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Abstract

A new approach is presented for analyzing compressor tip clearance flow. The basic
idea is that the clearance velocity field can be (approximately) decomposed into indepen-
dent through-flow and cross-flow, since chordwise pressure gradients are much smaller
than normal pressure gradients in the clearance region. As in the slender body approx-
imation in external aerodynamics, this description implies that the three-dimensional,
steady, clearance flow can be view as a two-dimensional, unsteady flow. Using this
approach, a similarity scaling for the cross-flow in the clearance region is developed and
a generalized description of the clearance vortex is derived. Calculations based on the
similarity scaling agree well with a wide range of experimental data in regard to flow
features such as cross-flow velocity field, static pressure field, and tip clearance vortex
trajectory. The scaling rules also provide a useful way of exploring the parametric de-
pendence of the vortex trajectory and strength for a given blade row. The emphasis
of the approach is on the vortical structures associated with the tip clearance because
this appears to be a dominant feature of the endwall flow; it is also shown that this
emphasis gives considerable physical insight into overall features seen in the data.

Based on the flow model, analytical expressions are derived for the decrease in overall
performance (efficiency, pressure rise, and torque) of a compressor due to clearance.
Similar expressions are also derived for a turbine. Calculations carried out agree well
with compressor and turbine data covering a broad range of flow coefficients, stage
loadings, and clearances.

Thesis Supervisor: Dr. Edward M. Greitzer
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Nomenclature

a = speed of sound

b = span

bess = effective span, see Eq. (5.19)

bun = b — besy

c = chord

Cy = specific heat or pressure coefficient

C; = pressure coeflicient across blade row, see Eq. (G.9)
Ce. = axial velocity

erf = error function

E = kinetic energy of clearance flow per blade
F = complex velocity potential

F, = force on a blade (per unit chord)

g = pitch

= blade loading parameter; unity for linear loading distribution, see Chapter 5
h = blade thickness
h: = total enthalpy

= passage height, b+ 7

J = parameter defined in Eq. (4.14)
= blade unloading parameter; see Eq. (5.23)
K = function defined in Eq. (4.13)
L = shaft power
m, = leakage flow rate per blade
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m
M,
M,

NB

De

Te
Th
Tm

Tt

through flow

total leakage flow rate

inlet relative Mach number

cross flow Mach number

number of blades

static pressure

total pressure

complex velocity

radius

casing radius

hub radius

mean radius

tip radius

radius of blade curvature

Reynolds number

distance along camber line or streamwise distance
time

similarity parameter; see Eq. (2.7)

inlet total temperature

average streamwise velocity

streamwise velocity perturbation; see Eq. (2.1)
upstream velocity in a cross-flow plane

tip wheel speed

mid-span wheel speed

cross-plane velocities in y, z directions

average tangential velocity of clearance flow
tangential velocity due to the relative endwall motion

velocity of ” observer frame”
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W = inlet relative velocity

w = turbine work coeflicient

T = axial coordinate

Y = tangential or cross-flow coordinates

Yey 2 = coordinates of tip vortex core

y?,z!} = non-dimensional coordinates of tip vortex core, y./7, z./T
Yv, 2y = coordinates of vorticity centroid

Y,z = non-dimensional coordinates vorticity centroid, y,/7, z,/T
Y = abscissa on transformed plane, see Eq. (2.22)

z = spanwise coordinate

Zp = coordinate of centroid of bound vorticity

Z, =H — 2,

Z = ordinate on transformed plane

o = absolute inlet flow angle

Jé; = parameter defined in Eq. (2.17)

B = relative inlet flow angle

B2 = relative exit flow angle

Bm = vector mean flow angle

v = stagger angle, or specific heat ratio, or vortex sheet strength
r = circulation

r = non-dimensional circulation, see Eq. (2.10)

Iy = circulation of bound vortex sheet (blade)

T, = circulation of shed vortex sheet (tip clearance vortex)

= boundary layer thickness
é* = displacement thickness of a boundary layer
AC, = pressure coefficient ; AC, = Ap/(pV}/2)
AC, = average pressure coefficient ; AC, = Ap/(pV;%/2)

AE = change in kinetic energy of clearance flow
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T

s

pressure difference across blade

average pressure difference across blade
total pressure rise of a rotor

coordinate along vortex sheet

thickness of shed vortex sheet

compressor efliciency

turbine efficiency

camber angle

shaft power coefficient , L/[3w(r? — 7} )pU}]
efficiency slope parameter, see Eq. (5.45)
loading slope parameter, see Eq. (5.46)
viscosity

contraction factor, { =« /(7 + 2)
transformed plane

turbine exit total to inlet total pressure ratio
compressor stage total pressure ratio
density

b2/ 1

clearance

flow coefficient, C, /U,

inlet flow coeflicient

exit low coeflicient

critical flow coefficient

physical plane

velocity potential

compressor loading coeff. , Ap,/(3pUZ)
stream function

vorticity
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Q = angular velocity

Subscripts

mean = value at mean radius
P = blade pressure surface
s = blade suction surface
Superscripts

*

= non-dimensional characteristic parameter

0 = tip value
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Chapter 1

Introduction

1.1 Introduction

There is little need to give a detailed background on the motivation for studying
flow in turbomachinery endwall regions. It is well known that: 1) knowledge of the
fluid mechanics of the endwall region is critical in developing accurate performance
prediction methods (see Koch and Smith, 1976, [27]; Ludwing, 1978, [36]; Wisler, 1985,
[60]; Senoo and Ishida, 1986, [48]; Cumpsty, 1989, [10] ! ), and 2) in spite of over forty
years of research on the topic, the flow in this region is not very well understood. An
additional point is that, in much of the work that has been done, the problem has been
cast into one or another simplified models in which essential physical features were
suppressed, an example being the attacks on the problem from the standpoint of pitch
averaged boundary layer type equation (e.g., Balsa and Mellor, 1975, [3], De Ruyck and
Hirsch, 1980, [12]). Approaches of this sort avoided dealing with the complex endwall
flow structure by averaging, and thus aiming for a more global description, but there
has been little success in developing general predictive procedures along such lines. The
approach taken here is inherently different in that three-dimensionality, and the role of
the vortical structure associated with the tip clearance flow, are emphasized from the

outset.

1 This reference also gives discussion of previous work on the topic.
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There have been many studies of compressor tip clearance flows, but the analysis
carried out appear to fall into three main categories. The first is what might be termed
leakage models. In these, the clearance flow is regarded as a jet driven by the pressure
difference across a blade tip, with the kinetic energy of the jet subsequently lost through
mixing (Rains, 1954, [43]; Moore and Tilton, 1988, [39]). Description on this level can
give a useful measure of efficiency decrease due to tip clearance flow, but it provides no
information on the structure of the passage flow field.

A second main approach makes use of lifting line analysis (Lakshminarayana and
Horlock, 1965, [30]; Lakshminarayana, 1970, [29]) to compute the secondary velocity
flow field as well as a loss in efficiency stemming from the induced drag of the trailing
vortex system. A major drawback, however, is that empirical relations are needed (tip
vortex circulation and core size) to close the problem, and these are not universal.

The third category, which has appeared relatively recently, is numerical computation
of three-dimensional flow in a blade passage using the Reynolds-averaged Navier-Stokes
equations (Pouagare and Delaney, 1986, [42]; Hah, 1986, [19]; Dawes, 1987, [11]; Adam-
czyk et al, 1989, [2]; Crook, 1989, [9]; Adamczyk et al., 1990, [1]; Storer and Cumpsty,
1990, [53]). The present approach is different from all of the above, but it can be
regarded as a strongly complementary adjunct to the computational procedures. In
particular, a primary goal is to provide physical insights into the general parameters
of interest. In developing the approach, we have focussed on the structure of the vor-
ticity field in the blade passage. Doing this enables one to obtain a useful ”skeleton”
to aid in inferring the behavior of a complex three-dimensional flow field (Perry and
Tan, 1980 [41]). Although, as will be described, the focus on vorticity can lead to a
rapid and simple approximate computational procedure, we emphasize that it is the
above-mentioned point, the possibility for enhancing physical insight, that is the main

factor in our adoption of this approach.
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1.2 Literature Review and Discussions on Clear-
ance Flow Models

1.2.1 Background

Tip clearance flows can have a adverse effect on turbomachine performance and
account for a large fraction of endwall loss. Stall margin, efficiency, and pressure rise
decrease with increasing clearance as illustrated in Figure 1.1 (Ludwing, 1978, [36];
Wisler, 1985, [60]). In general, for one percent increase in clearance-to-span ratio, there
is a one to two percent decrease in the efficiency, two to four percent decrease in the
pressure rise, and three to six percent decrease in the stall margin.

There have been many experimental studies on clearance flow. However, the focus
has often been on the loss associated with the clearance flow, with little detailed data
available about the flow itself, so that many fluid mechanic features of the clearance
flow are still not clear.

As stated, there has been an abundance of analytical work on turbomachinery tip
clearance flows, falling into three main categories, which will be discussed in the follow-

ing sections.

1.2.2 Leakage Flow Approach

Rains (1954, [43]) presented one of the earliest studies of clearance flow. In his
analysis, the clearance flow is decomposed into a through flow and a two dimensional
jet in a direction normal to the through flow as shown in Figure 1.2. This decomposition
is justified by the fact that pressure gradients across the blade are much larger than
those along the blade. As a result, when the leakage flow is transported through the
clearance, the velocity along the blade is not appreciably altered compared to the change
of velocity normal to the blades.

To estimate the loss in efficiency due to the clearance flow, Rains (1954, [43]) as-
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sumed that the flux of kinetic energy associated with the flow normal to the blade was
dissipated without recovery, and this assumption has since been used by many other
investigators. A simple model was also developed by Rains to account for losses as-
sociated with scraping vortices, which stem from the relative motion between endwall
boundary layer and blades. Clearance losses were found to vary almost linearly with
clearance.

Vavra (1960, [57]) proposed a modified leakage flow model. In this, a linear chordwise
blade loading is assumed instead of a uniform one as used by Rains and empirical
coeflicients are included to correct leakage flow rate as well as viscous effects. However,
this does not change the basic parametric form presented by Rains.

A more recent leakage flow model was proposed by Senoo and Ishida (1986, [48]) for
predicting the efficiency drop due to clearance flow for axial and centrifugal compressors.
The problem is attacked in a different manner than in the previous two references. The
drag due to the leakage flow is first shown to be i (V,—V,), where 1. is the leakage flow
rate, and V, and V, are, respectively, the fluid velocity near suction side and pressure
side of the blade. The change in efficiency is then calculated from the drag forces. It
can be shown (see Senoo and Ishida, 1990, [47]) , however, that the loss in power due
to the drag forces is identical to the loss of kinetic energy associated with the clearance
flow as assumed by Rains (1954, [43]) and Vavra (1960, [57]), which will be discussed
in Chapter 5.

The approaches discussed so far are directed at compressors. There have also been
studies of the clearance loss for a turbine (see for example: Booth, 1985, [6], Farokhi,
1987, [16]), and Martinez-Sanchez and Gauthier, 1990, [37]). These studies are also
based on the leakage flow approach and hence will not be discussed in detail here.
However, it should be pointed out that these studies indicate the decrease in efficiency
varies more or less linearly with tip clearance as with compressor.

The leakage flow approaches give reasonable estimates of the efficiency reduction

due to clearance. However, no information on the vortical structure of clearance flow
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field is available from this approach and, to examine the fluid mechanic features, one

has to resort to other approaches.

1.2.3 Lifting Line Approach

Unlike the leakage flow approach, methods using lifting line theory are able to give
the clearance loss and a description of the clearance flow field (Betz, 1926; Yokoyama,
1961, [61]; Lakshminarayana and Horlock, 1965, [30]; Lakshminarayana, 1970, [29]).

Two simple lifting line models are illustrated in Figure 1.3, and 1.4. In these,
the circulation is assumed constant along the blade span. Due to viscous forces in
the clearance region, only part of the circulation, which is obtained from an empirical
correlation, is shed off at the blade tip. The locations of the trailing tip vortices are
prescribed also. Induced drag due to the trailing vortices are then calculated and related
to total pressure losses and hence the efficiency reduction.

One deficiency with the lifting line models is that the locations of shed vortices have
to be prescribed in advance. In addition, the use of straight lines for the trailing tip
vortices is not really adequate because, as will be seen later, there is generally a change
in the slope of the vortex core trajectory near the trailing edge.

The empirical constants, which can vary considerably from geometry to geometry,
introduce uncertainties in the predictions as observed by Booth (1985, [6]) , Inoue,
Kuroumaru, and Fukuhara (1986, [24]), and Schmidt, Agnew, and Elder (1989, [45]).
For example, Schmidt, Agnew, and Elder (1989, [45]) report the empirical constant
?70” used in the loss prediction is not adequate and, based on their experimental
results, a constant of ”.35” is recommended, which reduces the predicted loss by fifty
percent.

A more realistic lifting line model is shown in Figure 1.5 (Lakshminarayana, 1970,
[29]), in which the tip clearance vortex is modelled as a Rankine vortex with a finite
core rather than a line vortex as in the previous two cases. The core size and circulation

of the vortex, however, are again given by empirical correlations and the generality of
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these is not clear. For example, the experiments of Sjolander and Amrud (1986, [49])
show that the vortex core size is only half of what predicted by the correlation used in
the analysis.

In summary, although the lifting line approach does provide an insight into the
passage flow field as well as an estimate of the loss in efficiency due to the clearance, it
needs knowledge about the clearance vortex as an input and thus has drawbacks as a

predictive tool.

1.2.4 Numerical Computation Approach

A recent approach for studying the clearance flow is the use of numerical computa-
tion (Pouagare and Delaney, 1986, [42]; Hah, 1986, [19]; Dawes, 1987, [11]; Adamczyk
et al, 1989, [2]; Crook, 1989, [9]; Adamczyk et al., 1990, [1]; Storer and Cumpsty, 1990,
[563]). This approach has been shown to be very useful in bringing out important fea-
tures of the clearance flow and in giving a better understanding of the complex endwall
flow. For example, it has been shown that: 1) the clearance flow is mainly inviscid, 2)
the relative motion between the endwall and the blade has little effect on compressor
clearance flow and 3) the clearance vortex may be the source of a large increase in
blockage associated with endwall stall (see Crook, 1989, [9]). These numerical compu-
tations are clearly extremely useful but it is time-consuming to study the parametric
dependence of the clearance flow field and the clearance loss, i.e. to develop guidelines

for a broad range of devices.

1.3 Research Questions

As a summary of the present state of knowledge, therefore, one can say, although
methods are now being developed to the clearance flow problems, there are still essential
fluid mechanic questions to be answered. From the above discussions, it is clear that,
although the clearance flow has been better understood over the past few years, the

picture is far from clear and there are still essential fluid mechanic questions remained
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to be answered. For example:
1. What parameters characterize the clearance flow?
2. What is the fluid mechanic behavior of the clearance vortex ?

3. How does clearance flow affect overall turbomachine performance (efliciency, pres-

sure rise, and shaft power)?

1.4 Present Approach and Contributions

The goal of this thesis is to develop a clearance flow model which contains the
essential features of the phenomenon, to guide interpretation of the experiments and
data, to understand parametric trends, and to attack the above research questions.

Our model, which is based on slender body type of thinking, is different from the
above-discussed approaches in that: 1) the three-dimensionality and the vortical struc-
ture of the clearance flow is emphasized from the outset, and 2) no empirical correlation
is needed to close the problem. The basic idea is that the clearance velocity field can
be (approximately) decomposed into independent through-flow and cross-flow, since
chordwise pressure gradients are much smaller than normal pressure gradients in the
clearance region as mentioned earlier. As in the slender body approximation in external
aerodynamics, this description implies that three-dimensional , steady, clearance flow
can be view as a two-dimensional, unsteady flow.

Using this approach, a similarity scaling for the clearance flow is developed and a
generalized description of the tip vortex trajectory is derived. The scaling rule also
provides a useful means to explore the parametric dependence of vortex trajectory and
strength for a given blade row. Calculations based on the similarity scaling agree well
with a wide range of experimental data in regard to flow features such as cross-flow
velocity field, static pressure field, and tip clearance vortex trajectory.

In addition, expressions are derived for the decrease in efficiency, loading, and shaft

power of a compressor due to clearance. This gives a new means of predicting the drop
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in pressure rise and power of a compressor due to the clearance, with no empiricism
involved in the description of the clearance flow. Calculations carried out agree well
with experimental results. Expressions are also derived for the decrease in efficiency
and work for a turbine; these calculations also compare well with several turbine data.

Finally, to justify the assumptions made in the modelling, analyses have been carried
out to show: 1) the clearance flows in compressors and fans are mainly inviscid and can
often be analyzed on an incompressible flow basis, and 2) in what circumstances the
relative endwall motion can have significant eflects on the clearance flow.

The major contributions of this thesis can be summarized as follows.

¢ A new approach for analyzing the clearance flow is presented.

A similarity scaling for the clearance flow is identified.

A generalized description of the tip vortex trajectory is proposed

The parametric dependence of the clearance vortex core trajectory is identified.

The essential fluid mechanic features of the clearance vortex are brought out.

Analytical expressions for the loss in efficiency as well as pressure rise and shaft

power due to clearance are presented for the first time.

1.5 Organization of the Thesis

The thesis is organized as follows: Chapter 2 presents the clearance flow model
and the similarity analysis. Also included are justifications of the inviscid assumption,
description of the c:omputational scheme, calculation results, and available experimental
data to assess the model adequacy. Chapter 3 shows the clearance flow field inside and
downstream of a blade row. Several interesting features of the clearance flow are brought

out and physical explanations are given for the behavior. The parametric dependence
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of the clearance vortex trajectory are also examined. Justifications of the assumptions
made in the modelling are given in Chapter 4. A method for predicting clearance
losses and decrease in work as a result of clearance, for both compressors and turbines,
is described in Chapter 5, which also gives calculation results and comparison with

experimental data. Chapter 6 presents conclusions and suggestions for future research.

