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A NUMERICAL ANALYSIS OF 3-D INVISCID
STATOR/ROTOR INTERACTIONS USING
NON-REFLECTING BOUNDARY CONDITIONS

by
ANDRE PIERRE SAXER

This dissertation presents a method for the computation of three-dimensional invis-
cid, transonic steady and unsteady flows, primarily in axial flow turbines. The work
is divided into two major contributions. The first is an algorithm for the solution of
the 3-D Euler equations which incorporates a second-order accurate numerical smooth-
ing for non-uniform grids and steady-state non-reflecting boundary conditions. Fourier
analysis applied to the linearized Euler equations is used to develop novel quasi-3-D
non-reflecting boundary conditions at the inflow/outflow and at the stator/rotor inter-
face. The accuracy, effectiveness and robustness of the boundary condition formulation
is demonstrated through several subsonic and transonic test cases and through compar-
ison with the standard 1-D formulation.

The second contribution consists in the study of three specific low phenomena oc-
curring in an axial flow turbine. First, the steady-state effects of an inlet spanwise
stagnation temperature gradient in a transonic stage are analyzed. The mechanism for
the migration of the temperature as well as the extent of the non-uniformity are assessed.
Then, the secondary flow produced by a combined thermal and vortical inlet distortion
on a downstream moving rotor is studied. The extent of the radial mixing for steady
and unsteady flow is assessed as a function of the strength of the inlet disturbance. The
third case is an analysis of the steady, unsteady and time-averaged flow fields in a highly
loaded industrial transonic turbine stage. In particular, the unsteady shock interaction
due to the impact of the stator trailing edge shock wave off the downstream rotor is
studied. From the last two cases it is concluded that in many aspects the time-averaged
results are extremely close to the steady-state values, even with strong unsteady shock
interaction. For each case the mechanisms for the creation of the secondary flow and
deviations from a steady, uniform inlet conditions flow field are presented and analyzed.
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P static density
o radius of curvature of the streamline
o under-relaxation factor
$ vector of linearized characteristic variables
P grid weight function
& vorticity vector
0 angular speed
Superscripts:
n time index
T transposed vector
Subscripts:
abs  absolute frame
I cell face index
i cell index
inl, out inlet, outlet
J node index
maz maximum quantity
min  minimum quantity
P pitch
rel  relative frame
R radial component
r,s rotor, stator
s steady-state
s,n,b streamwise, normal and binormal components
t total (stagnation) conditions
v vortex
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Accents:

z (axial) component

y component

z component

tangential (circumferential) component
uniform flow conditions

arithmetic average

Fourier transformed quantity
linearized perturbation
vector quantity
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Chapter 1

Introduction

C’est pas demain la veille! Abraracourcix, chef gaulois.

The flow physics of a modern transonic turbine stage such as the one shown in Fig. 1.1
is extremely complex. The flow field is inherently unsteady due to the relative motion
between the stationary blades (stator) and the rotating rotor blades. In fact several
sources of unsteadiness are present in a turbomachine with frequency scales ranging
from a fraction of the shaft speed to several times that of the highest blade-passing
frequency, see for instance the reviews by Greitzer [43] and Giles [36]. Some of them
are purely of inviscid nature such as potential stator/rotor interactions, flutter, inlet
distortions. Others such as wake interactions with the subsequent blade row, vortex
shedding, passage and tip vortices originate due to the viscous nature of the gas. Also,
due to high Reynolds number and depending on the operating conditions, regions of
laminar, transition and turbulent flow may occur. This means that the length scales

can range from the circumference of the machine to a very small fraction of the blade

chord.

The next two paragraphs are not intended to present an extensive list of all the
studies previously done on turbine stator/rotor flow physics, but rather to expose review
papers in this field of research. The thesis is organized such that additional, more specific

references, are cited in the appropriate chapters.

Until recently, experimental study has formed the bulk of the research focussed on

23



turbine stator/rotor related flow physics. A good summary of the relevant effects can be
found in the papers by Sharma et al. [96, 97] Joslyn et al. [62] and Joslyn and Dring [61].
References [96] and [97] focus on the effects of upstream wakes and temperature streaks
on losses, heat loads and secondary flows. The effects of upstream streamwise vortices
due to incoming endwall boundary-layer profiles has been experimentally investigated in
terms of aerodynamic loading and heat transfer. The studies show that large variations
in the size and strength of the rotor-relative secondary flow vortices occur which will
alter the velocity profile of the subsequent stator, and affect the development of the
boundary-layer. In general heat loads and losses on a turbine airfoil are increased by
the unsteady interaction between the suction surface boundary-layer and the wakes and
vortices from upstream rows. In References [62] and [61] aerodynamic data was acquired
in one and a half stage axial turbine in order to assess the effects of secondary flows
on radial transport, and analyze the three-dimensionality of the flow in terms of swirl

angles, static, total and rotary stagnation pressure spanwise distributions.

