.007의 축

간극 림 씰과 입·출구 반경비 0.455, 무차원 폭 0.086으로 설계된 1단 저

압 터빈 로터-스테이터 디스크 캐비티 내부 코어 발생영역에서 반경방

향과 원주방향의 2차원 시분해 속도와 정지디스크에서의 시분해 정압력

을 측정하였다. 또한 코어통과유동 발생 시 캐비티 내부 유동장 확인을

위해 PIV 방법을 이용하여 캐비티 내부 속도장을 측정하였다. 실험조건

은 무차원 퍼지공기량 1000, 3200, 4000, 5226, 회전 레이놀즈수 7.9ⅹ

105, 9.0ⅹ105 그리고 주 유로 속도계수 0.26, 0.23 이다. 발생원인 분석

및 검증을 위해 인위적으로 로터 디스크 끝단의 비 축대칭 형상을 만들

어 실험을 수행하였다. 비 축대칭 형상 구현을 위해 원주방향 폭이 60°

이고 0.4mm 두께를 가지는 평판을 로터 디스크 끝단에 부착하였다.

실험결과, 코어통과유동이 발생하였고, 코어통과유동 유입에 따른

비점성 코어유동의 선회비가 0.58로 증가하였다. 이는 퍼지공기가 없는

조건에서 일반적인 로터-스테이터 디스크 캐비티 코어영역에서 발생되

는 선회비 0.43 보다 높은 값으로, 코어통과유동 발생으로 회전속도가 높

은 주 유로 유동의 코어영역 유입으로 기인한 것이다. 본 연구에서는 코

어통과유동은 디스크 회전속도와 동일하게 회전하며 3회 발생하였다.

PIV 방법을 통한 유동장 가시화와 속도장 측정으로, 코어통과유동이 발

생할 때 주 유로 유동이 유입됨과 열선속도측정장치로 측정된 한 점에서

속도는 주변 캐비티 내의 속도장을 대표함을 밝혔다.

코어통과유동 발생원인은 절대좌표계 기준으로 로터 디스크 비 축

대칭 형상으로 야기되는 반경방향 정압력변화율(


)의 시간에 따른 변

화에 의한 것이다. 비 축대칭 형상에 따라 반경방향 정압력변화율이 시
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간에 따라 증가할 경우, 비점성 코어유동의 관성으로 인해 접선방향 속

도가 시간지연을 가지며 증가한다. 이때 반경방향 정압력변화율이 접선

방향 속도로 발생되는 원심력보다 높기 때문에 캐비티 내부방향으로 속

도변화율이 발생하고, 코어통과유동이 발생한다(원인 1). 이후 유동의 반

경방향 힘이 평형상태에 도달하게 되는데, 이때 접선속도 시간 지연 특

성으로 방향 속도로 발생되는 원심력이 반경방향 정압력변화율보다 높아

져서 반경방향 속도가 증가하게 된다. 이로 인해 캐비티 내부 유동의 유

출량이 증가하여 내부 정압력과 반경방향 정압력변화율이 감소하게 된

다. 이후 다시금 반경방향 힘이 평형상태에 도달하는 순간에서는 시간지

연을 가지며 감소하는 접선방향 속도 변화로 인해 반경방향 정압력변화

율이 접선방향 속도로 발생되는 원심력보다 높아져 음의 반경방향 속도

변화율을 가지게 되는데, 이로 인해 캐비티 외부로의 유출량이 줄고 유

입량이 증가하게 되어 반경방향 압력변화율이 증가하며 이 과정에서 코

어통과유동이 발생한다(원인 2-A). 비 축대칭 형상에 따라 반경방향 정

압력변화율이 시간에 따라 감소할 경우, 접선방향 속도가 시간지연을 가

지며 감소하는데 이로 인해 과도한 반경방향 정압력변화율 감소가 발생

하며, 원인 2-1과 동일하게 이후 다시금 반경방향 정압력변화율이 증가

할 때 코어통과유동이 발생한다(원인 2-B). 코어통과유동 발생은 블레이

드 통과 주파수(디스크 회전 추파수의 70배)보다 낮은 주파수를 가지는

반경방향 압력변화율 변화에 의해서만 발생하는데, 본 연구에서는 디스

크 회전 주파수의 10배 이내이다.

회전 레이놀즈수와 주 유로 속도계수 변화는 캐비티 내부 유동의

축대칭 변화에만 영향을 미치지 코어통과유동 발생에는 영향을 미치지

않는다. 이는 두 무차원 변수가 코어통과유동 발생의 원인이 되는 반경

방향 정압력변화율의 시간에 따른 변화에는 영향을 주지 않기 때문이다.

하지만 캐비티 내부 유동의 축대칭 변화에 영향을 미치는 무차원 퍼지공

기량은 코어통과유동 발생 유무에는 영향을 미친다. 퍼지공기량이 증가

할 경우, 주 유로 유동 유입의 필요성이 줄어 접선방향 속도와 반경방향
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정압력변화율이 줄게 되고, 이로 인해 캐비티 내부 정압력이 증가하게

된다. 캐비티 내부 정압력 증가는 캐비티 내부 반경방향 정압력변화율의

시간에 따른 변화를 감소시켜 코어통과유동의 강도를 감소시키는데, 퍼

지공기량 공급이 일정수준이상이 되면 코어통과유동은 발생하지 않게 된

다. 따라서 코어통과유동은 저 퍼지공기량 조건에서만 발생하며, 반경방

향 음의 속도 크기는 반경방향 정압력변화율의 시간에 따른 변화량에 비

례한다. 본 연구에서는 무차원 퍼지공기량 4,000 이하에서만 발생한다.

주 요 어: 코어통과유동, 로터-스테이터 디스크 캐비티, 시분해 속도 측

정, 시분해 압력 측정, 비점성 코어, 고온가스 유입, 캐비티

내부 가스 유출
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