29



10 -

rd
//
8- P
”
6 // a
Efficiency ° |~ i
Penality, / 0 From Ref 13
pts ar- / _-- A
. L et g} Compressors

/) / - -

2 . O} Fans

0 v | T Catlmlever SQatcl)r
0 1 2 3 4 5.

Clearance/Blade Height, percent

12
Normalized 11
Stalling
Pressure 1.0
Rise Coef. - T
|
|
0.9 |
d
(1] 5 10 15
Tip Clearance/Gap %
1.8
O Peak n
A Stall
1.7} 20
Fan Pressure
ti
Ratio ; Fan Stall 10|
8 Margin
1.5 L { 0 L
0 0.5 1.0 15 05 1.0 1.5
Clearance/Blade Height, % Clearance/Blade Height, %
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Figure 1.3: Lifting line model A (Lakshminarayana and Horlock, 1965)
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Figure 1.4: Lifting line model B (Lakshminarayana, and Horlock, 1965)
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Chapter 2

Fluid Dynamic Model and
Similarity

2.1 Fluid Dynamic Model

The problem examined is the formation of a (tip clearance) vortex due to the flow
through the clearance in turbomachinery. Such vortices are clearly seen in experiments
(Herzig, Hansen, and Costello, 1953, [20]; Rains, 1954, [43]; Sjolander and Amrud, 1986,
[49]; Inoue, Kuroumaru, and Fukuhara, 1986, [24]; Dishart and Moore, 1989, [14]), as
well as in recent three-dimensional computations (Pouagare and Delaney, 1986, [42];
Adamczyk et al, 1989, [2]; Crook, 1989, [9]; Adamczyk et al., 1990, [1]). A critical
feature in the development of such structures is the roll-up process, which is a nonlinear
effect; this must be included in any realistic description of the endwall flow.

The flow of interest is three-dimensional and steady. As for slender bodies in external
aerodynamics, however, one can model it from the point of view of a two-dimensional,
but unsteady, flow. The central idea is that translation along the streamwise direction is
analogous to moving in time, i.e. an observer moving with (some average) streamwise
velocity is embedded in an unsteady flow field. This implies that the generation of
the tip clearance flow, and the roll-up, can thus be treated as an unsteady process in

successive cross-flow planes (planes normal to the blade camber). ?

1One condition to do this therefore is the existence of an identifiable appropriate translational
velocity for the observer frame. This will be commented on below.
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To illustrate the idea in more detail, consider cross-flow planes A, B, C, and D at
different chordwise locations a, b, ¢, and d, respectively, as shown in Figure 2.1.

Location a is at the leading edge and d is at the trailing edge. At station a, the
tip clearance flow is initiated so that the flow in cross-flow plane A might be as shown
in the lower part of the figure. At subsequent stations through the blade passage, the
vortex sheet shed into the clearance will roll up so that other downstream cross-sections
might be as illustrated in planes B, C, and D.

The analogy proposed is that the flow pattern in different cross-flow planes is similar
to that in a two-dimensional unsteady flow. More specifically, the velocity in the four
cross-flow planes of the top part of Figure 2.1 is represented by the unsteady flow at
the four different times shown in the lower part of the figure. If this analogy holds, it
implies that evolution of the cross-plane flow structure (including tip clearance vortex
strength and position) at different streamwise locations is similar to that at different
times, when viewed from a moving reference frame. The transformation between time,
t, and streamwise location, s, is t = s/V(s) where V(s) is the velocity of the moving
frame.

A key argument for adoption of this (slender body type) approach to tip clearance
flow is based on the relative length scales in the streamwise and transverse directions.
For an inviscid flow, the relevant length scale in the two cross-flow directions will be
set by (the size of) the tip clearance, whereas the streamwise length scale is the chord.
For high performance turbomachines, the former is much smaller than the latter (gen-
erally the former is less than five percent, and sometimes less than one percent of the
latter). Because the pressure difference across the blade and along the blade are of the
same order of magnitude, the pressure gradients, and acceleration components, in the
transverse directions are much larger than those in the streamwise direction.

In addition to the arguments concerning pressure gradients, in order to use a slender
body type of approximation we must also be able to identify some (relatively uniform)

mean streamwise reference velocity. If so, we can write the streamwise velocity compo-
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nents, u, as a passage average value plus a deviation from the average, i.e.

u(s,y,2) =a(s) + u'(s,y, 2) (2.1)

where s is measured along the blade camber, y is normal to the camber, z is along
the span, and we take u'/% < 1. This strong inequality cannot be strictly true for
highly loaded blades if applied everywhere across a blade passage. Its use, however, is
appropriate here since the primary interest is in the local regions of the flow domain
where vorticity is shed and where roll-up occurs. Over such regions, the normalized
variation in streamwise velocity, v/, can, in fact, be small. As an example, if we take
the mean blade pressure difference Ap equal to 0.5 - pV;?/2, and say that the region of
interest is twenty five percent pitch, the magnitude of u'/% over this region is less than
0.1. Arguments of this type imply, and the subsequent comparison with data will show,
that the approximation u'/% < 1 is indeed adequate for the present treatment.

Under the above two conditions, as shown in Appendix A, the (inviscid) equations
describing flow in the transverse, or cross flow, plane are decoupled from the equations
that describe flow in the streamwise direction. Within this approximation, s can be
regarded as the streamwise distance and V(s), the velocity of the moving frame, can be

taken as #. The relation between time and streamwise distance is thus

_ds

u

dt (2.2)

The cross-flow plane equations take the form (see Appendix A)

dv  OJw
Oy + 9z @3)
Ov Ov v 10p
ot Yoy Tz T ooy 24)
ow ow Ow 10p
Bt %y V8 T pos (2:5)

which are the equations describing an inviscid two-dimensional unsteady flow.
36



In the preceding discussions, the flow has been taken as inviscid. This point has
been examined in some detail by other investigators (e.g. Rains, 1954, [43]; Moore and
Tilton, 1988, [39]; Storer and Cumpsty, 1990, [53]). These studies show that, while
viscous effects do play a role, the dominant features of the flow due to tip clearance
are inviscid, and a useful description can be developed on this basis. A more detailed
discussion is given in Appendix B.

Three other approximations are also implicit in the analysis. The first is that the
effect of adjacent blades on the tip clearance flow is primarily important in setting up
the overall pressure difference profile, which drives the flow through the tip clearance,
rather than in determining the detailed structure of the tip flow. This implies that
the latter can be analyzed as an unsteady flow through a single blade with clearance,
rather than through an array of blades, if one uses the appropriate pressure difference.
In addition, we represent the blade by its camber only, with thickness neglected. As
implied by Moore and Tilton (1988, [39]), the treatment is thus restricted to situations
with thin blades (i.e. compressors) where the shear layer (vortex sheet) shed from the
pressure surface does not reattach within the tip clearance. Finally, as mentioned in
Appendix A, the blade camber is assumed such that the radius of curvature of the tip
section camber line is much larger than the chord; this is generally a good approximation

for compressors.

2.2 Similarity Analysis

We have so far described the basic framework of the approach (an unsteady two-
dimensional analysis of the velocity field on cross-flow planes) and the assumptions. We
now examine the consequences of this model. In particular, we show that a similarity
solution exists and that this implies a generalized vortex trajectory which is independent
of tip clearance. The geometry and nomenclature to be used are given in Figure 2.2,
which shows the blade and flow domain at an arbitrary cross-section location, with a

schematic of the tip vortex sheet roll-up. The notations used for the vortex trajectory
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is indicated in Figure 2.3. Two quantities that will be used in what follows are the
centroid of the shed vorticity, denoted by (y,, 2,) and the center of the tip vortez core,
denoted by (y.,z.). This latter is defined as the centroid of the rolled-up part of the
vortex sheet.

Referring to Figure 2.2, we note that, in almost all practical situations, the blade
height (or blade span), b, is much larger than the tip clearance, , since /b ~ 0(10-2).
Because of this, the ratio of height/clearance would be expected to affect the local flow
over the tip only slightly. If the blade span is not a significant parameter for the local
details of the flow in the tip clearance region, however, the only relevant length is the tip
clearance. The physical variables that characterize the problem are this tip clearance,
7, pressure difference, Ap , density, p, and time, . Considering a time increment, dt (as
expressed in Eq. (2.2)), dimensional analysis shows that the only dimensionless variable

that can be formed using the four quantities has the form

dt [Ap
=75 (2.6)

dt*

Eq. (2.6) defines a non-dimensional time increment in terms of local values of pres-
sure difference, density, and tip clearance. In the most general situation, these will vary
along the chord, but as will be seen later the use of an average loading, denoted as
Ap, gives good prediction of the tip vortex core trajectory. If the density and clearance
are also taken as constant, Eq. (2.6) can be integrated to give an expression for the

non-dimensional time corresponding to a given streamwise location:

. t [Ap
=S (2.7)

Two tip clearance flow fields will be similar if they correspond to the same t*. The

following non-dimensional quantities will thus all be functions of ¢* only 2:

(2.8)

’It can be shown that z} approaches a constant when t* — oo (see Appendix C).

38



v . 2v
y: = 'y:, z, = 7 (2.9)
T
"= — (2.10)
T Ap/p
vt = s W= (2.11)

JAp/p VAPp/p

The distances y} (or z}) are measured between the center of the tip vortex and the
camber (or casing), and y? (or z}) is the distance between the centroid of the shed
vorticity and the camber (or casing), measured from the mean camber line, in the
direction of the local normal, as illustrated in Figures 2.2 and 2.3.

The pressure difference across the blade varies along the span but evaluation of the
loading at the mean radius appears to be adequate for good prediction of the tip vortex

core trajectory. The non-dimensional time, t*, can thus be estimated as:

_)mean (212)

where

s ds x
t_/o T =G (2.13)

(7%

The combined Eqs. (2.12) and (2.13) can be written in terms of flow angles at the mean

radius using the expression for ideal pressure rise given in many texts (e.g. Horlock,

1973, [22]):

o g\/g(tanﬂl — tan ) (2.14)

T ctan B,

In Eq. (2.14), g is the blade spacing, c is the chord, #; and 3; are the inlet and outlet

flow angles (see Figure 2.3), and §,, refers to the vector mean velocity direction.

2.3 Computational Procedure

2.3.1 Introduction

The functional dependence of Eqgs. (2.8) to (2.11) with respect to t*, as well as any

other information needed about the velocity or vorticity fields of the two-dimensional,
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unsteady flow, can be computed in a number of ways. That used here is a vortex
method. When applicable, these methods have the advantage that, if the location of
the vortex sheets are known, the velocities need to be calculated only on the sheets
at each time step, rather than in the entire flow. Many such methods are available; a
recent review of these is given by Sarpkaya (1989, [44]).

In essence, what is done is to track the vorticity shed (as a vortex sheet) from the tip
of the blade. The evolution (in particular the roll-up) of this vortex sheet in time pro-
vides, using the relation that has been developed between time and streamwise spatial
variable, the three-dimensional structure of the tip leakage vortex. In-depth discussions
of vortex methods are given, for example, in the papers by Leonard (1980, [35]) and
Sarpkaya (1989, [44]) but several points should be commented on. First, as noted by
Sarpkaya (1989, [44]), the fine structure of the computation depends critically on the
number of vortices used, the time stepping procedure, and the smoothing techniques
applied. More specially, although quantities such as the circulation and the position of
the centroid of vorticity (the sum and first moment of the shed vorticity) are essentially
invariant to the type of scheme used, the details of the shape of the rolled up vortex
sheet are sensitive to the above factors.

To assess the degree to which the results depend on the computational parameters,
we have carried out calculations using two different approaches, one involving a confor-
mal transformation of the flow domain (Evans and Bloor, 1977, [15]) and the other an
unsteady panel method. In the computations, several different time-stepping schemes,
as well as sub-stepping procedure, were examined with time steps (number of vortices)
and number of sub-steps varied by factors of ten. The results show that the circulation
and vorticity centroid are, as described by the above-mentioned review articles, not
sensitive to these variations. For example, there is less than a two percent difference in
the computed tip vortex position (y.) for a factor of ten in time step. In summary, the
central point is that the overall features of the vortical flow are of most interest here,

and these are not dependent on the details of the computational method.
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2.3.2 Conformal Transformation Approach

We now discuss the conformal transformation approach. Point vortices are used to
simulate the shed vortex sheet. The flow domain in the physical plane (® plane), is
mapped into the upper half of the transformed plane (= plane) by a conformal transfor-

mation (Evans and Bloor, 1977, [15]) as illustrated in Figures 2.4 and 2.5. The mapping

is given by
é = gtanh‘l ;:: :i (2.15)
or
= = [14 (8 — 1)tanh2(;'_;l)]1/2 (2.16)
In this transformation
B = tcsc 57% (2.17)

correspond to the transformed points at infinity in the physical plane and are thus the
locations of a source and sink, respectively, in the transformed plane.

In Fig. 2.4, several locations of interest are indicated, i.e. a; to ag, as well as
their coordinates. The corresponding locations in the transformed plane, denoted by
uppercase, i.e. A; to Ag, are given in Fig. 2.5. In particular, the blade tip, ® = b, is
mapped to Z = 0, i.e. the origin of the transformed plane, and either side of the hub
of the blade, ® = 0, is mapped to = = +1.

The complex potential for the source and sink combination is

_ HU,, =248
F(Z) = W"

(2.18)

where Up is the uniform flow velocity in the cross flow plane as shown in Fig. 2.4.
Point vortices are introduced into the flow at each time step to simulate the vortex

shedding procedure. At a given time, ¢y, there are N vortices plus their images in the

flow and the complex potential takes the following form:

F(2) =

HUy,, E+8 i X ==,
mh=—"L  — ¥ Ilhn=—2 2.19
T =-0 27rj§ T E =i (2.19)
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where Z; and T; are, respectively, the location and circulation of the jth vortex and Z;
is the complex conjugate of =;.

A vortex is shed at each time step to satisfy the Kutta condition at the blade tip.
The location and strength of the shed vortex are determined by the Kutta condition
and vorticity flux condition, as discussed below. The vortex is taken to be shed slightly
above the tip, at ,

Brp1 = i(b+ f'z-) (2.20)
with strength I'y,;. The Kutta condition requires that the origin (£ = 0) of the

transformed plane be a stagnation point. This gives

Y2, +2%., 2U.H & T,Z:
Tpyoq = D41 T EN+1 + 3 = 2.21
N+1 ZN+1 ( ﬂ JZ::I sz + ZJz) ( )

where Y;, Z; are coordinates of the shed vortices, i.e.
Ei=Y,+1Z; (2.22)

The rate at which vorticity is shed into the wake from the tip is given by

'yvyr 1 2
X2 21Q(®) (2:23)

evaluated at ® = i(b+¢), where @) is complex velocity. This equation, together with Eq.
(2.21), determines the value of 'y, and the variable € at each time step. That is, the
Kutta condition and the rate of shedding are satisfied simultaneously at each calculation
step. The N + 1 vortices are then convected and, at (N + 2) At, a new vortex is again
introduced into the flow, with its location and strength determined by Egs. (2.21) and
(2.23). The solution is advanced in time following the same procedure so the clearance
vortex and its flow field are known at every time step. Once the cross flow is known at
some general time ¢ , the three-dimensional, steady, flow is then determined from the
correspondence between time ¢ and axial location given by Eq. (2.13).

One point should be commented on regarding the convection velocity of the shed

vortices. The complex velocities in the physical and transformed plane are related by

Q(®) = Q(E) g—g (2.24)
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where () is the complex velocity. However, this is only true in the low domain excluding
the shed vortices. To determine the convection velocities of the point vortices in the

physical plane, Routh’s correction must be used (see Appendix D).

2.3.3 Panel Method

Calculations have also been carried out using a panel method approach. As illus-
trated in Fig. 2.6, the blade is replaced by a series of N (bound) discrete vortices with
strength I';,7 = 1, N, located at @,...,an. The circles, denoted by by,...,by, are con-
trol points at which the boundary condition of zero normal velocity are to be applied.
The wall effect is taken into account by using series of image vortices in the z direction
so that the kinematic boundary conditions at the walls are automatically satisfied.

As in the conformal mapping approach, point vortices are introduced into the flow
at each time step to simulate the vortex shedding procedure. It is assumed that a vortex
with circulation T'g is shed slightly above the blade tip, at zp = b+ €/2, where 'y and
¢ are unknowns to be determined.

There are N+2 unknowns in the problem, i.e. I'y,I'1,...,I'y, and ¢, and this requires
N+2 equations. The boundary condition requires zero normal velocity on the blade so
that one has

v=0, at points b;,i=1,N (2.25)

The Kutta condition requires
I‘o = (w‘y)tip At (2-26)

where (7)., is the product of the average velocity [(w, + w,)/2] and the vorticity at
the blade tip and At is the time step.

In the actual situation the vorticity is shed continuously into the wake. This implies
that the length of the vortex segment which is shed from the tip in time interval At will

be (approximately) equal to WA¢. If this vortex segment is replaced by a point vortex,
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the vortex should be placed at the centroid of the vortex segment, so
€ = (Tu-)tip At (2-27)

Egs. (2.25), (2.25) and (2.25) provide a set of N+2 equations (N linear and two nonlin-
ear) for the N +2 unknowns: I'g,I'1,...,I'n, and ¢, and these can be solved numerically.