Because of the additional shock wave interactions with the above phenomena, in
the transonic regime things usually get worse. For instance extensive experimental
research on wake/rotor as well as shock wave/rotor interaction in turbines, [5, 8, 18,
93, 58, 57], has shown that the passing upstream distortion (wake, shock wave) can
cause an intermittent transition in the rotor’s boundary-layer, causing the heat transfer
to alternate between a low, laminar value and a high, turbulent value, which in turn

affects the overall losses.

Confronted with a multiple-scale complex problem, it is extremely difficult to analyze
‘as a whole’ the flow occurring in an industrial transonic turbine stage. Hence, numerical
analysis, the technique adopted in this project, offers an interesting and complementary
(not alternative) approach towards the understanding of the flow physics occurring in
axial flow turbomachinery. As shown below in the literature review, an interesting
feature of computational fluid dynamics is its ability to ‘segregate’ different classes of

flows and flow phenomena.
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Numerical methods for calculating turbomachinery flow fields are reviewed by Mec-
Nally and Sockol [77] and Giles [36]. McNally and Sockol’s review is older and focusses
on grid generation techniques, solution methods for the stream function equation, full
potential equation, Euler and parabolized Navier-Stokes equations. At that time only
a handful of codes for solving 3-D multi-stage flow fields were available. On the other
hand Giles’ review is more recent and concentrates on methods for unsteady flow us-
ing different levels of approximations, i.e. linear potential, linearized Euler, Euler and
thin-shear-layer Navier-Stokes. In particular, the reviewer stresses the importance of
boundary conditions such as inlet, outlet, periodic and stator/rotor interface. The emer-
gence of linearized methods, and linearized Euler in particular is interesting. It indicates
that although Navier-Stokes flow predictions are better in terms of matching local ex-
perimental data, Euler methods are well suited to predict first-order effects or trends.
For instance, the Euler solvers of Ni [83] and Denton [17], which include modelling of the
viscous effects through a body force term in the momentum equations [16], are currently
being used in the turbine aero design process, whereas Navier-Stokes methods are still

not computationally cheap enough.

In the last few years in addition to Ni and Denton’s, several papers have been pub-
lished in this area: Fourmaux [27] and Lewis [72], inviscid 2-D stator/rotor interaction;
Jorgenson [60] quasi-three-dimensional thin-layer unsteady Navier-Stokes stator/rotor
and Giles [37, 33] quasi-3-D inviscid/viscous unsteady stator/rotor interaction; Rai [87]
and Chen [12] 3-D viscous unsteady stator/rotor interaction and Dawes [15] 3-D steady
viscous. As opposed to experimental work, a majority of the papers on stator/rotor
numerical analysis have concentrated on algorithm issues such as conservative versus
non-conservative, ability to cope with arbitrary stator-to-rotor pitch ratios, boundary
conditions, and proof-of-concept demonstrations. Today, however, the emphasis seems
to turn towards applications in a search for better flow physics u_ndersta.nd.ing.» In that
respect, one important objective of this thesis is to isolate and investigate separately
some of the flow characteristics typically occurring in a (first) transonic turbine stage.
Surprisingly, although the genesis of the above mentioned problems is sometimes due to

viscosity (wakes, passage vortex for instance), the dynamics of the subsequent flow in-
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teractions is mainly driven by inviscid mechanisms. Hence, this work is entirely focussed

on inviscid flow phenomena.

1.1 Objectives of the thesis

This dissertation involves two distinct, though complementary, major objectives. The
first goal is to develop an efficient numerical algorithm solving the 3-D inviscid equations
of motion for turbomachinery flows. The Euler equations expressing the conservation
of mass, momentum and energy of an inviscid, compressible gas offer a suitable model
system for the numerical study of stator/rotor interactions. However, a major problem
associated with any numerical procedure is the handling of the boundary conditions.
The boundary conditions have to be formulated in order to avoid spurious reflections
that may contaminate the global solution. This is particularly important in a transonic
stage with small axial gaps, such as the one studied here, where shock waves propagate
indefinitely and can be be reflected by improper boundary conditions. Moreover, the
boundary condition formulation needs to be able to accurately represent details of the
flow field since the low problems analyzed here involve variations from a current steady-

state, i.e. the steady as well as unsteady secondary flow must be a true representation

of a physical phenomenon.

To achieve this, a novel quasi-3-D non-reflecting boundary conditions formulation
is introduced. The theory is based upon Fourier analysis and eigenvectors applied to
the linearized Euler equations, and is implemented for transonic and subsonic axial flow
turbomachine calculations. The technique is designed to avoid numerical reflections and

ensures conservation of mass, momentum and energy when applied at the stator/rotor

interface.

The second major objective of this dissertation is to add flow physics understanding

to the body of research mentioned in the introductory section. This is accomplished in
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the second part of the thesis by applying the newly developed CFD tool to three specific
types of 3-D turbine stator/rotor interactions. The first case concerns the secondary
radial transport in the rotor due to a stator inlet non-uniform total temperature. This is
a typical problem encountered in a modern first turbine stage, because the requirement
of high operating temperatures in order to increase the cycle performance creates severe
heat loads. The flow leaving the combustor of a gas turbine is not temporally or spatially
uniform. The mean flow temperature is usually well above the limit supported by the
surrounding material. Cooling of the walls and the blades of the first stage is thus
usually necessary. Consequently, midspan streaks of hot, less dense gas pass through
the first stator row and become hot jets of fluid. A second-order non-linear effect causes
this fluid to preferentially migrate towards the pressure surface of the first rotor row.
This increases the mean temperature of the fluid at the edge of the boundary-layer, and

so increases the mean heat transfer, which can in turn lead to blade failure.

The second case involves thermal and shear flow driven secondary flow in a rotor
due to an incoming passage vortex coupled with a spanwise non-uniform temperature
distribution. It is well known that in three dimensions the blade rows interact with
the passage vortices generated by tht; upstream endwall boundary-layer and also with
the tip vortices. For highly loaded turbines a significant secondary flow is generated
in the blade passage due to the large turning. These secondary flows leave the blade
rows as organized streamwise vortices, which then interact with the following blade
row, affecting both the boundary-layer development and the heat transfer. Hence, with
respect to first turbine stages, both thermal and velocity gradients effects are important
in the development of secondary flow, and should be assessed from a steady and an

unsteady point of view.

The final case consists of comparing and analyzing the steady, unsteady and time-
averaged transonic flow fields in a highly loaded first turbine stage. For a supersonic
vane exit, a system of oblique shocks is generated at the trailing edge of the stator.
For small axial gaps, the shock extends to the rotor and impinges on the suction and

pressure sides. This causes unsteady rotor loading as well as unsteady shock/boundary-
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layer interactions. Relative to the time-averaged solution, it is important to assess the
extent of the unsteadiness due to the inviscid shock interaction in terms of secondary

flow and stator and rotor loadings, for instance.

The demand for improved performance of today’s gas turbines requires the designer
to account for 3-D steady as well as unsteady effects. For example, the thermal analysis
of a turbine airfoil requires the knowledge of local heat loads, which means that the
knowledge of the average driving temperature in the blade passage is not sufficient to
optimally design the cooling system. Hence time-accurate values are required as well
as deviations from the average. Hence, the computation of steady and unsteady flow
fields in a complete industrial first turbine stage under different, though realistic inlet
conditions, will serve to evaluate the extent of the changes that may occur with respect
to the design conditions, i.e. uniform inlet conditions and steady flow field which rely
heavily on through-flow techniques [1, 110].

Another motivation for analyzing and comparing the steady and the time-averaged
unsteady flow solution stems from the emergence of methods that incorporate ‘correc-
tions’ to the baseline steady flow in order to account for deterministic periodic un-
steadiness, see for instance References [2] and [38]. In [2], Adamczyk derived a set of
average-passage flow equations for a multi-stage turbomachine by sequentially applying
an ensemble-averaging, a time-averaging and a passage-to-passage averaging operator to
the governing equations. In [38], Giles proposed an asymptotic approach for multi-stage
unsteady flow computations in which the effect of periodic unsteadiness on the steady
flow is included through quadratic terms. Compared tp the full non-linear unsteady
flow methods, these techniques offer potentially great savings in computer time, though
still retaining the global effects of unsteadiness. However, the use of these improved
‘mean-flow’ solution procedures needs to be justified by evaluating the extent of the
changes resulting from unsteadiness. These are examined here in the second (subsonic)
and third (transonic) flow cases which involve a combined vortical and thermal distur-

bance entering a moving downstream rotor, and a stator/rotor shock wave interaction,

respectively.
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1.2 Thesis outline