The relationship between pressure difference, bound circulation, and velocity can be
found in the following way. First, as shown in Fig. 2.7, the unsteady Bernoulli equation

can be applied between the blade hub (station 1) and tip (station 2),

dp1  vitwl p1 Opr  vitwl  po
5t = Tt (2.28)

where ¢ is the velocity potential. Similarly, applying the Bernoulli equation between

station 3 and 4, one has

Ops vi+wl ps  Ops  vid+wi ps
—_——= —_— 2.2
ot + 2 p ot + 2 + p (2.29)

From Egs. (2.28) and (2.29) and knowing that v, w,,v2,vs,vs, and wy are all zero, and

P2 is equal to ps, we have

Op1 Ops  p1 ps_Op: Ops wi wi (2.30)
oo o8t p p O 0t 2 2 )
i.e.
Ap p1 ps_Ops Op1  Ops Ops  wi wi
S T s wm wmte wmtz 2 (2.31)
The velocity potentials at the hub and tip are related by
2
- fl wpdz (2.32)
and
2
(P3 = 504 +/; w,dz (2.33)

where w, and w, are the velocity on the pressure and suction surface. From Eqs. (2.32)
and (2.33), one has
P1 — Pa = P2 — pa — /1 2(wp —w,)dz (2.34)
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i.e.
p1—pa=p2—p3—TI4 (2-35)
where I', is the total bound circulation ( composed of the vortices I'y to I'y). This

can be differentiated and put into Eq. (2.31) to give the expression for the pressure

difference across the blade

Ap pr—ps 0Ty wi w? '
—— = . A 2.
p p ot _+ 2 2 (2.36)
which can also be written as
Ap OT% _
7 = —87 + (’)"w)tip (2‘37)

Calculations showed that Ap/pUZ remained almost constant with time ¢ (difference
less than four percent), which is to be expected because the flow in the tip region will
not have a significant effect on the blade loading far away from the tip. This indicates
one can keep Up constant to achieve the constant loading condition (Ap/p), discussed
in section 2.2, and this approximation is thus adopted in the calculation.

In summary, the bound and shed vortex sheet are represented by point vortices in
the panel method calculation. Location and strength of the shed vortex are solved
nonlinearly at each time step from the Kutta condition at the blade tip. The vortices
are continuously convected away and new shed vorticity is generated at each time step.

Euler forward , modified Euler forward, and Runge- Kutta time marching schemes
were used as well as sub-stepping to examined the effects of different schemes on the
solutions.

The time step and the number of sub-steppings have been varied by a factor of ten
and twenty, respectively, to see their effects on the solutions. The results show that,
although the vortex distribution changes, the centroids of the vortices are almost the
same for different time marching schemes and time steps used in the calculation. This
is can be seen from Fig. 2.8, which gives the vorticity centroid trajectory y} for all the

above-mentioned computation schemes. This indicates that although the details of the
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vortex sheet may change with different approaches the global features of the sheet (eg.

centroid) do not.

2.4 Similarity Results for Flow In The Blade Pas-
sage

Computations of coordinates of the centroid of vorticity, y,, and z,, are shown in
Fig. 2.9. The computations have been carried out assuming constant loading along
the blade. While this an oversimplification, computations with a varying Ap show
little difference from these results, at least for representative subsonic compressor blade
pressure distributions.

A quantity that is more relevant than the centroid of vorticity is the position of the
tip vortex, and the non-dimensional tip vortex center position, y., is shown in Fig. 2.10.
Included in the figure is data from the different tip vortex experiments of Rains (1954,
[43]), Smith (1980, [50]), Johnson, (1985, [26]), Inoue and Kuroumaru (1988,[23]), and
Takata (1988,[56]). Compressor parameters for these tests are given in Table 2.1. Where
velocities were not measured directly in the experiments, the position of the tip vortex
is taken as either the center of the low total pressure region (Takata, Smith) ® or the
center of the tip vortex cavitation (Rains). The convection time is calculated based on
mean axial velocity.

The experimental data covers a large range of clearances, loadings, and flow coeffi-
cients (see Table 2.1). The conditions include moderate loading with large tip clearance
(leading to generally low values of t*) as well as near-stall loadings with small clearance

(Smith (1980, [50]) (which lead to large ¢*) . The different vortex trajectories, how-

3There is some small error involved in doing this, as pointed out by Crook (1989, [9]) and by Lee
(1989, [34]). This, however, should be considerably less than the extent of the low total pressure region,
and hence (at a given location) small compared to the values of y, given in the figure.

“There are two sets of points plotted for the Smith (1980, [50]) compressor. The open symbols are
based solely on conditions at the midspan. This rotor has a very low hub/tip radius ratio (0.4) and
a consequent large twist, and it may be expected that midspan conditions do not adequately reflect
tip section performance for this configuration. To examine this, we have also considered data based
on the actual measurements of the ”free stream” tip section pressure difference (at a location 33 tip
clearances, i.e. 0.33 chord, from the endwall). These points are plotted as solid symbols in the figure.
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Experiments Flow Coeff. (¢) | Clearance/Chord (%), 7/c
Inoue and Kuroumaru .50 .85
Inoue and Kuroumaru .50 1.70
Inoue and Kuroumaru .50 2.55
Inoue and Kuroumaru .50 4.26
Rains A5 1.3
Rains 45 2.6
Rains 45 5.2
Takata .62 4.2
Takata .56 4.2
Takata 53 4.2
Takata .50 4.2
Johnson stator 4.0
Smith .29 1.0

Table 2.1: Experimental Data

ever, are well described by the single similarity solution curve, in agreement with the
dimensional analysis. In addition to providing a relevant dimensionless grouping, the
theory thus gives a good absolute prediction of tip vortex location, even when applied at
near-stall conditions. It can also be pointed out that the largest percentage deviations
from the theory are those for data near leading edges; for these the distance are small
and the experimental results, taken from publications, are difficult to read precisely.
An observation from Fig. 2.10 is that the generalized tip vortex trajectory is nearly

a straight line, which can be approximately represented by

y? = 0.46t* (2.38)

Taking the pressure difference to be given by its value at the midspan location yields

an approximate expression for the tip vortex trajectory as a function of axial position.

Ye _ 0.46[\/g(tanﬂ1 — tan 3,
T

c cosfBm

N e (2.39)

If the mean flow parameters are known, one can estimate the tip vortex trajectory well

from Eq. (2.39). 5

5We also examined the vortex trajectory and the similarity scaling for the clearance flows based on
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Equations (2.38) or (2.39) show that y., the (dimensional) locus of the tip vortex
trajectory on a constant radius surface, does not depend on clearance. Varying clearance
while keeping other parameters the same will not alter the projection of the tip vortex
trajectory on this surface although, as will be seen, it will alter the cross-flow pattern
6 (Dean, 1954, [13]; Inoue, Kuroumaru, and Fukuhara, 1986, [24]; and Zhang, 1988,
[62]). For example, the experimental result of Inoue, Kuroumaru, and Fukuhara (1986,
[24]) is given in Fig. 2.11. In the figure tip clearance flows of a rotor near the trailing
edge for various clearances (Imm , 2mm, 3mm, and 5mm) are shown. It is clear that
as clearance increases the clearance flow becomes much stronger. However, there is
little change in the tangential locations of the vortex cores (y.) when the clearance is

increased by a factor of five.

2.5 Summary

A model for the clearance flow has been formulated, based on a slender body approx-
imation. The (three-dimensional) clearance is considered as a two-dimensional unsteady
flow so the clearance flow problem becomes a starting problem in the cross flow plane.

In the model the only length scale in the clearance region is the clearance so there
exists a similarity solution for the tip clearance flows, which is based on a normalized
time parameter ¢* . Based on this similarity, a generalized tip vortex trajectory is pro-
posed and shown to be in good agreement with available experimental data, indicating

that the behavior of the clearance flow is dominantly inviscid.

leakage flow approach, in which the clearance flow is regarded as a jet (see Appendix E). The analysis
shows that there is a similarity scaling for clearance flows and that the similarity parameter is identical
to the one given by Eq. (2.7). It also shows that y*/t* = v/2/4 (about 0.354), which agree with the
value of .365 from the calculation.

8This result is obtained based on the above-discussed assumptions. In the actual situation, the
clearance does have a slight effect on the locus of the tip vortex trajectory. (Storer, comment on Chen
et. al., 1990, [8])
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Figure 2.1: Correspondence between three-dimensional steady tip clearance flow and
unsteady two-dimensional model flow
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Chapter 3

Applications of the Model

3.1 Introduction

In this chapter we interrogate the similarity analysis of Chapter 2 in more detail
to see how the cross-flow plane velocity field, the vortex trajectory downstream of the
passage, and the casing wall pressure distribution are affected by overall flow parameters

such as tip clearance and blade loading.

3.2 Flow Downstream of the Blade Row

The discussions so far has been of the vorticity and velocity field in the blade passage,
but the flow downstream of the blade row is also of interest. As illustrated in Figures 3.1
and 3.2, this can be calculated by representing the tip vortex as either a single vortex (in
line with the assumption made in the blade passage) or as an infinite periodic array of
line vortices !, plus the images needed to satisfy the kinematic boundary conditions at
the wall. Formulas for the velocities associated with such array are given, for example,
by Lamb (1932, [33]). In line with the approximation made in the passage description,

the procedure is to apply such a description everywhere downstream of the cross-flow

1To some extent, the arguments made above that relate to only including the vorticity field of a
single passage , i.e. of using just an isolated vortex, still apply. However, the influence of the other
passages is stronger downstream of the trailing edge than in the passage, since the velocity field decay
is dipole-like rather than quadrapole-like.
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plane corresponding to the blade trailing edge. The initial conditions for the compu-
tations in the downstream region are thus the computed vortex position and strength
from the passage tip clearance flow analysis at the trailing edge cross flow plane. As
will be seen in the following chapter, calculations showed little difference whether an
isolated vortex or a array of vortices was used downstream of the blade row although,
as one might expect, the induced velocity for the vortex array was slightly higher than

for an isolated vortex.

3.3 Velocity and Vorticity in the Exit Cross-Flow
Plane

Inoue, Kuroumaru, and Fukuhara (1986, [24]) have made detailed flow measure-
ments in an axial compressor rotor with various tip clearances and this provides in-
formation about the effect of tip clearance on leakage flow. Calculations have been
carried out based on the parameters used in the experiment. An example is given in
Fig. 3.3, which shows the configuration of the vortex sheet in the cross-flow plane pass-
ing through the trailing edge, for a clearance of 2.55 % of chord. Similar behavior is
seen at other clearances. The shed vorticity can be regarded as parceled into the tip
clearance vortex and an umbilical stretching form the blade tip to the vortex. Although
this structure is somewhat similar to that of the flow around a delta wing , there is an
important difference because of the presence (and proximity) of the wall and hence of
the image vortex system.

Figs. 3.4 and 3.5 presents the cross-flow plane velocity distribution at the cross flow
plane passing through trailing edge for four different clearances 0.85, 1.70, 2.55, and
4.26 percent of chord. The velocity vectors shown are normalized with blade tip speed
and reference velocity magnitudes are indicated in the figure. The spanwise extent of
the influence of the clearance flow is seen to increase as the tip clearance increases.

Fig. 3.6 show the clearance flows for various clearances (0.85, 1.70, 2.55, and 4.26
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percent of chord) in an azial plane 6.8 % downstream of the trailing edge. These can
be quantitatively compared with the experimental measurement of Inoue, Kuroumaru,
and Fukuhara (1986, [24]), which are shown in Fig. 3.7. Computed contours of exit
flow angle deviation at this axial plane for the different clearances are given in Figs.
3.8 - 3.11 and contours of pitch angles are given in Figs. 3.12 - 3.15. Numbers on the
contour plots indicate yaw or pitch angles in degree. Columns in the figures indicate
contour intervals. There is substantial underturning (roughly thirty degrees) near the
casing wall due to the clearance flow as well as changes in pitch angles of roughly ten
degrees. Although the ”center of action” shifts with clearance, there is not much change
in the magnitudes of these two angles as clearance varies.

Computed and measured of yaw and pitch angle deviations and cross-flow velocity
are plotted in Fig. 3.16 for the 2.55 % case. It can be seen that the overall flow structure
is well captured by the computation.

It should be emphasized that other authors have shown that a good picture of the
cross-flow plane vorticity distribution yield reasonable estimates for the flow field. What
is different in the present comparison is that the only information used is midspan inlet
and exit flow angles, axial velocity parameter, and camber line. No empirical input is

given concerning vortex position and strength.

3.4 Vortex Core Trajectory

We now examine the vortex core trajectory, both in the passage and downstream.
As discussed previously, the flow downstream of the blade can be calculated either by
representing the tip vortex as a single vortex as in the blade passage, or as a periodic
infinite array of line vortices, plus the images needed to satisfy the kinematic boundary
condition at the wall. Calculations have been carried out using these two approaches.

Figs. 3.17 - 3.20 show the computed trajectories for different clearances using the
data of Inoue, Kuroumaru, and Fukuhara (1986, [24]) and Inoue and Kuroumaru (1988,
[23]). Figs. 3.17 and 3.18 are based on a single vortex downstream, whereas, Figs. 3.19
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and 3.20 are based on an infinite periodic array of line vortices.

The independence, of the trajectory within the passage, on clearance (as discussed
previously) can be seen in the figures, which encompass a factor of five in tip clearance.
In addition, in the single vortex approach, the tip vortex moves under the influence
of the induced velocity by its image only. With the vortex array, the induced velocity
from other vortices are in the direction of the motion and the array will move faster
than the single vortex; this can be seen from comparing , for example, Figs. 3.17 and
3.19. Although the vortex array method yields better agreement with the data than
the single vortex representation, the difference is small.

An evident feature of the trajectories is the change in slope at the exit cross-flow
plane. This can be explained with reference to the image system of the tip clearance
vortex, drawn schematically in Fig.3.21. The left-hand side of the figure shows a vor-
tex (a) near a blade, with the three images needed to satisfy the relevant kinematic
constraints (neglecting the non-zero velocity in the clearance region). On the right, the
vortex is shown in the region downstream of the blade, where there is only one image
vortex (b). The horizontal velocity of vortex a due to b alone is greater than that due to
b and c (d induces no horizontal velocity), so that the cross-flow plane velocity is larger
downstream of the blade. For constant axial velocity, the slope of the trajectory will
thus be larger in the downstream region. (There is also an effect due to the vorticity
in the umbilical sheet between blade tip and vortex, but this is small compared to that
associated with the image system.)

In the actual situation, there will not be a slope discontinuity since the influence of
the blade decays in a finite distance, rather than abruptly as in the model. However,
the change in the slope of the vortex trajectory can still be rather sharp, as seen in Fig.
3.22, which is a photograph of tip vortex cavitation in an axial flow pump run in water
(Rains, 1954, [43]). If the low pressure in the cavitation region is taken to correspond to
the vortex core: (1) comparison can be made with the theory (which is also plotted in

the figure) and the two agree well; and (2) the change in slope near the passage exit can
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be noted. The change in slope has also been shown in recent numerical computational
results of Storer (1990, [52]).

We can also examine the radial motion of the tip vortex as in Fig. 3.23. The
calculations show that the tip vortex center initially moves away from the wall as it
travels from the leading edge the trailing edge, but downstream of the trailing edge,
the center of the vortex remains at a nearly constant radial locations. This can be
understood if we note that the centroid of the vorticity and the center of the vortex
are not very different and, within the description given by the model, the former will
remain at a constant radial location in the downstream region. This behavior can be
derived directly from the two statements of conservation of circulation and of impulse;
the derivation is given in Appendix F. The data is somewhat sparse but it appears to

bear out the idea of constant radial position.

3.5 Effect of Non-Constant Pressure Difference

To examine the influence of the assumption of constant pressure difference across
the blade on the result, calculations have been carried out using a representative com-
pressor pressure difference distribution (Cumpsty, 1989, [10]), shown in Fig. 3.24. The
calculated tip vortex center using this pressure distribution is given in Fig. 3.25, where
it is compared with the trajectory computed assuming a uniform pressure difference,
with the mean pressure coefficient the same in the two cases. It is seen that the detailed
blade pressure distribution has little effect on the evolution of the tip vortex. This im-
plies that the influence of blade loading on the trajectory is not a local effect but is
rather determined by the global blade row parameters, at least to the approximation

made here.

3.6 Endwall Static Pressure Field

Another quantity given by the theory is the variation in endwall pressure, which

was calculated from unsteady Euler equation. The two-dimensional unsteady model
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includes no description of the variation in pressure level along the blade, because it
deals only with the pressure difference. We therefore adopt the simplest hypothesis,
namely that pitch averaged static pressure rises linearly from leading edge to trailing
edge. The wall static pressure described is thus the predicted static pressure from the
unsteady analysis, referenced to this linear background increase. The computed endwall
static pressure is compared to the measurements in Fig. 3.26, which shows data from
Inoue and Kuroumaru (1988,[23]) for three different tip clearances. Two trends are
seen in the results. First, the magnitude of the trough in static pressure increases as
the clearance decreases, because the tip vortex is closer to the endwall. Second, the
location of the minimum static pressure tends to move downstream with increasing
clearance. These trends appear in both data and the analysis, and can also be seen

from the experimental result of Dean (1954, [13]).

3.7 Effect of Compressor Operating Point on Vor-
tex Position

Takata (1988, [56]) has examined the effect of operating point on vortex position
by measuring the trajectory of the low total pressure region in the rotor tip endwall
flow for different mass flows, from design point to stall. Calculations and data from
this configuration are shown in Figs. 3.27, 3.28, and 3.29 where the computed core
trajectory and the regions of lowest total pressure are indicated. As might be expected,
the tip vortex moves further from the suction surface as mass flow decreases because the
convection time and the shed vortex sheet strength both increase. The experimental
results here also show the change in slope of the tip vortex trajectory near the trailing

edge.

3.8 Applications to High Speed Machines

The analysis was formulated neglecting the effects of compressibility, and comparison

thus far has been with low speed compressor data. As is discussed in Appendix G,
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Cases | % Design Speed | Pressure Ratio
1 90 1.32
2 90 1.52
3 95 1.60
4 100 1.37
5 100 1.51

Table 3.1: High speed data

however, the compressibility effects in the clearance flow do not appear to be important
at least for a compressor. If so, the analysis can be applied to describe the behavior
of high speed machines. There are considerably fewer published endwall flow field
measurements for these devises, and we have found only one data set with enough
information so that comparison can be made. This is a transonic fan whose performance
was reported by Ware, Kobayashi, and Jachson (1973, [58]). The design speed was 489
m/s and the design pressure ratio was 1.5. Tip vortex trajectories were located using
holography. (In contrast to the low speed experiments, the trajectories could not be
directly inferred for the shapes of the isobars on the casing). Table 3.1 shows the flow
parameters for the available data.

In Fig. 3.30 the experimental tip vortex trajectories are plotted on the similarity
curve described in connection with Fig. 2.10. While the agreement may be surprising at
first, examination of the data in the report indicates that pressure differences across the
blades are such that the Mach numbers associated with the cross-flow plane velocities
are subsonic. Even for situations in which the relative Mach numbers are larger than
unity, therefore the basic ideas set forth concerning tip clearance vortex formation and
evolution still can be applied. (This is analogous to a highly swept delta wing where

the through flow can be supersonic, but the cross flow remains incompressible.)
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3.9 Summary and Conclusions

Clearance flow in the blade passage as well as downstream of the blade trailing
edge has been investigated in this chapter. A parametric study has been carried out
to examine the effect of flow parameters such as tip clearance and operating point on
the velocity field, flow angle deviations, casing pressure distribution, and the vortex
core trajectory inside and downstream of blade passage. The effect of blade loading
distribution on the vortex core trajectory has also been examined.

The calculations carried out agree well with experimental fesults and several inter-
esting features of a clearance vortex have been brought out. First, there is a change
in the slope of the vortex center trajectory near the trailing edge due to the change of
kinematic boundary condition there. Second, as a result of conservation of circulation
and impulse, the tip vortex center stays at a constant radial location downstream of the
blade trailing edge. In addition, the tip vortex alters the pressure distribution on the
blade near the endwall region, especially that on the suction surface. As tip clearance
increases, the region of minimum pressure moves downstream and the magnitude of the
minimum pressure decreases. Finally, as one may expect, the tip vortex core moves
further away from the suction surface as mass flow decreases.

The analysis has also been applied to describe the vortex trajectory in a high speed
machine. The prediction agrees well with the experimental data, indicating the com-
pressibility effect in the clearance flow is not important. In addition, an expression for
the clearance flow Mach number is derived and this quantity is shown to be significantly

less than unity from many practical situations in fan and compressors.
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Figure 3.1: Schematic of tip vortex downstream (Single tip vortex)
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Figure 3.2: Schematic of tip vortex downstream (Vortex array)
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Figure 3.11: Computed exit flow angle deviation due to clearance flow; parameters
based on data of Inoue, Kuroumaru, and Fukuhara, 1986 (¢ = 0.5, 7/c = 4.26%)

75



8 SS PS
- 1 TIP
; 0 _
| Ll 6.50
L1 5.00
| 3.50
r—Th B L 2.00
Te —Th ©| - 0.50
L -1.00
U0 | 2,50
~ L _u.00
i -5 L _5.50
L1 _7.00
- -8.50
@ U “10.00
.00 Q.25 n.5s0 o o75 1.00

Pitchwise Distance / Pitch
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(b)7/c = 5.2%, ¢ = .45

Figure 3.22: Vortex trajectory shown by cavitation (data of Rains, 1954); solid line
shows calculations based on present theory, (a) 7/c = 2.6%, (b) 7/c = 5.2%
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Figure 3.27: Effect of operating point on clearance vortex trajectory ; ¢ = .62, 7/c =
4.26% (data of Takata, 1988)
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Figure 3.28: Effect of operating point on clearance vortex trajectory ; ¢ = .53, 7/c =
4.26% (data of Takata, 1988)
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Figure 3.29: Effect of operating point on clearance vortex trajectory ; ¢ = .50, 7/c =
4.26% (data of Takata, 1988)
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Chapter 4

Examination of the Assumptions in
the Flow Model

4.1 Effects of Classical Secondary Flow

The analysis presented neglects any effects due to what can be termed ”classical
secondary flow”, i.e. the cross-flow plane velocities associated with streamwise vorticity
due to inlet boundary layers. The implication is thus that the velocity field associated
with the tip clearance vortex dominates that due to classical secondary flow, and it is
appropriate to examine this assumption.

To do this, we have computed the secondary flow for the configuration of Inoue and
Kuroumaru (1988, [23]), using the measured inlet boundary layer profiles. The com-
putation procedure is straightforward and is given in Appendix H. The inlet boundary
layer is the same for all the different clearances, so that one figure represents all four
cases. The cross-flow velocity field at exit is plotted in Fig. 4.1 to the same scale as Fig.
3.4 and 3.5. Comparing the figures, the velocities associated with the clearance vortex
are much larger than those due to secondary flow. For example, the kinetic energy
associated with the secondary flow is only three percent of that associated with the
clearance flow for 7/c = 2.55 %. The clearance flow velocities dominate in this region

and hence the clearance loss is expected to be much higher than the loss associated with
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the secondary flow. Similar conclusions have been made by Lakshminarayana, Sitaram,
and Zhang (1985, [32]) on a compressor rotor in which they found losses due to the
secondary flow and annulus-wall boundary layer were small compared to the tip leakage
loss.

Based on the data we have examined so far, this is generally true for rotor tip
clearance flow, which is the situation of greatest practical interest. When secondary

flows do become comparable with the clearance flows, as in many cascade experiments,

the predicted tip vortex core trajectories would need to be modified to include the
secondary flow effects.

The influence of secondary flow on the clearance vortex location can be seen from the
experimental results of Lakshminarayana and Horlock (1965, [30]). In the experiment,
a cascade with slotted blades was used to examine the effect of incoming velocity profile
on the clearance flow. The vorticity contours downstream for an uniform upstream flow
and a boundary layer type of inflow are given in Figs. 4.2 and 4.3, respectively. Two
points are noted from the figures. First, for the uniform inflow case, the vortex cores
are located at roughly the same distance from the suction surface for a six fold variation
in clearance. This reconfirmms the conclusion of the similarity analysis, vortex pitchwise
location does not depend on the size of tip clearance, is a good approximation for the
actual flow. Second, with inlet boundary layer, the vortex cores are located at different
pitchwise locations and closer to the suction surface as a result of secondary flow effects.

There have been many experimental studies on clearance flow in cascades. However,
most of the studies are on turbines. They also provide little information on clearance
vortex trajectory in blade passage. A study on compressor cascade which provides all
the data needed for the vortex calculation and the measurements of vortex core has
been carried out by Dean (1954, [13]). Fig. 4.4 shows the calculated velocity field of
the clearance flow and the secondary flow associated with endwall boundary layer. The
magnitudes of the cross flow velocities are comparable so that secondary flow effects

need to be included to predict the clearance vortex trajectory.
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The secondary flow effects were taken into account by calculating the secondary
flow velocity at the vortex core in the trailing edge cross-flow plane. This velocity is
then linearly interpolated from leading edge to trailing edge and added to the clearance
velocity at the vortex core. The calculated tip vortex trajectory including the secondary
flow effects is plotted in Fig. 4.5. Also shown in the figure is the vortex trajectory
without correction for the secondary flow effects as well as measurement of Dean (1954,
[13]). The corrected tip vortex trajectory is located closer to the suction surface and
gives better agreement with the experimental data. This shows that secondary flow
needs to be included to predict the vortex trajectory when it is comparable to clearance

flow.

4.2 Effect of Radial Non-Uniformities

The data shown have been for situations in which the incoming boundary layers
were relatively thin (except for the cascade results). More specifically, the axial velocity
profile has been such that the tip clearance vortex could be considered to be embedded
in a stream with velocity equal to the free stream evaluated at the midspan. There are
many situations in which this is not a valid approximation because the axial velocity
decreases substantially from the midspan station to the location of the vortex center.

It this occurs, the present analysis will be based on a convection time that is too
short and will give a value for distance of the vortex from the blade which is too small.
To examine this, calculation has been carried out based on the data from the experiment
of Lakshminarayana and Murthy (1988, [31]), in which detailed measurement of the flow
field in the tip region of a compressor rotor was carried out. It is found that, if one
makes a crude correction for this effect by using the measured inlet axial velocity at
the blade tip, the trajectory is well predicted (Fig. 4.6). In terms of the overall fluid
mechanics, the basic analytical framework is still valid, however one must account for

the mean flow non-uniformity.

95



4.3 Effects of Relative Wall Motion

4.3.1 Background

There is conflicting evidence in the literature regarding the influence of relative wall
motion, i.e. the motion between the endwall and blade tip, on the clearance flow. A
spinning disc experiment by Mayle and Metzger (1982, [38]) has indicated that theré is
no measurable effect of the moving wall on the blade tip heat transfer coefficients for
a turbine, with speed ranging from 10 % to 100 % of the mean leakage flow velocity.
They also carried out a simple analysis which showed the effect of wall motion on the
heat transfer coefficients is small.

Morphis and Bindon (1988, [40]) examined the effect of wall motion on the blade
tip pressure distribution on an annular turbine cascade with a rotating casing. They
conclude that "the effect of relative motion did not have a significant effect on the blade
gap pressure distribution.” For a compressor, the numerical results of Crook (1989, [9])
also show that wall motion has a negligible effect on the endwall flow.

On the other hand, flow visualization by Herzig, Hansen, and Costello (1953, [20])
suggests that, for a turbine cascade, the clearance flow decreases considerably when the
wall is moved at moderate speed and there is no clearance flow when the wall is moved
at high speed. Dean (1954, [13]) also noted the vortex core was moved away from the
suction surface of a compressor rig as the wall speed increases.

Graham (1985, [17]) carried out an experiment on a water turbine cascade, which
showed clearance flow was reduced and then stopped when wall speed was increased.

In summary, while some studies suggest that the influence of relative wall motion on
clearance flow can be neglected, a significant change in the behavior of clearance flow
due to wall motion has also been observed. It is thus of interest to assess when wall
motion can have a large effect on the clearance flow. Such an analysis is described in

the following section.
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4.3.2 Approximate Analysis of the Effect of Wall Motion

We have carried out a simple analysis attempting to clarify the role of wall motion.
First we examine the effects of relative wall motion in a compressor. The fluid on the
wall is moving with tip speed U, relative to the blade. This fluid motion can be treated
as the smoothing-out of a shear layer in a semi-infinite region with velocity U; on the
wall as shown in Fig. 4.7. The transformation between time ¢ and axial location z is

the same as discussed in Chapter 2. The induced velocity in the clearance region is

then

7 =1 erf(7=)

where v,, 1s the velocity with wall motion, U, is the relative rotational speed at tip, erf

—erf( (4.1)

is the error function, and v is the viscosity. Let the convection time be t,,, Eq. (4.1) is

written
v
— 4.2
Ut e'rf( m—) ( )
The clearance flow velocity can be written
Ve o [|AC,
U, ~ cosBV 2 (43)

so that the ratio of v, to the clearance velocity v, is

vy  cos B

o= AC [1— erf( ﬂ;t.;)] (4.4)

Eq. (4.4) can be simplified if the convection time ¢,, is based on an average axial

velocity instead of the axial velocity in the endwall region. Under this approximation,

t,, is given by ! | i.e.
¢ cosy

tw = . (4.5)
and
iy = vt = L h ¢ cos (4.6)
h C. Vi C, U )

1The wall effects have been examined in some cascade experiments by rotating the endwall. In
these cases the convection time should be based on axial length of the rotating wall instead of the axial
chord, ¢ cos7.
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Note C,/V; ~ cos« so that the above equation can be written
— = (4.7)

This can be put into Eq.(4.4) to give,

Uy _ COS 51 2

v ¢ \AC,

[1—er f(-zTE\/E ) (4.8)

This shows that relative wall motion can have a significant effect on clearance flow for
a machine with small clearance and Reynolds number, and large flow coeflicient.

We now examine the condition under which v,, is an order of magnitude less than
Vey 1.€. Uy [V ~ O(1071), so that the effects of relative wall motion on the clearance flow

can be neglected. First we note that in a turbomachine v./U; ~ O(1), which means

cos 4 2
% VAc,

~ 0(1)

Therefore, for v,,/v. < O(1071), it is necessary that

1- erf(-;—c\/Re )< 0.1 (4.9)
This is satisfied if
%\/Re > 2.3 (4.10)

The order of magnitude analysis indicated that the wall effect will not be important
when f\/ﬂ >23.2

The analysis discussed so far is directed at compressors. For a turbine, the flow due
to wall motion is regarded as a smoothing-out of a viscous layer between two parallel
walls: one moving with tip velocity U; with the other held stationary (see Fig. 4.8)
since the thickness of a turbine blade is much larger than the clearance,

The velocity at the center of the gap ,i.e. half clearance height from the endwall, is

w 1 4. 21,
—1(% = -2—[1 - = 3 —sin 22{ exp(—n’riy t,/7?)] (4.11)
n=1

2The analysis assumes the flow induced by the wall motion is laminar. If the flow is turbulent, the
results still apply except a turbulent viscosity has to be used instead of v.
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Experiments 7/¢(%) | vw/ve(%) | 2V Re | Comments

Inoue and Kuroumaru .85 1.2 4.1 | Compressor rotor
Inoue and Kuroumaru | 1.70 0.0 8.3 | Compressor rotor
Inoue and Kuroumaru | 2.55 0.0 12.4 | Compressor rotor
Inoue and Kuroumaru | 4.26 0.0 20.7 | Compressor rotor
Morphis and Bindon 1.0 19.0 3.9 | Turbine cascade
Morphis and Bindon 2.0 0.7 7.9 | Turbine cascade
Morphis and Bindon 4.0 0.0 15.5 | Turbine cascade
Herzig et al 94 - 1.5 | Cascade

Graham 0.55 - 1.7 | Turbine cascade
Graham 1.15 - 3.6 | Turbine cascade
Graham 2.31 - 7.3 | Turbine cascade

Table 4.1: Effects of relative wall motion

Substituting in v, from Eq.(4.3) and vt,, from Eq.(4.7), one has

:’)_': = i":{)ﬁ AchK(e) (4.12)
where
K(J) = %[1 - %gjl ;lz—sin P exp(—n?J)] (4.13)
and
J= 2%% (4.14)

The function K(J)is given in Fig. 4.9. As in the compressor case, further simplification

of the results has been done to show that the wall effects will not be important if

%\/Re > 4.7 (4.15)

Calculations have been carried out for several experiments: 1) Inoue, Kuroumaru,
and Fukuhara (1986, [24]), 2) Morphis and Bindon (1988, [40]), 3) Herzig, Hansen, and
Costello (1953, [20]), and 4) Graham (1985, [17]), and the results are given in Table
4.1.

For the compressor experiment of Inoue, Kuroumaru, and Fukuhara (1986, [24]) the

results indicate that the wall effect is negligible. For the turbine experiment of Morphis
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and Bindon (1988, [40]) the calculations suggest that the effect of wall motion on the
clearance flow is negligible, which agrees with the experimental observations.

On the other hand, the results indicate that the flow due to wall motion is compa-
rable to the clearance flow in the cascade experiment of Herzig, Hansen, and Costello
(1953, [20]) and turbine experiment of Graham (1985, [17]). The behavior of clearance
flow will therefore be modified by the wall motion for these two configurations, which
has also be observed from the experiments.

In summary, a simple approach has been described for assessing the significance
of relative wall motion on clearance flow in a turbomachine. Agreement between the
trends seen in calculation and experiment suggests that the simple analysis appears to
be useful in assessing the wall effect and provides a guideline on the adequacy of the

flow model as far as the wall motion is concerned.

4.4 Summary and Conclusions

This chapter presents several results:

o The secondary flow in a compressor rotor is in general small compared to the

clearance flow.

o For a cascade, the secondary flow may be important. If so, analysis of vortex

trajectory must take this into account.

o The local (tip) axial velocity should be used in calculating the convection time of

a tip vortex if there is a strong radial variation in axial velocity profile.

e A method is presented for studying the importance of wall motion on clearance
flow in a compressor as well as a turbine. It is concluded that, depending on
geometry, the wall motion can induce secondary flow comparable to the clearance

flow.
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Chapter 5

Tip Clearance Losses

5.1 Introduction

Despite considerable work has been carried out on the topic of clearance losses, the
origin and parametric dependence of the loss are still not well understood. Although
many studies indicate that clearance loss varies linearly (or nearly linearly) with the
clearance, the mechanism postulated for the losses is different and different parametric
dependence of the losses thus also exist in the literature. For example the dependence
on blade pressure difference has been variously given as (Ap)®/? (leakage flow approach),
(Ap)? (lifting line approach), or (Ap)'/? (area ratio approach) !.

The need to use empirical constants or correlations, which vary considerably from
geometry to geometry also, limits the usefulness of present approaches. Finally, existing
approaches emphasize the prediction of efficiency reduction due to clearance and little
attempt has been made to study how the clearance affects other performance parameters
such as shaft power.

The objectives of this chapter are then as follows:

o Presentation of a model for clearance losses and change in shaft power with clear-

ance, based on the ideas of Chapter 3.

o Identification of parametric trends of clearance loss.

1The area approach relates clearance loss to leakage flow area. It is assumed that the clearance loss
is proportional to the leakage flow and the proportionality constant is obtained from empirical data
(Stodola, 1924, Traupel 1958, and Bammert et al., 1968)(refer to Farokhi, 1987, [16]).
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e Examination of means to minimize clearance loss.

5.2 Compressor Tip Clearance Loss

5.2.1 Introduction

Based on the flow model, a method attempting to give a quantitative measure of
compressor tip clearance loss is described here. As in the leakage flow approach, we
assume that this kinetic energy is eventually lost without any recovery. From this
consideration, an expression for the clearance loss is derived.

The change in shaft power due to clearance is then derived from the flow model. This
combined with the clearance loss enables one to find the expressions for the decrease in
efficiency as well as total pressure rise due to clearance for a compressor. This is the
first time that a method attempting to predict the change in compressor performance

other than the efficiency due to clearance has been presented.