An important feature of the numerical procedure is that absolute and relative variables
are used, i.e. stator quantities are defined in an inertial frame of reference whereas rotor
quantities are defined relative to the rotating frame of reference. In Chapter 2 of this
thesis, the so-called Euler equations governing the motion of an inviscid compressible
gas are presented in a Cartesian system of reference rotating at a constant angular
speed. From this form, the equations in the absolute frame (stator) are easily derived.
Also presented in Chapter 2 are the reference quantities used to non-dimensionalize the
equations, and a system of cylindrical coordinates particularly useful when implementing
the boundary conditions. Circumferential periodicity is assumed throughout this thesis,
so that calculations can be performed on a single blade-passage. This is usually a good
assumption for turbine flow fields as opposed to compressor flows where inlet distortions

can lead to severe instabilities such as rotating stall, see for instance [42].

The discretization procedﬁre is presented in Chapter 3. The Ni-Lax-Wendroff al-
gorithm implemented on an unstructured grid formed by an ensemble of hexahedral
cells is discussed together with the properties of accuracy and consistency. Then, the
implementation of this scheme on a multi-processor machine together with the periodic

and wall boundary conditions are presented.

The numerical algorithm adopted in this work requires the addition of a so-called
numerical smoothing, whose purpose is to ensure both stability and shock capturing. It
has the form of a combined fourth- and second-difference operator acting on the state
vector. The fourth-difference smoothing used in this work is designed to ensure second-
order accuracy for shock-free solutions even in the presence of grid irregularities. This
property is important when comparing different solutions. It is an extension to 3-D of a

method introduced by Holmes and Connell [54]. This matter is discussed in Chapter 4.

The quasi-3-D non-reflecting boundary conditions for steady-state flows are presented

in Chapter 5. The objective of this formulation is to allow calculations to be performed
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on truncated domains such as the ones encountered in a numerical simulation of a
turbomachine flow field, without the generation of spurious non-physical reflections at
the far-field boundaries. The theoretical aspect of the quasi-3-D approach using Fourier
analysis performed upon the linearized Euler equations is presented and linked to the
standard 1-D formulation. The quasi-3-D non-reflecting boundary conditions can also
be used to match together a stator and a rotor computation so that the interface is
treated in an average conservative manner. The importance of the interface treatment
becomes crucial when simulating flows in turbines with small axial gaps where shocks
must cross the boundary without being reflected. Chapter 5 concludes by presenting
results showing the effectiveness of the quasi-3-D boundary conditions by comparing

them to the standard 1-D formulation for several cases.

Validation of a 3-D unsteady inviscid solver is not a trivial task. The results pre-
sented in Chapter 6 attempt to achieve this by using an analytical and an experimental
test case. Another way of validating the code is to check upon certain integral quantities

that have to be conserved in the computational domain.

The 3-D applications of the Euler solver to stator/rotor interactions are presented

in Chapters 7 through 9.

In Chapter 7, the present method is used to analyze the effects of an inlet radial
temperature distribution coming out of the combustor of a gas turbine onto the first
turbine stage. In this simulation, the Munk and Prim [80] substitution principle is used
to show that no 3-D secondary flow associated with the spanwise temperature gradient
occurs in the vane. However, a significant secondary flow is generated in the relative
frame of reference, which is a consequence of the rotor relative non-uniform inlet total
pressure distribution as well as the rotor-relative inlet angle. The effect of the rotor-
relative secondary flow on the upstream stator is also discussed. The results of this
chapter are analyzed with respect to the flow field occurring in the stage with uniform
inlet conditions.
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In Chapter 8, an attempt is made to assess the effects of thermally and shear flow
driven secondary flows on a downstream rotor. In particular, a model for a passage
vortex is proposed and then coupled to a spanwise temperature profile. This combined
vortex/temperature flow field is set as inlet conditions of a partial vane which is con-
nected downstream to a moving rotor. Steady-state results are presented and compared
with the unsteady computation. For unsteady computations, a simple stator/rotor in-
terface boundary condition which uses 1-D characteristics theory is employed. This

algorithm, also presented in Chapter 8, restricts the stator-to-rotor pitch ratio to 1.

In Chapter 9, a full unsteady calculation of a highly loaded transonic first turbine
stage is presented together with the steady-state results. The flow physics of the steady-
state and the unsteady shocks motion are discussed, and a comparison between the
time-averaged and the steady-state solutions is presented. As will be seen, the unsteady
shock system produces a secondary flow of vortical nature absent in the steady-state

calculation.