5.2.2 Effects of Clearance on Compressor Performance

We define a non-dimensional total pressure rise coefficient, denoted by v, and a

shaft power coefficient, denoted by A, as follows:

__ P2 —Pua
V=0 &)

L
 pURR(r2 —r})/2

where p;; and p;, are, respectively, the total pressure at the inlet and exit of a compressor

A

(5.2)

rotor, and L is the shaft power to the rotor. For incompressible flow, the total to total

efficiency of the compressor rotor, denoted by 7., is
¢
Ne = —<— (5-3)

For small changes in 3 and )\, the variation of efficiency with clearance under
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constant mass flow can be written as

M _ 5% A
=% (54)

where An./n.,A% /¢ , and AN/ are the change in efficiency, total pressure, and shaft

power coefficient, respectively, due to the change in tip clearance, Ar/r. The total
pressure coeflicient variation, A1, consists of two parts: one from the change in tip
clearance loss (non-isentropic part); the other from the change in shaft power (isentropic
part) with clearance. One can therefore write

Adp A | Aty

= (5.5)

where A1, and A, are, respectively, variations of total pressure coefficient from the

change in clearance loss and shaft power as a result of clearance variation. Assuming
losses other than the clearance loss remain constant as the clearance varies, we have,

from the conservation of energy, the change in power (A)) is equal to the change in

work done on the fluid (¢ A,), i.e.
AX = ¢ Ay, (5.6)

Substituting Eqgs. (5.5), (5.6), into Eq. (5.4), gives

N N
e ¢ +1-m) P

The expressions for the change in the total pressure rise, A, and A1,, will be derived

(5.7)

in the next two sections.

5.2.3 Clearance Loss

To examine the loss in energy due to the clearance, we consider the clearance flow in
the cross flow plane as shown in Fig. 5.1. Because of flow unsteadiness, there is a total
pressure (and static pressure) change upstream to downstream. As described earlier,
the kinetic energy of clearance flow associated with the velocity components normal to
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the main stream, i.e. the kinetic energy associated with the cross flow, is taken to be
lost through mixing. The flux of mechanical energy in the cross flow per blade, denoted
by E, is

TE —
Eo [ (Pape) Lo (5.8)
LE p

where 7, is the leakage mass flow, and s is the streamwise coordinate. Because the
cross flow is uniform upstream and downstream, i.e. v, = v;, as shown in the figure,

the total pressure difference is equal to the static pressure difference, i.e.

Pta — Pts = Pa — Po = Ap (5.9)

We define v. is the tangential velocity of the cross flow in the clearance region

averaged over clearance such that leakage mass flow is given by
Me=pv.T (5.10)

The vortex calculation (both conformal mapping and panel method) gives ?
Ap
pv?

From Egs. (5.8) to (5.11), it can be shown

~ 1.0 (5.11)

1 G r
2V/2 cos?fy

The variation in the clearance loss F with clearance is then

TE
[ acs as (5.12)

LE

1 pC® Ar [TE
AE = —_ Y 2T /
22 cos?B; JiE

Note A1)y, discussed in the preceding section, is given by

AC3? ds (5.13)

NB AFE

Ay = — T2 (5.14)

where N B is number of blades and 7 is the mass flow rate of the rotor. In general, the

blade loading varies along the chord so that AC, = AC,(s). If ACy(s) is prescribed,

?The vortex calculation gives the value of Ap/pv? between 1.00 and 1.04 for the different compu-
tation schemes discussed in Chapter 2. We used Ap/pv? = 1.0 in the loss calculation.
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Aty can be calculated from Eqs. (5.13) and (5.14). The form of Ay, /¢ is

Ap, 4G & [ A/ At
T_~?¢cos3,31 g P (F

where G is a constant which depends on the loading distribution. For example, it equals

) (5.15)

unity for a linear loading distribution and 5/(4y/2) for a constant loading distribution.
AC), is the averaged blade loading at mid span and once it is given, A, /% can then be
computed from Eq. (5.15). If information about AC, is not available, an ideal loading

coeflicient can be used:

5y =22 222 (tan s — tan ) (5.16)

Using Eq. (5.16) into Eq. (5.15) gives
Ay _ 8v2 G ¢ (C_O) \/g(ta.nﬂl —tanﬂg)3/2 (éz)
P 5 ¥ ‘e c cos B, H
as an estimate for A, /7. For the same total blade loading, A,/ for a compressor

(5.17)

with constant chordwise blade loading distribution is about 12 % lower than for a
triangular one. This implies that, as far as clearance loss is concerned, the chordwise
blade loading distribution should be tailored such that it is as uniform as possible.
The loss of kinetic energy associated with the cross flow can be viewed as a mixing
loss, which is explained as follows. Consider a cross flow (with velocity v.), which
leaves the clearance region and enters the blade passage. The cross flow thus undergoes
a sudden expansion because the height of the cross flow passage changes from the
clearance T to the passage height H. The total pressure loss due to this expansion can
be found to be (see Batchelor (1967, [4])) (1 — %)2 Bv—‘?—, which is approximately equal

2
pv? ce . . P oo
<, and the loss due to the mixing is thus m, -2—°, where . is the clearance mass

to

flow. The mixing loss is therefore identical to the loss of the cross flow kinetic energy. 3

3There is also a mixing loss due to the difference in streamwise velocity in the clearance flow (V)
and main flow (V,) on the suction side, where V, and V, are the free stream velocities at the pressure
side and suction side. However, it is small compared to the mixing loss in the cross flow. An indicator
of the magnitude of the loss of mixing out two streams is AV/V, where AV is the velocity difference
and V is the mean velocity of the two streams. I we take the mean blade pressure difference Ap equal
to 0.5-pV2/2, AV/V is 0.25 for the streamwise mixing; whereas AV/V is two for the cross-flow mixing.
The former mixing loss is small compared to the latter and can then be neglected.
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It should be pointed out that the above-discussed loss is based on a kinetic energy
consideration, i.e. the kinetic energy associated with the cross-flow is lost. The same
loss can also be obtained from a momentum consideration (see Senoo and Ishida, 1986,
[48]), which is discussed as follows. As clearance increases, there is a decrease in axial
momentum of the fluid and therefore a decrease in power due to flow leakage. Based on
this consideration, the decrease in efficiency with increasing clearance can be calculated.
The change in power can be shown equal to the kinetic energy associated with the cross
flow. A more detailed discussion in given in Appendix J (also see Senoo, 1990, [47] for
more details). In fact, one can show that the parametric dependence of the clearance
loss given by Eq. (5.15) is identical to that in Senoo (1986, [48]). The only difference is
that we use mid-span loading as the driving force of clearance flow and, therefore, have

different constants in the results.

5.2.4 Effect of Tip Clearance on Shaft Power

Consider the clearance flow on a cross flow plane. The blade is unloaded near the

tip as shown in Fig. 5.2. The force per unit chord length is given by

F, = /:(pp —p,) dz (5.18)

where p, and p, are, respectively, the pressure on the pressure and suction surfaces.

It is useful to define an effective span, denoted by b.s¢, and an unloading parameter,

denoted by b,,, as follows:

F,
bopr = ~2 5.19
=2, (5.19)
bun = b — bes (5.20)
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where Ap is the mid-span blade loading. The shaft power can be written *
be
L= Ap b,ff(rh + --2)1) (521)

The change in shaft power with 7 is thus given by ®

AL  8b.y 1 Bbess
= A bess =
QAp o o+ 4L ) tbers 5 (S

At)+ H.O.T. (5.22)

Note that, because 7/b is of order 1072, the only length scale in the cross flow plane
can be assumed to be clearance. The unloading parameter, b,,, will scale linearly with
T so that one can write

bun = kT (5.23)

where k is an universal constant found to be 0.31 based on the spanwise loading distri-

bution from the vortex calculation. The change of effective span with clearance is

Obeyy

S = (14 k) (5.24)

A, can be calculated as follows. Note that from Eq. (5.3) and (5.6)
Avy, AN AL

it by (5.25)
This combined with Egs. (5.21) , (5.22), and (5.24) gives, after some algebra,

A 1+k

o [ oy o (5.26)

Substituting Eqgs. (5.15) and (5.26) into Egs. (5.7) and (5.5), the decrease in effi-
ciency, total pressure rise, and shaft power due to clearance variation, which is done at

constant flow coefficient, are found to be

41t is implied in the analysis that the blade loading is uniform from hub to tip as in a cascade. In
a compressor rotor, however, the blade loading will in general vary along the span. We have looked at
the effect of the spanwise loading distribution on the shaft power. We took a linear spanwise loading
distribution with the same midspan loading (and thus the same total force) as the one with the uniform
loading. The calculations carried out showed that the difference in the shaft power is only 8.3/3.7 %
if hub-to-tip ratio is 0.6/.8 .

5As the clearance varies the streamlines will shift along the span. However, it can be shown that
(see Appendix I) the change in the flow coefficient away from the gap is negligible and the midspan
flow coefficient can be treated as independent of clearance
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Ap. 4 G & —op Ar ar
T BPcesih g DO ( F) )(1+k)( )( Ty (5.27)
Ay 4 G c_° sz AT Ar
R 5 ¢ cos3 B g Al (H) )( ) (5.28)
and
A\

- S =& ED (5:29)

These are the desired results. If AC,, is not available, the ideal loading coeflicient given
in Eq. (5.16) can be used and Egs. (5.27) and (5.28) becomes

_Anc:8\/_0¢2( ) g(

Ne 9

tan ﬂl — tan ﬂz
cos B,

P2 (5T >+( ”°>(1+k)( )(—)
(5.30)

and

Ay 8V2G ¢ & g tanﬂl—tanﬂ2)3/2(Ar) 14+
% 5 P (_c_) E( cos B H

)(-——) (5.31)

The results show several interesting points. First, the decrease in efficiency, to-
tal pressure rise, and shaft power vary essentially linearly with clearance as shown in
Egs. (5.27) , (5.28) and (5.29). In addition, recall that the first and second terms on
the right hand side of Egs. (5.30) and (5.31) come , respectively, from the change in the
clearance loss and shaft power. Eq. (5.30) shows that the change in efficiency comes
mainly from the change in the clearance loss because 7, ~ O(1) and the second term
on the right hand side of the equation is much less than the first term. The power
reduction leads to a substantial reduction of the pressure rise because the two terms on
the r.h.s. of Eq. (5.31) are of the same order of magnitude. As a result, the pressure
rise variation , A+/9, will be roughly twice as large as the efficiency variation, An./7..
Finally the change in efficiency and loading will be less for a compressor with a uniform
blade loading than the one with a linear loading.

It should be emphasized that the the results are obtained at constant flow coefficient.

Moreover, it is assumed that the losses other than the clearance loss remain constant
116



as the clearance varies. This implies the results are to be applied at near design point
conditions. One then should be cautious if the results are applied away from the design
point where small change in the incidence angle due to the clearance variation may
result in a significant change in the losses. The blockage may also increase considerably
with clearance away from design point. The results shown in Egs. (5.30) and (5.31) can

easily be extended to multistage compressors and will not be elaborated here.

5.2.5 Parametric Study of Clearance Loss

We now examine the parametric dependence of clearance loss. First an ideal total

pressure rise across a rotor, denoted by Ap,, is written

A{f" = U,,Cy(tan By — tan @) (5.32)

where U,, is the mid span wheel speed, and the pressure rise coefficient 1) can be written

'l/) = 2¢—(tan ﬂ1 — tan ﬂz) (5.33)

This combined with Egs. (5.15) and (5.16) gives

R e A (534

This indicates that, for constant clearance-to-span ratio, a compressor with high

hub-to-tip ratio will have smaller loss in efficiency and pressure rise from flow leakage.
It also indicates that high solidity decreases the clearance loss. This may appear unrea-
sonable because high solidity means more blades and hence more opportunities for flow
leakage. However, it can be shown that the kinetic energy of a clearance flow decreases
as blade pitch becomes smaller.

Considering the total leakage flow, M., and the associated total kinetic energy, Esotal,
one has from Eq. (5.10)

M.~ NB v,
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and

3
Etotal ~ NB v,

,where N B is number of blades. Note that

NBNl

g

and from Eq. (5.16), for constant inlet and exit flow angles,

oo~ \JBp ~ y/aTe

one has
M, ~ — (5.35)
and

Etotal ~ \/E (5-36)

The analysis shows, although there is more flow leakage for a blade row with smaller
pitch, the associated kinetic energy loss is less. It should be pointed out that the analysis

assumed constant chord and flow angles as blade pitch varies.

5.2.6 Effects of Operating Point on Clearance Loss

Given geometric parameters such as 7, g/c, and r,,/7;, clearance loss will vary with

operating point. The flow coefficient, @.,, where minimum clearance loss takes place is

investigated here. The minimum clearance loss occurs when

d(Ane/ne)
Fram 0 (5.37)
Differentiating Eq. (5.34) with respect to ¢ shows that the minimum clearance loss ®
1 1dy Bom
-+ —-——4+3 tanfB,,— =0 5.38
3 tyag TPy (538)

8One can show that this is the condition for minimum clearance loss in a compressor by taking the
second derivative of Eq. (5.34) with respect to ¢.
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Note that
tan 3, = %(tan B1 + tan ;) (5.39)

Assuming constant exit flow angle, it can be shown that

dBm _ 1cos? B
dﬂl - 2 COS2 ,31

(5.40)

Also from mid-span velocity diagram at the inlet as sketched in Fig. 5.3 one has
1 r.
tan 3 + tanay = —(— (5.41)
¢ 7

where a; is the inlet absolute flow angle. Eq. (5.41) can be differentiated w.r.t. ¢ to

give
s cos? 3, Tm
d¢ B #? Tt
Putting this into Eq. (5.40) gives

) (5.42)

dB, 1cos? B , 7
% g ) (549

From Egs. (5.38) and (5.43), the flow coeflicient ¢, for the minimum clearance loss is

given by the solution of

1 1 dvy 3 m sin 20,
EWL E(@N“ 1 (rt ) &

According to the analysis clearance loss will be smaller if design flow coefficients is

=0 (5.44)

close to ¢.,. The optimum occurs when the two coeflicients are identical.

5.2.7 Effects of Chordwise Loading Distribution on Clear-
ance Loss

As mentioned earlier, a blade row with a uniform (chordwise) blade loading distri-

bution will have smaller clearance loss than that with a linear one. We now examine

this a bit further.
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Experiments ¢ | rn/re | Comments

1. Inoue et al. .50 | .60 | Isolated rotor

2. Wisler 41| .85 | Four-stage compressor
3. Jefferson and Turner | .86 | .82 | Eight-stage compressor
4. Spencer 25| .55 | Pump

Table 5.1: Compressor experiments on effects of clearance on performance

The objective is to obtain a chordwise blade loading distribution that would have
a minimum clearance loss but under the constraint that total blade force remains con-
stant. The relevant mathematical problem is then to minimize the integral / Ap*/?ds
under the constraint that / Ap(s)ds = constant. It can easily be shown from the cal-
culus of variations that a uniform loading distribution will have the minimum clearance
loss. Therefore the chordwise loading distribution in a turbomachine should be kept as

uniform as possible to alleviate the clearance loss.

5.2.8 Calculation Results and Discussions

We have derived the expressions for the change in compressor efficiency, total pres-
sure rise, and shaft power with clearance. Calculations have been carried out based on
the parameters at design flow coefficient in the experiment of Inoue et al. (1986,[24]),
Wisler (1984, [59]), Jefferson and Turner (1958, [25]), and Spencer (1956, [51]) (see
Table 5.1), and the results are discussed below.

First, detailed measurements for the clearance flow in an isolated rotor has been
carried out by Inoue et al. (1986,[24]). In the experiment the tip clearance was varied
from 0.5 mm to 5.0 mm by moving the casing. The performance of the rotor was
measured at five different clearances, i.e., 0.5 mm, 1.0 mm, 2.0 mm, 3.0 mm, and 5.0

mm.
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In the calculation the baseline was taken to be the minimum clearance case (0.5
mm) at the design point, ¢ = 0.50. The loss in performance with clearance were then
calculated from Eqs. (5.30) and (5.31) with G = 1. The computed reduction of efficiency
and loading coefficient with increasing clearance are plotted in Fig. 5.4 , which also
shows the experimental data.

Both the theory and the experiment indicate a linear relationship between the loss
and the clearance. The degradation of performance with clearance is substantial. One
percent increase in 7/H causes the efficiency to drop by about 1.3 % and the total
pressure rise by about 3 %. As point out earlier, the large decrease in total pressure
rise comes from the combination of an increase in the clearance loss and a decrease in
the shaft power.

Since the change of efficiency and loading vary almost linearly with clearance, it is

useful to define two slope parameters as follows:

_ Ane/ne

"= Ar/H (5.45)
and
_ Ay
Ay = ArTH (5.46)

To calculate the slope parameters, the results from experiments and calculations
have been least-square fitted by straight lines, whose slopes are thus the slope param-
eters. The results from the theory and the experiment of Inoue et al. (1986,[24]) are
given in Table 5.2.

The theory has also been compared to other loss prediction correlations. As typical
of the above-discussed three different approaches, , we have compared our results with
the loss correlations of: 1) Rains (leakage flow approach), 2) Lakshminarayana (lifting
line approach), and 3) Robinson (area ratio approach). Computed efficiency variations

from the three correlations are shown in Fig. 5.5 as well as the present theory and the
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Experiments ¢ | Experiment | Theory
A, | Ay A, | Ay
1. Inoue et al. 50| 1.32 | 2.86 | 1.34 | 3.10
2. Wisler 41 11.04 1 2.20 | .98 | 2.45
3. Jefferson and Turner | .86 | 3.10 | 4.90 | 2.63 | 4.07
4. Spencer .25 4.10 | 10.77 | 3.98 | 5.68

Table 5.2: Experimental and computed slope parameters

experimental data. The present theory and the Rains’ correlation, which is similar to
the present theory, show good agreements with the data.

The second case examined is a four stage compressor experiment of Wisler (1984,
[569]) as indicated in Table 5.1. The compressor were tested at two values of clearances
to study the effect of clearance on the compressor overall performance.

The calculated decrease in efficiency and stage loading with clearance as well as
the measurements are shown in Fig. 5.6 and the slope parameters are given in Table
5.2. Again the baseline case was the smaller clearance at the design point. As in the
previous case there is a considerable performance penalty from flow leakage and the
total pressure rise variation is about twice as large as the efficiency variation.

The theory was also compared with the experimental results of an eight-stage com-
pressor, known as ”Alice” (see Jefferson and Turner, 1958, [25]), as well as an axial-flow
propeller pump (Spencer, 1956, [51]); both at design conditions. Design flow coefficient
and hub-to-tip ratio of these two machines are given in Table 5.1 7. Fig. 5.7 shows the
computed and measured efliciency and pressure rise variation plotted against clearance
variation (A7 /H) for the Alice compressor. The influence of clearance on efficiency and
head coefficient in the axial pump are shown in Figs. 5.8 and 5.9. The slope parameters
of these two machines are given in Table 5.2. As in the previous two cases, there is
severe effect of clearance on the overall performance and the change in total pressure

rise is larger than the change in efficiency.

"The flow coefficient of Spencer pump, shown in Table 5.1, is the inlet and exit averaged flow
coefficient, because there is a considerable change in axial velocity due to a change in hub radius.
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The ratio of actual to predicted difference in efficiency and pressure rise versus
clearance for the four compressor cases are shown in Figure 5.10 and 5.11. The theory
agrees well with the experimental data for the two modern compressors (Inoue et al.
(1986,[24]) and Wilser (1984, [59])). There appears to be loss sources other than the
clearance loss in the Spencer pump because the agreement is poor. However, no enough

information is available from the experiment to assess the causes.

5.3 Turbine Tip Clearance Loss

5.3.1 Introduction

The reduction of efficiency and specific work of a turbine with increasing clearance
are investigated here. The analysis is similar to that for a compressor except the com-
pressibility effect in the through flow has to be included in calculating the blade loading
because main flow is often subsonic or transonic. Moreover, because blade thickness in
a turbine is generally larger than clearance, the clearance flow may reattach at blade
tip. The effects of the flow reattachment on leakage mass flow and losses are also ex-

amined. Calculation has been carried out at constant inlet to exit total pressure ratio

since most of the experimental data is obtained in this manner. The comparisons with

experiments are given and discussed.

5.3.2 Variation of Efficiency with Clearance

The efficiency of a turbine is defined as

_ L
e Thhu []. - ﬂ'g

= (5.47)

,where L is the shaft power, 7 is the mass flow, h;; is the total enthalpy at turbine inlet,
7y is the exit to inlet total pressure ratio, and 7 is the specific heat ratio. Following
the same analysis as for a compressor, the variation of efficiency with clearance for a

turbine under constant m; can be obtained. The derivation is given in Appendix K and
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only the result is shown here

An, B AW B 8v2 AG 5 C° \/s' AT
e w s BTV (549
where
-1
A= ‘\/ - _Iz- a{(tan Pi—octanBp)? +[1—x -0+ 7270 (sec’By — 023602ﬂ2)]2}3/4
p_2W _ 1800 W/d.
U2 7w} (N/VPe)
o 6°)2
= Sn(09/2)
o= ¢2/
_1-1/s
X = yMZ cos? 3,

and 6° is the tip camber angle, W is the specific work, ¢; and @, are the flow coeflicients
at the inlet and exit, respectively, M; is the inlet relative Mach number ,N is the
rotational speed, rpm, and 9., is the squared ratio of critical velocity at turbine inlet
to critical velocity at U.S. standard sea-level temperature.

Two things should be pointed out here. First is that the exit flow angle, §,, is
defined positive for a compressor and negative for a turbine. Second is that in a turbine
the main flow is often subsonic or transonic so that compressibility has been taken into
account in deriving the blade loading. It can be shown that the parameter A reduces

to the incompressible form as M; — 0, i.e.

A= (tanﬂl — tanﬂ2)3/2

cos B,

It was assumed that the clearance flow is not re-attached at the blade tip. This
is believed to be true for most of the compressors because of relatively thin blades.
However, turbine blades normally have thickness larger than the clearance and the
clearance flow can reattach at the blade tip as discussed by Moore and Tilton (1988,
[39]). The reattachment of a clearance flow inside the gap can result in a larger clearance

loss, as discussed in Appendix L.
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Experiments No. of | 74/r: | 1/ 7 | No. of 7's A,
stages tested | Exp | Cal*

1 | Kofskey and 2 75 1.23 2 3.78 | 1.34
Nusbaum (1968)

2 | Haas and Kofskey 1 .84 2.77 Many 1.94 | 1.75
(1979)

3 | Szanca et al. 1 .85 1.80 3 1.57 | 1.43
(1974)

4 | Holeski and 1 .60 | 1.48 4 2.94 | 1.84
Futral (1969)

Table 5.3: Tip clearance losses in Turbines (Experiments and Calculations)

5.3.3 Calculation Results and Discussions

Calculation has been carried out based on the parameters of four different turbines:
1) Kofskey and Nusbaum (1968, [28]), 2) Haas and Kofskey (1979, [18]), 3) Szanca et
al. (1974, [55]), and 4) Holeski and Futral (1969, [21]). The baseline case was again
the smallest clearance. The calculation results are given in Table 5.3 as well as in Figs.

5.12 to 5.15. Also shown is the experimental data for comparisons.

As can be seen from the figures, there appears to be a linear variation in the ef-
ficiency with clearance, similar to a compressor. The theory compares well with the
measurements of Haas and Kofskey (1979, [18]), and Szanca et al. (1974, [55]). How-
ever, comparison is not as good for the experiment of of Kofskey and Nusbaum (1968,
[28]), and Holeski and Futral (1969, [21]). One may suspect this is due to the viscous
effect because turbine pressure ratio is much higher in the former two experiments (1.80
and 2.77) than in the latter two (1.23 and 1.48). In order to examined this effect as well
as the effect due to wall motion, we have applied Egs. (B.6) and (4.12) to the turbine
experiments and the results are tabulated in Table 5.4. Note that, in the experiment

of Haas and Kofskey (1979, [18]), there are more than ten clearances examined, from
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about two to five percent of passage height. For simplicity and without changing the
results, we have only chosen four representative clearances, i.e. 7/H =2 %, 3 %, 4 %,
and 5 %.

The result show that, for the experiment of Kofskey and Nusbaum (1968, [28]), the
velocities due to the relative wall motion are comparable to the clearance flow velocities
because of very low Reynolds number (about 8900). The wall motion can thus play
a role in the endwall flow. This is regarded as one possible reason that the theory
compares poorly with the experiment.

For the experiment of Holeski and Futral (1969, [21]), the calculation results indicate
that the effects of viscosity and relative wall motion are not significant and therefore
the error in the efficiency prediction is not due to these effects. However, we note this
turbine rotor has a relative low hub-to-tip radius ratio (0.6) and a consequent large
twist. Therefore, the midspan conditions may not reflect the tip section performance.
In particular, the inlet flow angle varies from positive 57.6 degrees at hub, to negative
2 degrees at mid-span, and to negative 55.4 degrees at tip, a total 113 degrees change
in the inlet flow angle. The use of mid-span conditions to calculate the clearance loss
is thus not appropriate here. We have calculated the efficiency loss using tip conditions
and the result, as shown in Fig. 5.15, gives a better comparison with the data.

We also note that, for the experiments of Haas and Kofskey (1979, [18]), and Szanca
et al. (1974,[55]), viscous effects and relative wall motion are found to be insignificant
from the analysis. Also the hub-to-tip radius ratios are relatively high (0.84 and 0.85).
All of these appear to contribute to the good comparisons.

Also shown in the table is the cross flow Mach number, M., calculated from Eq. (G.8).
The results indicate that the compressibility effect on the clearance flow is not significant
for the cases examined.

As a summary, we plotted the ratio of actual to predicted difference in turbine
efficiency versus clearance for the four experiments and the results are given in Figure

5.16. The theory compares well with the data covering a large range of stage pressure
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Experiments T[H (%) | 8*/7 (%) | vw/ve (%) | M. | 7a/7:
Kofskey and Nusbaum 1.06 20.7 87.4 A7 .75
Kofskey and Nusbaum 2.47 8.9 51.4 A7 [ .75
Haas and Kofskey 2.0 14.0 19.5 38 | .84
Haas and Kofskey 3.0 9.3 3.6 38| .84
Haas and Kofskey 4.0 7.0 0.4 38| .84
Haas and Kofskey 5.0 5.6 0.0 381 .84
Szanca et al. 2.3 7.7 1.2 38| .85
Szanca et al. 3.3 5.3 0.0 38| .85
Szanca et al. 6.7 2.6 0.0 38| .85
Holeski and Futral 1.2 9.7 53.1 31 .6

Holeski and Futral 3.1 3.8 0.9 31 .6

Holeski and Futral 5.0 2.3 0.0 31 .6

Holeski and Futral 8.0 1.5 0.0 31 .6

Table 5.4: Effects of viscosity and wall motion in various experiments

ratio, hub-to-tip radius ratios, and clearances, and thus provides a useful means to

assess the clearance losses in both compressors and turbines.

5.4 Summary and Conclusions

Based on the flow model and the assumption that the kinetic energy associated
with the clearance flow is lost through mixing, analytical expressions have been derived
for the decrease in efficiency, total pressure rise, and shaft power due to clearance for
a compressor. Calculations have been carried out based on the parameters in four
different compressor experiments. The results also show that the loss increases almost
linearly with clearance and the fractional change in compressor total pressure rise is
about twice as large the efliciency variation.

Analysis has also been carried out to show that the clearance loss will be smaller if
the chordwise blade loading is kept as uniform as possible. An expression is also derived
for the flow coefficient at which clearance losses will be minimum for a given machine.

Expressions for the reduction of efficiency and specific work of a turbine due to
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clearance have also been derived. Calculations carried out agrees with experimental

results. Because of relative thick blades, the clearance flow in a turbine can reattach at
the blade tip and a simple analysis has been carried out to show that leakage flow and

clearance losses will be higher if the flow reattachment occurs.
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Figure 5.12: Effects of increased clearance on turbine efficiency (Solid line - Calculation;
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Figure 5.14: Effects of increased clearance on turbine efficiency (Solid line - Calculation;
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Chapter 6

Summary and Conclusions

A new approach, based on an inviscid slender body approximation, has been pre-
sented for analyzing turbomachinery tip clearance flows. In developing the approach,
focus has been on the mechanism and structure of the vorticity field in the blade pas-
sage. This enables one to obtain a simple but useful description of the clearance flow
field. The analysis requires only mean blade flow angles and camber line as inputs, and
the calculations agree with a wide range of experimental data in regard to essential flow
features as well as overall performance.

The conclusions of this thesis are given below. They can be divided into three areas:
1) flow features, 2) tip clearance loss in a turbomachine, and 3) additional results.
Recommendations are also made for future work in the area of turbomachinery tip

clearance flow.

6.1 Flow Features

) t |A
e There exists a similarity parameter, ¢t*, defined as — —1-)-, for clearance flows.
T J p

Two clearance flows will be similar if they correspond to the same £*.

o Following from this similarity, there is a generalized trajectory for the tip clearance

vortex, which can be applied to any compressor blading.
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For a given machine the (x, 8) trajectory of the tip vortex core in the blade passage

is, to a good approximation, independent of the magnitude of the tip clearance.

For large t*, the center of the tip clearance vortex approaches a constant radial

location.

The clearance flow is driven by the blade pressure difference away form the clear-

ance region.

The endwall static pressure distribution is modified by presence of the tip clear-

ance vortex and the minimum pressure decreases with increase in tip clearance.

A change in the direction of the vortex trajectory occurs at the blade row trailing

edge.

The centroid of vorticity in the vortex sheet shed from the blade tip remains at a

constant radial position downstream of the trailing.

Physical explanations are given for these flow features. Calculations carried out

based on the similarity analysis agree very well with experimental results.

6.2 Tip Clearance Losses in a Turbomachine

The present flow model enables one to compute the blade tip unloading and the

kinetic energy in the crossflow without any empiricism. If the assumption is made

that the crossflow kinetic energy cannot be recoverable as useful work, then analytical

expressions for the decrease in overall performance (efficiency, pressure rise, and work)

due to clearance can be obtained. This is the first time that a predictive method

for calculating the change in compressor performance other than the efficiency due to

clearance has been presented. Major conclusions from the investigation on the clearance

losses are
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o Clearance losses (efficiency and pressure rise) vary almost linearly with clearance.

o Decrease in compressor total pressure rise due to clearance is larger than (roughly

twice) the decrease in efficiency.

o Computed results using the present prediction scheme agree with available exper-
imental data. This implies that crossflow kinetic energy associated with the tip

clearance vortex gives a good measure of clearance losses.

6.3 Additional Results

The thesis also presents the following results:

e A simple analysis is presented to assess whether the clearance flow is inviscid.
The result indicates that the clearance flow can be viewed as inviscid for most of

the turbomachinery applications.

o The secondary flow in compressor rotors is in general small compared to the

clearance flow.

o The cross-flow due to clearance in a compressor may be treated as incompressible

even if the relative Mach number is transonic.

6.4 Recommendations

This study shows that emphasis on vortical structures associated with clearance is
well worthwhile in that such an approach gives considerable physical insight into the
overall flow features. The resulting model also appears to be useful in predicting losses
due to clearance. This suggests that the focus on vortical structures in clearance flows
is a fruitful line of endeavor. Because the clearance flow has a significant influence on
compressor performance and stall margin, the role it plays on: 1) limiting compressor
pressure rise capability, and 2) setting stall inception, should further be investigated,

with emphasis on the vortical structures.
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We believe that the area increase of the clearance vortex as it passes through the
blade passage may be the source of the blockage that limits the pressure rise of a
compressor. A preliminary study on this has been carried out (discussed in Appendix
M), using the simple model of a Rankine vortex in a diffuser. Calculations showed that
the pressure rise characteristic of the diffuser could peak over as a function of diffuser
area due to the rapid increase of the vortex area. This may indicate that the clearance
vortical structures play a key role in the compressor pressure rise capability. It would
be very useful to carry out an experiment based on the simple model; an experiment
to examine vortex/main stream pressure gradient interaction. This would help one to
understand parametric trends and flow features in a compressor since major elements
in the diffuser are also present in a compressor.

Numerical computations have been shown to be useful in bringing out important
features of the clearance flow (e.g. Crook, 1989, [9]; Adamczyk et al, 1989, [2]; Adam-
czyk et al., 1990, [1]; Storer and Cumpsty, 1990, [53]). Another avenue of research that
should be pursued is using this approach to examine how the vortical structures grow
in size as compressor loading increases and its influence on the compressor presure rise.
This could be done by using a Navier-Stokes solver to analyze the flow in a compressor
operating along a speed line from design point to peak pressure rise point. Such an
approach would shed some light on the source of blockage that limits the pressure rise.
Recent computations of Adamczyk imply that it is the area increase of the clearance
vortex as it passes though the blade row, not the endwall boundary layer, that is the
source of the blockage with stall.

Finally, we note that the current status of computer hardware and numerical schemes
for turbomachinery flow does not allow one to predict detailed flow features associated
with stall onset and compressor operation in rotating stall. For instance, rotating stall
often occurs on a length scale much larger than a blade pitch while current calculations
are confined to flow in a single blade passage. It would thus also be desirable to develop

a means for predicting the stability of the steady, three-dimensional flow (based on
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numerical computation results) at compressor operating point near the peak pressure
rise to address fluid dynamical issues associated with the stall inception. One could then
examine the stability of the clearance vortex at the stall inception to gain an insight

into links between the compressor stall and (clearance) vortex breakdown.
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Appendix A

The Equations of Motion for
Clearance Flows

For inviscid, three-dimensional, steady, incompressible flows, the equations of mass

and momentum conservations in curvilinear coordinates are given, respectively, by

R Ou Ov v ow

Rtyds "0y Rty 0z
R uau+v(9u+w6u uw R 10p
R+y 0s Jy dz R+y R+ypls
R 0Ov v v u? 10p
— U+ Ve + W — ==

where s is measured along th camber, y is measured normal to th camber, and z is
measure along the span. R(s) is the radius of curvature of a blade camber line.

The streamwise component of velocity u can be written as

u(s,y,z) =u(s) + v'(s,y, 2),
where %(s) is the through flow velocity. As discussed in chapter two, we assumed that

u'(8,y,2)

u(s)

<1
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the governing equations then become

R du Ov v Jw

R+yzg+5§+R+y+ 0z

R _du o' o' v

R 10p

Rty ds oy "
R 0Ov ov ov w?

9 TRty Riypds

10p

R+yﬁ_5;+v5§+w5;— R+y - p Oy
R _Ow Ow ow 10p

Rty s 'y T8 T Tho:

For the clearance flow, the characteristic length in the s direction is the chord length

c. We take that in the y and z directions at some multiple of the clearance, 7. In

compressor and fan applications, 7/c is of the order 10~2, and the chord is generally

much less than the radius of curvature R(s). The dominant terms in the equations of

motion are thus

o oo,
0y 0z

Ov Ov O0v 10p
+ro—tw—=——7

ot oy 0z p Oy

ot Jy 0z p Oz
255 _ _10p
“ds = " p0s

(A.1)

(A.2)
(A.3)

(A4)

where we have made the substitution ds = udt. Equations (A.1), (A.2), and (A.3)

are the governing equations of a two-dimensional unsteady (cross) flow, and Eq. (A.4)

is the equation for the through flow. The clearance flow can then be decoupled into

cross-flow and through flow.
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Appendix B

Inviscid Nature of Clearance Flows

B.1 Previous Studies and Background

Clearance flow has been examined by many investigators and the results have indi-
cated that the clearance flow may be regarded as primarily inviscid, inside and outside
the gap except for very tight clearance. Rains (1954, [43]), based on his experimental
results, suggested a simple correlation to predict the importance of viscous forces in
the clearance flow and concludes that ”the frictional resistance to flow through the tip
clearance was found to be small for the dimensions that are ordinarily mechanically
feasible.”