Finally in Chapter 10, the major contributions of this work are outlined, some ex-
tensions for future research are proposed and some conclusions are drawn about the

utility of the present approach.
It is worthwhile to outline the material presented in Appendices A through E.

The mesh generation technique is discussed in Appendix A. It describes how a set
of simple 2-D profiles from industrial data can be manipulated to define second-order
continuous surfaces such as the blade and the upper and lower annulus walls that are
then used to generate a structure suitable for 3-D numerical grid generation. Chosen
for its robustness and relative ease of implementation, the distribution of the field mesh
points is found by solving a set of elliptic partial differential equations. The source terms
are automatically evaluated in the iterative solution procedure to produce a control of

cell size and skewness at the blade boundary.
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The derivation of the cell volume as well as the areas of the cell faces is presented

in Appendix B.

For explicit time-marching methods such as the Ni-Lax-Wendroff scheme, the al-
lowable time-step is restricted by the so-called Courant-Friedrichs-Levy (CFL) stability
limit, which states that the numerical domain of dependence must contain the complete
domain of dependence of the original hyperbolic differential equation. The stability
analysis is performed in Appendix C.

In Appendix D, the implementation of the quasi-3-D non-reflecting boundary con-
ditions are discussed. Subsonic, as well as supersonic, inflow and outflow conditions are

presented.

Finally, Appendix E contains a discussion of the effects of scaling the rotor blade
in order to get a stator-to-rotor pitch ratio equal to 1, which compares to 1.69 in the

actual geometry.

Figure 1.1: Transonic turbine stage.
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Chapter 2

Governing Relations

2.1 Three-dimensional Euler equations

Reynolds and Prandtl numbers of the order of a million and unity, respectively are
typical values encountered in a gas turbine engine. This means that the viscous and
thermal effects are confined to thin shear layers. This is particularly true in the turbine
section in which the fluid does not have to work against a mean adverse pressure gradient
as in the compressor section. Qutside these regions, the gas is assumed to be non
heat-conducting, inviscid and compressible. By applying the fundamental principles of
conservation of mass, momentum and energy to this kind of fluid, the so-called Euler
equations of fluid dynamics are obtained. Integral forms of the conservation laws are
presented in several books, see for instance Ryhming [91], Anderson [4], Liepmann &
Roshko [73] and Kuethe & Chow [67].

The conservation laws can be derived for either a fixed or moving control volume in
space. The differential form is usually obtained from the integral form by shrinking the
control volume to a point and applying the divergence theorem. As mentioned earlier,
a relative motion between the blade rows is inherent to a stator/rotor interaction. The
algorithm developed in this thesis solves the flow fields associated with a non-rotating
and rotating row in their own Cartesian coordinate systems. Thus, the conservation

laws for a fixed control volume can be used. Absolute values subscripted 4, are used
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in the stator, fixed frame of reference, whereas rotor-relative quantities subscripted ,.;
are used in the rotating coordinate system'. Appropriate transformations are then
performed at the interface to match the two flow fields. Also, the subscripts ;,; and
out are used to indicate an inlet and outlet quantity, respectively. Thus, in a combined
stator/rotor computation, these subscripts refer to the stator inlet and the rotor outlet,

respectively.

The flow field is modelled by the Euler equations for an inviscid, adiabatic compress-
ible gas. Used in a conservative formulation, the resulting system correctly accounts
for the formation of shocks and their associated entropy and vorticity production. In
a Cartesian coordinate system rotating at constant speed ! around the z axis, see
Figure 2.1, the Euler equations can be expressed as

o or oo om_, -
where U is the state vector in the relative frame defined as U = (p, pu, pv, pw, pE)L

rel”

The fluxes F, G, H of mass, momentum and energy are given by

(pu ) (oo ) [ pw
pul+p puv puw
F=1 puw |,G=|po?+p|, H=| pow |. (2.2)
puw pow pwi+p
\ pul / \ pvl ) pwl )

The source term @, representing the centripetal and Coriolis forces per unit volume,

acting on a fluid particle at radius R = \/y2+22 is defined as

!The subscripts ass and re; are used only when a confusion may occur and so are otherwise dropped.
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(o
0
Q=1 p(0% —20w) |- (2.3)
p(Q2%z + 20w)

\ 0

E is the total rotary internal energy per unit mass, i.e.
1 1
E=e+ §(u2+v2+w2)nl — -2-92R2, (2.4)

where e is the internal energy per unit mass, defined as e = ¢, T for a calorically perfect
gas. ¢, is the specific heat at constant volume and T the static temperature. The static
pressure p and the rothalpy I are related to the density p, relative velocity components
u, v and w, and E by the following two equations which assume a perfect gas with

constant specific heat ratio v = ¢,/c,.