Booth, Dodge , and Hepworth (1982, [7]) calculated the leakage mass flow in a
turbine using a slow-flow approximation that is similar to thin-film lubrication theory.
The predicted leakage flow was approximately half of the turbine through flow for one
percent clearance-to-chord ratio, which is not realistic. The leakage flow was then
assumed inviscid and calculations showed that the leakage flow was approximately two
percent of the through flow. Therefore, they concluded that the leakage flow could be
regarded as inviscid. To examine this further, experiments were conducted on a series
of three water flow rigs and the results supported the conclusion.

The results of Sjolander and Amrud (1986, [49]), and Moore and Tilton (1988, [39])

on turbine cascades, and Storer and Cumpsty (1990, [53]) on a compressor cascade have
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also supported the inviscid nature of the clearance flow.
We have assessed the inviscid nature of the clearance using a simple analysis based
on the relative length scales of clearance and boundary layer thickness; this is described

in the following section.

B.2 Simple Analysis

One can argue that viscous effects will not be important if the thickness of the
tangential boundary layer in the clearance region, as shown by the shaded region in
Figure B.1, is much smaller than the clearance. As concluded by many investigators
(see Senoo, 1958, [46]; Belik, 1977, [5]; Graham, 1985, [17]; Moore and Tilton, 1988,
[39]), the boundary layer in the gap is laminar in nature. A conservative estimate for the
thickness of the boundary layer in the gap region is thus approximately the thickness
of a laminar boundary layer over a flat plate. (The favorable pressure gradient in the
gap region will tend to make the boundary layer thinner than that for a flat plate.)
Based on this approximation, the displacement thickness, at a distance y from the gap

entrance, can be written (to one significant figure) as:

P O]
5 =27 (B.1)

where v, is the clearance flow velocity. At the gap exit, the displacement thickness is

5 = 2,/ 20 (B.2)

Ve

where h is the blade thickness. This can be written as

& 2 /Vh / v /Vl czh
—_—— = —_— =2 —_ — —_ .
T T Ve Vie Y v, T2 ¢ (B-3)

We define a blade loading coeflicient as

Ap

8= v

(B.4)
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where Ap is the pressure difference across blade and V; is the inlet relative velocity.

From the above definition and Eq. (5.11), we have

ve AC,
AR (B.5)
Eq. (B.3) then becomes
6* 2 2 h
S)2 (B.6)

T VEke VAC, T Ve

The clearance flow is mainly inviscid if

2 | 2 ¢ |h

More precisely, the viscous effects will not be significant if the boundary layer thickness

is, say, an order of magnitude less than the clearance,

2 2 ¢ [h
scid : — —4/—<0.1 .
Inviscid \/EMAO;) - Vc <0 (B.8)

and the viscous effects will be dominant if the two are of the same order of magnitudes,

. 2 2 ¢ [h
Viscous : \/——ﬁ”m;\/;_l (B.9)

For a modern compressor, Re ~ 5-10%, AC, ~ .5, h/c ~ .05, and the calculated

i.e.

8*/7 from Eq. (B.7) is roughly ten percent for a clearance to chord ratio of one percent.
The clearance flow in a compressor can be regarded as mainly inviscid.

We now compare our results to Rains’ correlation. Based on his experimental stud-
ies, Rains (1954, [43]) presented a semi-empirical correlation criterion for the effects of

viscosity on clearance flow in a turbomachine. This can be written as:

Inviscid : \/i{—e;\/g < .09

1 ¢ /h
Viscous : —4/—=> 41
vVReTV c

Applying Eqgs. (B.8) and (B.9) based on the parameters used in the experiment, the

results were found to be
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Inviscid :

h
Viscous : \/ii_e;\/; > .26

These agree with the experimental results of Rains, although the former is bit more
conservative than the latter.

In summary, a simple analysis has been carried out to assess whether viscous effects
are important in the clearance flow. The results show that the clearance flow is basically
inviscid and this is supported by many other investigations. The theory also gives similar

results to those of Rains, which is a special case of the analysis.
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Figure B.1: Schematic of a boundary layer in clearance region
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Appendix C

Radial Motion of Tip Vortex
Center for Large t*

We now examine the radial motion of the center of a clearance vortex inside blade
passage when t* > 1. Consider the clearance vortex shed from blade tip as illustration
in Fig. C.1. Also shown in the figure is the image of the clearance vortex needed to
satisfy the kinematic boundary conditions at the wall. The magnitude of Kelvin impulse

of this vortex pair plus the bound vortex sheet, i.e. the blade, is given by:

H-r €max
I=2p/0 vz dz+2p/o v z de (C.1)

where H is passage height, v is strength of the vortex sheets, and ¢ is the intrinsic

coordinate along the shed vortex sheet. Eq. (C.1) can be written as
I= 2p(rb z+ T, z,) (0.2)

where I', and T, are, respectively, the circulation of the bound and shed vortex sheet,
and z,, and z, are, respectively, the centroid of vorticity of the bound and shed vortex
sheet. Note that z, = H — z,,.

Since the rate of change of the Kelvin impulse is equal to the force exerted on the

flow, differentiating Eq. (C.2) with respect to time t gives:

d(Fbe) + d(P,Z,) _ E
dt d  p

where F, is the total force on the blade (per unit chord).
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The radial motion of the shed vortex centroid (z,) for large ¢* is now examined. For

t* > 1, Ty and z, can be treated as constants so that Eq. (C.3) becomes:

d(I‘,z,) _ Fb
& 5 (C.4)
and also from Eq. (2.37)
% = (Y®)4ip = Const. (C.5)

where v is the strength of the bound vortex sheet and % is the average velocity, both
evaluated at blade tip. In addition, the rate of the change of the shed circulation

remains constant for £* > 1, i.e.

d;;’ = (’Y-w)tip = Const. (06)
Integrating this gives
I‘, = (ﬁy—'lE)tip t + Cl (0.7)

, where C is an integration constant. Substituting Egs. (C.6) and (C.7) into Eq. (C.4)

one has

01 dz, Fb
Zs + t + =—=— 0-8
[ (775)“?] dt P('Yw)tip ( )

From Egs. (5.19) , (5.20), (5.23), and (C.5), it is found that

dz,

z, + (t + C3) o

=H—(1+k)r (C.9)

where, for simplicity, we have made the following substitution:

('Ym)tip

C,

We note that, under the approximations made in getting Eqs. (C.9), the result will be
only qualitative rather than quantitative. However, it is sufficient for the purpose of
this study. Eq. (C.9), a simple first order differential equation, can easily be solved and

the result is found to be
Cs

*— 14k
z, + +t*+04

(C.10)
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where (3 andC} are constants. For t* > 1, we have
zy ~ Const. (C.11)

This is the desired result, which indicates that the centroid of the shed vortex sheet
stays (approximately) at a constant radial location when ¢* >> 1. This conclusion is
also true for the centroid of the vortex core since the two have the same functional

dependence on time t*.
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Figure C.1: Illustration of a vortex sheet and its image in a blade passage
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Appendix D

Convection Velocity of A Point
Vortex - Routh’s Correction

Consider a point vortex located at ®¢ in the physical plane and =g in the transformed

plane. The conformal transformation can be written as
® = @(E) (D.1)

The induced (complex) velocity at the vortex (®9) in the physical plane is

dF (%) iTo
o) = =75~ ~ 37 @ - @o)]

(D.2)

, evaluated at ® = ®,, where F' is the complex potential of the flow. In = plane, the

complex potential can be written as

= ey Lo o o
F(E)=F'(5)+ 2—7:_)- In(E — Ey) (D.3)

, where F' is complex potential of the flow excluding the point vortex. Differentiating

the complex potential, one has

dF(8) dF(E)d=

e~ 4= o (D-4)
From Egs. (D.3) and (D.4), one has
iF(8)  dF'(E) Ty .d=
@ & tawmE-gg @ (D-5)
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Since the vortex induced no velocity at its center, the complex velocity of the vortex in

the transformed plane is
— dF'(Z
Q(Eo) = _d'é_) (D.6)
Substituting Eqgs. (D.5) and (D.6) into (D.2), one has
. d= il 1 d= 1
A2)=QE) F+ 4 T, 7-a,

evaluated at ® = ®; and E = Ey The first term on the right hand side of Eq. (D.7)

(D.7)

represents a direct transformation of the complex velocity of a vortex in the = (trans-
formed) plane to the ® (physical) plane and the second term is a correction, called
Routh’s rule, to account for singular behavior of the velocity of a point vortex due to

conformal mapping. To calculate the correction, one can expand

d= 1 22

% (@ — @)+ 5d%? (® — ®)? (D.8)

— - A
—_— T ) —

The correction term is then
1Ly 22 dE

~ar 3% (D-9)
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Appendix E

Leakage Flow Approach

E.1 Vortex Trajectory and Similarity Scaling

Clearance flow was examined by Rains (1954, [43]) based on a leakage flow approach,
which is discussed in the text. We now use this approach to examine the behavior of
clearance flow and compare the results to the vortex calculation.

It is assumed that main stream velocities on suction side and pressure side of a
blade are given by V; + u' and V] — u/, respectively, as shown in the upper part of
Fig. E.1, where V] is the relative inlet velocity and «' is the velocity perturbation in
the streamwise direction. Because clearance flow induces a velocity v;' normal to the
pressure side velocity, V; — u', resultant velocity of the clearance flow is thus the vector
sum of these two velocities. On the suction side, because total and static pressure in
the clearance flow are identical to those in the main stream, the clearance flow velocity
has a magnitude equal to V] + v’ and an angle # with the main stream, which is shown

in the lower part of the figure. Rains (1954, [43]) showed

Ve

tan

N ™

(E.1)

!Note that v, is the jet velocity and is different from v., which is the tangential component of cross
flow velocity averaged over clearance.
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A vortex sheet is thus shed off at the tip. The convection velocity of the vortex
sheet, denoted by V,,,, is the vector mean velocity of the clearance flow velocity and the
suction side velocity as shown in the lower part of the figure. At time ¢ the vortex sheet
thus moves a distance equal to V,, sin (3/2) t normal to the blade, and the centroid

of the vortex sheet thus moves half of that distance, i.e.

1 . B
v =— T m —t .
Yo =3 sin (E.2)
which can also be written as:
(2
e = — & E.3
Yo =7 (E.3)

Because v, = 1/2Ap/p, one has

1 [2Ap

Dividing this by clearance 7, it can be shown that

Yt = \/Ti £~ 0.354 * (E.5)

Two flow features are noted from the analysis. First the vortex trajectory does not
vary with clearance as indicated in Eq. (E.4), as concluded from the vortex calculation.
In addition, as shown in Eq. (E.5), there exists a similarity parameter ¢* for the clearance
flow and the non-dimensional vortex location y; depends only this similarity parameter,
as concluded from the similarity analysis in Chapter 2. The leakage flow analysis also
shows that the ratio of y}/t* is about .354, which agrees well with the value (.365) from
the vortex calculation.

Downstream of the trailing edge, there is no vorticity shed off at the tip and the
vortex sheet and its centroid thus move with the same velocity %t- Since the cross-flow
plane velocity of the centroid downstream of the trailing edge is twice as much as that
in blade passage, there will be a change in the vortex core trajectory at the trailing

edge, which agrees with the results in Chapter 3.

163



E.2 Leakage Flow Rate

Clearance mass flow m, is given by Eq. (5.10)
Me=pVT (E.6)

where v, is the tangential component of cross flow velocity averaged over clearance.

Based on the leakage flow approach, it can be shown that
ve=£2 ﬂ——;—’-’l (E.7)

where £ is the contraction factor equal to I
.y

+2

surface away from tip, and p, is the static pressure at the vena contracta, which are

, P1 is the static pressure on the pressure

shown in Fig. E.2, so that

ve = 0.86 (| 22 ;p 2 (E.8)

From the vortex calculation,
P1—P3
p

where p3 is the static pressure on the suction surface away from the tip as shown in the

ve ~ 1.0 (E.9)

figure.
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Appendix F

Radial Motion of Tip Vortex After
Trailing Edge

Consider a number of point vortices moving by their own induced velocities in a
channel as shown in Fig. F.1. This can be represented by a vortex system and its
appropriate images as given in Fig. F.2. Specifying the situation to be periodic with
period 2H, we examine only the vortices which lie between z = +H.

The Kelvin impulse of a vortex pair is given by
I,' = pI‘;d,- (Fl)

where T'; is the circulation of the point vortex and d; is the distance between the centers
of the vortex pair. The impulse of the N vortex pairs between z = + H is:
N
I=Y plid; (F.2)
i=1
There is no force on the vortices so that the total impulse is constant. Also in the region
downstream of the trailing edge, the total circulation (of the vortices between z = o

and z = H) is conserved, i.e.

N
[ =) T; =Const. (F.3)

i=1
Combining Eq. (F.2) and (F.3), we have

>N, Tid;

= Const. = d F.4
Zﬁ—_l Fi ( )
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Since d = 2z, the centroid of the vortices , z, remains at a fixed radial distance from
the wall.
The conclusion also holds for a vortex sheet. The derivation is similar and the result
1s
o™ z v de
o de

where v = strength of the vortex sheet, and e is the intrinsic coordinate along the sheet.

= Const. (F.5)
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Appendix G
Cross Flow Plane Mach Number

We now examine the cross flow Mach number as a means of assessing whether
compressibility effect would be expected to be important. Consider the clearance flow
of a rotor with mid-span relative inlet velocity, V;, and Mach number, M;. The cross

flow Mach number, denoted by M., is

<
0N

M2

[4

(G.1)

=]
N

where v, is the cross-flow velocity in the clearance and a is the speed of sound. This

can be written

2 Y2 g2
2 _ VU Vi @4
Mc = -‘? 7%‘ ;2' (G'z)
From conservation of energy,
2 ¥ - 1 N2 2 2 v 1 2
@+ L2y ol = o} + 12, (G.3)

where u' is the velocity perturbation in the streamwise direction and < is the specific
heat ratio. The above equation can be written as:

2 ~1
@ _

a? 2

292 | Ve
M; (2V1 + Vf) (G.4)

From Eqgs. (G.2) and (G.4), the cross flow Mach number is found to be, after neglecting

higher order terms,
2
M? = ——;:2 M} (G.5)
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For the clearance flow, one has, from Eq. (5.11),

Ap 2
—_— 'Uc Go6
P ( )

, where Ap is the mid-span blade loading. Note the blade loading coefficient is defined

as
Ap
AC, = Vi (G.7)
From Egs. (G.5), and (G.6) and (G.T7), the clearance flow Mach number becomes:
M, ACy ),
= () (G.8)

For a subsonic compressor, AC, is in general less than 0.5 and M, is less than unity so
that M. < 0.5. A clearance flow can be treated as incompressible.

The cross flow Mach number in a supersonic stage is also of interest based on data
from a highly loaded transonic stage (see Sulam, Keenan, and Flynn, [54]). Tip speed
of the rotor is 1600 ft/sec with constant spanwise total pressure ratio of 2.0. Relative
inlet Mach numbers are 1.6 at the tip and supersonic over nearly the entire span.
We have calculated AC), based on the experimental results and the cross flow Mach
numbers from Eq. (G.8). The results showed that the cross-flow Mach numbers were
less than 0.57 from design point up to before stall at design speed. This indicates
that the compressibility effect may not be important even for transonic and supersonic
COmMpressors.

To study the compressibility effect a bit further, the cross flow Mach number is
related to the stage pressure ratio because it is more available than the blade loading
coefficient AC,. First, define a pressure rise coefficient of a rotor as:

C: = %’g— (G.9)
, where p; and p, are, respectively, the inlet and exit static pressure of the rotor.

Eq. (G.9) can be written as
2
P2 _ 1+ 7Mj
h 2
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Assume the same pressure ratio holds for the stator, the stage static pressure ratio is

M2
B+

o 5 C;)? (G.11)

, where p3 is the stator exit static pressure. The stage total pressure ratio, «,, is

=P _ pa Lt M (G.12)
Pa P l4+25MZ,,

, where Mg, is the rotor inlet absolute Mach number and Mj,;, is the stator exit

absolute Mach number. For repeating stages, Mi4ps ™~ M3ap,, it then follows that
D3
7|'s == — G.13
" (G.13)
Note that even when, say, M1, = 0.6 and M3, = 0.5, the error in Eq. (G.13) is less
then 10 %. Substituting Eq. (G.11) into (G.13) gives

yM?

7= (1+ 5 C;)? (G.14)
or, after rearranging,
.2
C, = TR (v —1) (G.15)
From Egs. (G.8) and (G.15) the cross flow Mach number takes the following form:
M? = VT — 146, (G.16)
v G

For most modern compressors, C; lies between 0.3 and .45 (Wisler, 1985, [60]). There-
fore AC,, and C} are about the same values and Eq. (G.16) can be simplified as:

M? ~ ‘ﬁ’;_ ! (G.17)

The cross flow Mach number can be computed once the stage pressure is known.
Calculation has been carried out for both fan and core compressor stages of current air-
craft engines such as J79, E3, F100, etc. The computed clearance flow Mach numbers
are shown in Fig. G.1 for fans and Fig. G.2 for compressors. From the figures, the
computed clearance flow Mach numbers are less than 0.5 for fans and 0.4 for compres-
sors. The results thus indicate that the compressibility effect will not be significant in

both fans and compressors.
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Appendix H

Effects of Secondary Flow

Consider the upstream vorticity due to inlet casing boundary layer as shown in
Figure H.1. The exit streamwise vorticity w,, consists of two parts. The first part is

from the inlet streamwise vorticity w,, and is given by

: V2 cos(fr)

Wy = —Wa1 “"/'1' = —Wwsn cos(ﬂg)

The second part is from turning of the inlet normal vorticity w,; and is given approxi-

(H.1)

mately by
Wiy = 20° wpy (H.2)

, where 6° is camber angle. The total streamwise vorticity at the exit is thus given by

o no__ o o Sin(ﬁf)
Wy2 = Wiy + wly = wy cos(B7) (20 cos(ﬂg)) (H.3)
and the governing equation of the secondary flow at the exit is
Vz‘I’ = — Wy (H.4)

where ¥ is the stream function. This equation was solved by a finite-difference analogue
with a well known successive over relaxation (SOR) scheme. The details of the method

is then omitted here.
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Appendix I

Midspan Flow Perturbations due
to Clearance

The effect of clearance on the spanwise mass flow redistribution is examined. An
analysis based on lifting line consideration has been carried out. It shows that, away
from the clearance region, the flow perturbations due to clearance are small and hence
the flow coefficient and the loss at midspan can be treated as constant, i.e. indepentent

of clearance.