1 1
p=(-1)p (E - -2-(u2+vz+w2)rez + 5n"-RZ) , (2.5)
1=B+2= 2 2, L2 i02iu?),, - SR, (2.6)
p v—-1p 2 2

Using absolute velocities and total energy, the above relations are also valid in the
absolute frame (stator, @ = 0) in which case @ is set to zero and the rothalpy is replaced

by the stagnation enthalpy h;,
Lo oo, .2, 2
hy = h + E(” +v° +w*) aps, (2.7)

where h is the static enthalpy defined as h = ¢,T and ¢, is the specific heat at constant

pressure.

The derivation of the equations from the absolute frame of reference to the rotating

frame is elegantly presented in Reference [39] using tensor analysis and is not reported
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here.

2.2 Non-dimensionalization

It is useful to rewrite the above equations in non-dimensional form. Using non-dimensional

variables allows an easier comparison between different flow cases, by avoiding unit con-

version factors. Also, the scaling laws that may appear in the flow fields are explicit

in dimensionless quantities. The inlet stagnation density, (p:)in;, stagnation speed of

sound, (ct)ini, and the blade axial chord at the hub, Ly, are chosen as reference values.

In the case of a combined stator/rotor calculation, the axial chord of the stator (first

row) is used as the length of reference. Introducing these quantities gives the following

non-dimensional variables,

b 7w YT YT
v ZZS)L_M v (c:)’inz e ﬁ

(2.8)
W= (Ct)in(l]/-[’hub ¢= (C;)inl M= (C;;i"l.

With this procedure, the form of the non-dimensional governing equations becomes

identical to that of the dimensional equations. Thus, for convenience the primes are

dropped and reference is henceforth made to the non-dimensional variables only. For
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instance, the stator inlet state vector written in terms of dimensionless variables is

(1)

Mz)int
(1+%1M'2nl)7

1

Ui = 1 < _(&Ll
in 1
(1+232M2,)7 [ P Me)?

M:)int
1
(l-l-z'_—2 M2 l)f

I

1
K 161
Using the definition of the local speed of sound c,

1P
b

P

C =
and the shorthand notation
V = (Vu? 4 v? 4+ w?) g,

the inlet Mach number M;,; is defined as

|4

Mo = (2) = 00+ ()it + (M)t

In addition, the following inlet stagnation quantities are found.

1

(ht)inl = m,

1
(p)imt =1, (Dt)int = =

2.3 Cylindrical coordinate system

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

As mentioned earlier, the 3-D Euler equations are solved in a Cartesian coordinate

system, that is either fixed as in the stator frame, or rotating at constant angular speed

 in the case of the rotor. However, it is more natural to apply boundary conditions in
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a turbomachinery environment using a cylindrical coordinate system. Thus, a relation
between the Cartesian and the cylindrical coordinates is needed. With reference to

Figure 2.1 the following relations apply,

y = Rcosé, (2.14)

z = Rsin®, (2.15)

R = \[y?+22 (2.16)

6 = arctan (E) , (2.17)
()

ég = sin@j—cosbk, (2.18)

ér = cos@j+sinbk. (2.19)

Both coordinate systems are right-handed if thought of as (z,y, z) and (z, 6, R).

Using the cylindrical coordinates, the absolute velocity V = (¢z,ug, UR)abs in the
stator frame of reference is related to the relative velocity W = (2z, ug, UR)rer In the

rotor by

V=w+T,, (2.20)
where U, is the rotor wheel speed defined as

Uy = QR &. (2.21)

Rotation around the z axis is defined as

0 =-qi (2.22)
Hence,
(vz)abs = (Ua)rels (2.23)
(ug)abs = (ug)rer + NR, (2.24)
(uR)abs = (UR)rel- (2.25)
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Figure 2.1: Cartesian and cylindrical coordinate systems.

The two prescribed flow angles needed as inlet boundary conditions in Chapter 5 are
defined in Figure 2.2. With respect to the cylindrical coordinate system the following

relations apply to any vector V = (uz, ug, uR).

u, = V cosayg sinag, (2.26)
Uug = Vv sinag sinaR, (2.27)
ug = V cosag. (2.28)
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Figure 2.2: Prescribed inlet angles.
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Chapter 3

Discretization Procedure

3.1 Lax-Wendroff algorithm on unstructured hexahedral

cells

An explicit time-marching numerical algorithm of Lax-Wendroff type is used to solve the
Euler Equations (2.1). The flow variables are located at the vertices of the hexahedral
cells and are assigned according to an initial condition. For each node the governing
equations are then integrated in time and, subject to adequate boundary conditions, a

steady-state or periodic unsteady solution can be obtained.