I.1 Lifting Line Consideration

As stated, we examine the flow perturbations using a lifting line approach. First
consider a cascade of blades with span b, pitch s circulation T', and tip clearance T,
replaced by a series of bound and trailing tip vortices. The perturbations to the flow
along the lifting lines for this vortex system, shown in Fig. I.1, was examined by
Lakshminarayana and Horlock (1965, [30]) and the result is

r coth?(mz/s) — 1

AV = 4s (coth(ﬂ'z/s) + coth(27r1'/s)) (I1)

where AV is the velocity perturbation and z is the spanwise distance measured from

blade tip. The ratio of the velocity perturbation inside clearance region, say z = —r,,
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to that at mid span, say z = s/2, can be found from Eq. (I.1) to be

AVinidspan _ , coth?(w/2) — 1 coth(—w7/s) + coth(2n7/s)
AVendwat COth2(7r‘r/s)—1) ( coth(m/2) + coth(2rr/s) ) (1.2)

Using Taylor’s expansion, after some algebra, one has
g lay p ’ g

AVinidspan | sinh®(wr/s)
AVendgwau '~ sinh?*(7/2)

| (1.3)

i.e.
AVmidopan T2
Z__magspan, (= 1.
lAdewau (8) (14)

Since 7/s is of order 10~2, one can thus conclude that the mass flow (and the loss) at

midspan can be treated as constant and independent of clearance.

I.2 Actuator Disc Approximation

It is of interest to see what happens to the previous results if s — 0, i.e. in the limit
of actuator disc approximation. In this approximation, the number of blades increases
so that s — 0, with ¢/s = const. The lift lines stack to form vortex sheets with strength

7. The velocity perturbation in the endwall region is then given by
r
AV = Yo A ;

so the axial velocity perturbation in the endwall region is of order

r
(ACa: )endwall ~ ;

For constant mass flow, the change in averaged axial velocity outside the gap is

I' st
(ACm)midspan ~ ; 'I')—s'
i.e.
I'r
(AC:c)midspan ~ 8_1—)—
so that

AVmidspan T T
AVvenclwallllw(b) N(s)
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which is different from the previous result. Note that I' ~ ¢ C, one has

AO.’Z‘ midspan c
(B nidepn ¢ (7 (16)

o 3
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Appendix J

Energy and Momentum Views of
Clearance Losses

Consider free stream and leakage flow on the suction side of a blade as shown in
Fig. J.1. With clearance, the flow in the clearance region has velocity V,, same as
the free stream velocity on the suction side, but with different direction. In this case,
total mechanical energy, and mechanical energy and momentum associated with the

streamwise and crossflow velocity are

%

e Total M.E. : (m + m,) 2’
V2 V2
o Streamwise ML.E. : 77'1—2’- + r'nc—2p-

2

Crossflow M.E. : mc‘;“

Streamwise Mom. mV, 4+ m.V),
o Crossflow Mom. m.V,

where 71 is the free stream mass flow, m. is the leakage flow, V, and V), are the suction
side and pressure side velocity, and V, is the crossflow velocity.
Without clearance, as shown in Fig. J.2, the flow in the previous clearance region

(shaded area) and free stream have the same velocity, both in magnitude and direction

so that
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2

Total M.E. : (m + mc)—‘%

2

e Streamwise M.E. : (/2 + 7‘5%)"5“

Crossflow M.E. : zero

Streamwise Mom. (m + m.)V,
o Crossflow Mom. zero

The momentum view of Senoo considers the change in the streamwise momentum
between these two cases, i.e. m.(V, — V},) and the resulting change in work (i.e. loss) is
thus given by

Me(Va — Vp)Vinean

where V,can is an averaged streamwise velocity. Since the streamwise component of
velocity in the clearance flow changes from V, (zero clearance) to V, (with clearance),
the average velocity is then (V, 4+ V},)/2 and the work difference is then

V2 _ V2
. s p
M e———t
2
The energy view considers the loss as the change in the crossflow energy between

these two cases, i.e.

But
V2 — ‘/;2 . ‘/;)2

c

the momentum and the energy view thus give the same loss.

In the momentum approach, the loss is assumed to be the difference in streamwise
kinetic energy, whereas it is the difference in crossflow energy in the energy approach.
Since the total energy remains the same , these two approaches will give the same

results.
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One can also look at the change in the cross flow momentum, which is
'IT.LC (V;)Vr:wan

where V! ... is an averaged crossflow velocity. Since the crossflow component of velocity
in the clearance flow changes from zero (zero clearance) to V. (with clearance), the
average velocity is then V,/2 and the work difference in the crossflow with and without

clearance is
2
Ve
C
2

which is identical to the results based on the energy view, i.e. the momentum and

energy view points to the crossflow give the same loss as they should.
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Figure J.1: Schematic of fluid velocity on blade suction side with clearance
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Appendix K

Derivation of Efficiency Reduction
due to Clearance in A Turbine

The efficiency of a turbine is given by

L
N = K.1
t mCpT(l — "t(w_l)h] (D
, which can be written as
e = e( L(me, 7), (e, 7))
Under constant m;, one has
An, 10L 1 0m
— = — | AT — ———|m A 2
Nt L(')‘rIt T marl T (K-2)
From conservation of energy,
mC,pTy(1 — 7"™V) = L + Losses (K.3)
Differentiating this w.r.t. the clearance,r, gives
oL om - O0Losses
Frm= i CpTu(l = w7/ — =, (K.4)

Assuming the change in total losses with clearance is from the change in the clearance

loss only, it is found that

0Losses mU?

TU2 O
_—Br_l"‘_ IT ( +

2H ' 2H or ) (K.5)
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,Where
1= 40 () f2

Putting Eqs. (K.4) and (K.5) into Eq. (K.2), the result is written

Ag 11— mlaml Hmlz(A‘r T 1 0m
2L Hm o

= Sl AT) (K.6)

The variation of efficiency with clearance can be obtained. Neglecting higher order

terms, the result takes the form

u_ WL p /=D (K7
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Appendix L

Effect of Flow Reattachment on
Clearance Loss

L.1 Non-Reattached Clearance Flow

Consider a clearance flow in a cross flow plane as illustrated in Fig. L.1. At the gap

exit one has

1
P2 = Po — §PU§ (L.1)
and the leakage mass flow
e = ETpvy (L.2)

, where po is the static pressure at mid span near pressure surface, p, is the static

pressure at the tip of suction surface, and ¢ is the contraction factor given by

£ = (L.3)

If the leakage jet is fully mixed at station 3 as shown in the figure, the decrease of total

pressure can be found to be

1 ér
Apy = pv3(1 = ) (L.4)
and the loss of flux of energy is
. Ap 1 {r
AE, = m.:l—pE =3 Tpv;(1l - ';I‘)z (L.5)
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From Eqgs. (L.1) and (L.5), one has

_ 1, 2(po —p2)ia, &7
AE, = -z-ffp[—p—]sl (1- 'j{‘)z

L.2 Reattached Clearance Flow

(L.6)

We now examine the mixing losses for a reattached clearance flow. Assuming after

the vena contracta the clearance jet re-attaches at blade tip and is fully mixed out

before leaving the gap as indicated in Fig. L.2, the mixing losses occurred inside the

“gap can be calculated as follows.

Between station 0 and 1 the flow is inviscid so that

1

P1 = po— '2"P”f '

Because of mixing in the gap, the static pressure at the exit is

p2 =p1 + pvit(1 —§)

Putting Eq. (L.7) into Eq. (L.8) , the result takes the following form:

1 2(po — p2)

N T eV s

The leakage mass flow can be written

. 1 2(po — p2)
e =TT e\,

The loss of total pressure due to mixing inside the gap is

1
Pt1 — P2 = 5/’"%(1 - 5)2

(L.7)

(L.8)

(L.9)

(L.10)

(L.11)

To calculate the mixing losses outside the gap, it is assumed that the uniform flow

at the gap exit is mixed out again downstream, say at station 3, as shown in Fig. L.2.

The total pressure loss due to the latter mixing is

1 T
P2 — P13 = EP”%(I - E)z
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The overall loss in total pressure can be written

P — pis = 5pudl(1— 6 + €1~ Z.Y]

and

_ 1, 2(po = pa)sa(L — €)* + €21 = 7/H)?
AE; = §£Tp[ P (1 —2¢ + 2¢2)3/2

(L.13)

(L.14)

The change in leakage mass flow and mixing losses from the flow reattachment can

now be determined. Assuming the driving force of the clearance flow, py — p,, is the

same in both cases, one can obtain

Mea 1

My /1 — 28+ 282

and

AE, (-6 +&A—r/H)

AE, ~ (1—&r/H)(1 - 2 + 282)3/2
Substituting in ¢ from Eq. (L.3) and neglecting 7/ H, one has

mcl ~ AEZ ~
ch AEI

(L.15)

(L.16)

(L.17)

The leakage mass flow and mixing losses are thus about 38 % larger due to the flow

reattachment.
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Figure L.1: A non-reattached clearance flow on a cross flow plane
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Appendix M

Effect of Rankine Vortex on
Pressure Rise in A Diffuser

The purpose of this study is to provide physical insight into how the pressure rise
will be affected by the presence of a (clearance) vortex and to understand parametric
trends as well.

The fluid mechanic model used consists of an axial flow with swirl through a cylin-
drical tube, which undergoes an area change, as illustrated in Fig. M.1. The flow is
assumed inviscid and axisymmetric throughout. In addition, swirl distribution of the
fluid is taken as solid body rotation from centerline to some radius (inner flow) and as
free vortex flow from that radius to the wall (outer flow) with no discontinuity at the
interface. The inner flow is a vortex tube , which can be termed as a Rankine vortex.
Upstream of the transition, axial velocities in the inner and outer flows are assumed uni-
form, however, the two velocities can be different. Finally, radial component of velocity
is assumed zero upstream and downstream of the transition.

The flow upstream is then given by:

u=U;, v=0r,w=0 0<r<r;; (M.1)

2
Q7

T

u=Us;, v= , w=0; r, <r<rg (M.2)

where u, v, and w are, respectively, the axial, tangential, and radial components of the

194



velocity, U, and Us; are constants, r; is the radius of the vortex tube, r3 is the radius of
the wall upstream, and € is a constant.

On the downstream side, the axial velocity is uniform outside the vortex tube. How-
ever, it will vary with radius inside the vortex tube, as illustrated in the figure. This
non-uniformity in the axial velocity profile has been examined and explained by Batch-
elor (1967, [4]) and the explanation is given briefly as follows. Due to the area change,
there is a change in the shape of the vortex-lines (in the vortex tube) downstream,
which induces a azimuthal component of vorticity and therefore a non-uniform axial
velocity in the vortex downstream. The axial velocity is minimum at the axis, as shown

in the figure. The flow downstream can be shown to be

u(r) k'r 13 Jo(k'r)
=14+ —(=~—-1) —= =0 <r< .
U1 + 2 Tz ) Jl(k"l'z) »® ! 0 =T=T (M 3)
2
u=U4,v=Qr1,w=0; ra <r <1y (M.4)
r

where U; = 4 is a constant, k' = 2Q/U;, J, and J; are Bessel functions, and r; and
r4 are, respectively, the radius of the vortex tube and the wall, downstream. The flow
downstream will be determined if area ratio 72/r is given. The unknowns are U,
and 73, which can be determined from two constraints: 1) the conservation of mass
flow between the wall and the interface , and 2) same total pressure difference at the
interface upstream and downstream, i.e. py; — Pi3 = Pra — Pea-

For a vortex tube with area r?/r2 = 0.3, and the same axial velocity as the outer
flow, i.e. Uy = Us, the calculated pressure rise at the wall between the upstream and
downstream side against the area ratio r2/r2 is given in Fig. M.2 for four different
values of inlet swirl, i.e. .25, .5, .75 ,and 1.0. The pressure rise is normalized by %pUsz
and the inlet swirl is defined as v(r,)/Us. Also shown in the figure (solid line) is the
pressure rise in an ideal diffuser, i.e. a diffuser without any inlet swirl.

Several interesting features of the flow can be seen from the figure. First, the

existence of a Rankine vortex can greatly affect the behavior of the pressure rise char-
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acteristics of the diffuser. It will reduce the pressure rise: the stronger the swirl is,
the smaller the pressure rise at wall becomes. This behavior can be explained in terms
of radial shift of the interface with swirl. Consider the case in which there is no swirl
and U; = U; so that the axial velocity downstream is uniform from the axis to the
wall. The interface is located at a radius r;, upstream, and is located at a radius, say
r;, downstream. With swirl, due to the above-discussed non-uniformity in the axial
velocity downstream, the axial velocity right below the interface would be higher than
that right above it if the interface were still located at r}. Since the total pressure is
constant along the interface, this means the static pressure right below the interface
would be higher than that right above it. To balance the pressure difference, the in-
terface downstream has to move radially outwards. As a consequence, the pressure rise
on the wall will be smaller than the zero swirl case. In addition, the non-uniformity
becomes much more severe as swirl increases so that the interface moves further away
from the axis and the pressure rise at wall becomes smaller, as can be seen from the
figure.

A more striking feature of the flow is that the pressure rise initially increase with the
area ratio. However, it reaches a maximum at a critical area ratio and then starts to fall
off with an increase in area ratio !. This peaking-over phenomenon is a consequence of
the above-discussed increasing vortex area with swirl on the downstream side, which can
be seen in Fig. M.3. Plotted in the figure are the normalized radius of the wall (r4/r;)
and the interface (r;/7,) as well as the (normalized) area between them, (r2 —r2)/r?, as
a function of the area ratio. The result shows that, because of an considerable increase
in the size of the vortex tube downstream, the area of the outer flow, although initially
increases with the area ratio, gets to a maximum and then decreases with increasing
area ratio. The static pressure rise on the wall thus peaks over as seen in Fig. M.2.

In addition, since the vortex tube downstream grows with the swirl, the wall pressure

rise peaks over at a smaller area ratio as the inlet swirl becomes stronger. Static pressure

1 For the smallest swirl, v(r1)/Us = .25, the critical area is roughly 8.0 so that the peak-over behavior
can not be seen in the figure.
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rise at the interface is given in Fig. M.4 , which shows similar behavior.

It should be pointed out that the calculation has been carried out up a cut-off
area ratio at which reversed flow start to exist on the axis, where the minimum axial
velocity takes place. The solution is no longer valid and the vortex tube may break
down before the area ratio reaches the cut-off value. The vortex breakdown is a very
complex phenomenon, which is still not well understood, and will not be discussed here.
For reference, the calculated axial velocities on the axis for the various values of swirl
(.25,.50,.75, and 1.0) are shown in Fig. M.5 with r?/r2 = 0.3 and U; = Us.

To see the effect of the size of the vortex tube on the wall pressure rise, calculation
has been carried out for four different values of r2/r2, i.e. 0.1, 0.3, 0.5, and 0.9, with
constant swirl v(r;)/Us = 1 and U;/Us = 1. The calculation results show that the
pressure rise peaks over at a smaller area ratio for a smaller vortex size, which can be
seen in Fig. M.6. The results also show that the pressure rise capability increases with
cross-section area of the vortex.

We have also examined the effect of different axial velocities in the inner and outer
flows on the wall pressure rise. Fig. M.7 shows the result for U;/U; = .9, 1.0, and 1.1.
It indicates that, for a given area ratio, the axial velocity defect in the vortex tube will
reduce the wall pressure rise. In addition, the pressure rise ends at a smaller area ratio
for smaller U; at which reversed flow occurs earlier. So far, the most interesting results
of the calculation is that the pressure rise can peak over with a Rankine vortex in a
diffuser. Other features that are of interest are that the axial velocity in the vortex
becomes smaller as the area ratio increases, becoming zero at the cutoff area ratio and
that, as with a simple wake flow, an axial velocity defect in the vortex degrades the
pressure rise capability.

As mentioned in the beginning of the analysis, the purpose of the effort is to provide
physical insight into how the pressure rise in a compressor would be affected by the
presence of a (clearance) vortex and to understand parametric trends. Suggestions

from this study for a compressor can be summarized as follows:
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The clearance vortex can play a large role in the pressure rise of a compressor.

As flow coeflicient decreases, the clearance vortex grows both in size and strength

(circulation) and, as a consequence, the pressure rise will be smaller.

The peaking-over of the compressor characteristic may be due to not only the
viscous effect, i.e. the growth in the endwall boundary layers, but also a invis-
cid phenomenon, i.e. due to the interaction between the clearance vortex and

surrounding flow.

Vortex breakdown may play a role in the discontinuity in a compressor pressure

rise characteristics, i.e. the stall phenomenon.
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Figure M.1: A Rankine vortex in a diffuser with swirl
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Figure M.2: Wall pressure rise vs. area ratio for different values of swirl
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Figure M.3: Radius of a vortex tube and area of outer flow vs. area ratio
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Figure M.4: Interface pressure rise vs. area ratio for different values of swirl
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Figure M.6: Wall pressure rise vs. area ratio for different values of vortex size
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