The flux across each cell face is based upon the average of the fluxes F', G, and H
at the corner nodes. The flux residual is evaluated by summing the fluxes through the
six faces, and adding the source term for the cell. From this residual, the changes in the
flow variables are distributed back to the eight corners, according to the Lax-Wendroff
algorithm which guarantees numerical stability, subject to the Courant-Friedrichs-Levy
time-step limit. The basic integration scheme is similar to that introduced by Ni [81],
re-cast by Hall [46] and then extended to 3-D by Ni and Bogoian [82]. However, it
differs from the other formulations in precise details for non-uniform grids and it is here
described to be used in a flow solver that handles unstructured grids. The derivation is
valid for any arbitrary grid defined only by the coordinates (z,y, z) of its grid nodes in

a Cartesian space.
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Figure 3.1: Hexahedral cell nomenclature.

Formally the Lax-Wendroff algorithm starts by considering the second-order Taylor
series expansion for U*! = U((n + 1)At), where the superscript ™ denotes the time

level and At = tnt1 — ¢,

- n aUN\™ 1 2Uu\"
U+%47+M(§)+§m%j§>. (3.1)

Substituting from Eq. (2.1) and changing the order of differentiation yields,

0F 0G o0H " OAt[ 0 0 0
n+l _ rn il Sl S _=1= n, - ny =~ n__ n
Uttt =U At(am+ay+az Q) 2(azAF+ayAG+aZAH AQ),
(3.2)
where
W AL OF . A.0G N : n .00
AF" = Aty AG™=At—2, AH"=ADt—, AQ"=At—=. (3.3)

It is easier to explain the construction of the Lax-Wendroff algorithm on unstructured
grids by considering the Figures 3.1 and 3.2. The grid nodes are numbered and the cells
are referred to by capital letters. Surrounding node 1 are the eight nearest neighboring |
mesh cells denoted 4, B, C, D, E, F, G, H. The state vector change at node 1 is
defined as §U; = UJ*! — UP. This residual is found by integrating Equation (3.2) over
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cell A

pseudo-mesh
cell P

Figure 3.2: Control volume of pseudo-mesh cell P (dashed) surrounding node 1, with
cell neighbor A. The center of the adjacent cells marked by capital letters are located
at the corners of P.

the pseudo-mesh cell P of finite volume V; and by applying Gauss’ theorem, i.e.
§U = —( — At / / (F, G, H)(naynyyn,)dS + AtV3Q;
Vi cell P

- _Az_t// (AF,AG, AH)(nzyny,n;)dS + %—tVlAQl ). (3.4)
cell P

i = (ng, Ny, n;) is the unit normal vector directed outside the surface element dS and

the notation
(F,G,H)(ng,ny,n;) = Fny, + Gny + Hn, (3.5)

is used. The residual §U; is now expressed as a function of the changes occurring in the
eight cells of which node 1 is a corner, i.e.

8cells
§Ur = ) 68Uy = 8Urs +8Usp + 6Usc + 6Usp + 6Urg + 8Urr + 6Usc + 6Urm- (3.6)

=1

Thus all of the cells surrounding node 1 contribute to the change 6U;.

The two integrals in Equation (3.4) are considered separately. The first integral, rep-
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Figure 3.3: Contributions of cell A to the first-order, left, and second-order, right, flux
integration.

resenting the first-order flux contribution at node 1, can be split into eighth independent
closed surface integrals, each of these being approximated as one eight of the surface
integral over the larger cells A,..., H. Also an average value of the first-order source
term is defined at each center of the larger cells A4,..., H and contribute equivalently
to node 1. The second-order flux contribution to node 1 uses the same control volume
V1 as the first-order terms but is approximated as a sum of open surface integrals, see
Figure 3.3. For instance, the first- and second-order contributions of cell 4 to node 1

are given by

1 Aty

At
U= ( = T [[ (FG B nmm,n)ds + SAViQa

At //
- AF,AG,AH)(ng, ny,n;)dS
2-4 faces(l-—3—5)A( )(n bl )

At
+ ﬁVAAQ 4). (3.7)

The average first-order change in U for the whole cell A in the time-step At4 is denoted

AU, and written as

At
AU, = _<_) / / (F,G, H)(ng,ny,n,)dS + AtaQa
V)alJceia
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At 6 faces _ _ _
= - (T/’) ( > (Fsz+csy+Hsz)f) +AtsQa + O(I%), (3.8)
A f=1 cell A

where the superscript ~ denotes an arithmetic average over the four grid nodes defining
the face f of cell A. Sz, S, and S, are the projected areas on the yz, zz and 2y planes
of the face f, respectively. The derivation of the areas as well as the volume for a cell is
given in Appendix B. Note that the sum in Eq. (3.8) represents a flux balance for the
cell A. With this, Eq. (3.7) is re-written as
wia=3(5),{ (F), 00~ 5 arisracis,ramsy + oo
(3.9)
where 5., §, and S, refer to the averaged projection areas of opposite faces and thus
represent the faces of the pseudo-cell P éketched in Fig. 3.2. Note that according to the
cell nomenclature defined in Figure 3.1, the second-order fluxes of cell A contribute to

the state vector change of node 1 only through the (average) faces 1, 3 and 5.

For a time-marching calculation the convergence to steady-state flow is accelerated
by using variable time-steps, see Appendix C. The arrangement of the At terms in

Equation (3.9) ensures that conservation is independent of the local time-step.

The second-order flux terms AF4, AG, and AH, are obtained from

oF
AFA— (ﬁ)AAUA’ AGA—(

oG
v

0H

)AAUA, AHAZ (-é-ff

) AU, (3.10)
A

whereas the second-order source term AQ 4 is given by

AQ4= (g—g) AT, (3.11)

In Egs. (3.10) and (3.11) the Jacobians are evaluated using Uy, the cell-average of the
eight nodes. For computational efficiency it is best not to actually form the Jacobian

matrix and perform the matrix-vector multiplication. Instead the following equations

are used.

AR, = A(pu)
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AF, =

AF;

AF, =

AFs

AG;
AG,
AG3
AG4

AGs

AH, =

AH, =

AH; =

AH, =

AHs; =

AQ
AQ:
AQs
AQs4

AQs

I

aA(pu) + pulAu + Ap
aA(pv) + poAu
aA(pw) + pwAu

a@(A(pE)+Ap) + pIAu

A(pv)

A (pu) + pulv
BA(pv) + pvAv + Ap
BA(pw) + piwAv

3(A(pE)+Ap) + pTAv

A(pw)

BA(pu) + puAw
DA(pv) + prAw
DA(pw) + poAw + Ap

®(A(pE)+Ap) + pTAw

= Q%§Ap - 20A(pw)

0?zAp + 2QA(pv)

= 0,
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(3.12)

(3.13)

(3.14)

(3.15)



(A(pu) — alp)/p
(A(pv) —Ap)/p
(A(pw) — BAP)/P (3.16)

(v=1) (A(pE) — aA(pw) - 5A(pv) - BA(pu) + SL(@ 1 45 + 92122)) :

Now that the contribution of cell A to node 1 has been defined, the same procedure

applies to the other cells B, ..., H according to Equation (3.6) and

60U

0Uic

oUip

oUsig

dUrr

6Uc

oUrgr

. (%ﬁ)l { (ZI\/?)B AUg — fﬂ;s (AFRS.+AGES,+AHz5.), + 7 AQs
() {0 o 3 oms st rameny  Ypace)
% (%)1 { (%)D AUp — f%s(AFDS . +AGpS,+AHDS.); + ——AQD}
% (%)1 { (-;%)EAUE - fﬂz’% (AFE5.+AGsS, o+ AHES.)s + ——AQE}
% (év‘t)l { (Kvt-)FAUF _ “23 (AFPS.+AGeS,+AHFS.); + —AQF}
% (%)1 { <£)GAUG - 22:4 G(AFG53+AGG§y+AHG§z)f + —I-;-‘iAQG} :
% (%f)l { (%)HAUH - fZI;G(AFHS o +AGES,+AHgS,)s + V—AQH}

(3.17)
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3.2 Conservation and accuracy

A numerical algorithm that solves the non-linear inviscid equations ought to be conser-
vative, since this property guarantees the correct Rankine-Hugoniot shock jump rela-
tions and the correct treatment of other discontinuities such as slip lines. Analytically

conservation is expressed by

%///Ud:cdydy+//(F, G,H)(nz,ny,nz)dSz/:/ Q de dyd=. (3.18)

The Lax-Wendroff scheme decomposes the domain into cells and approximates the above
analytical equation by a discrete equation. Conservation is ensured as well as consis-
tency if the discrete solution approaches the analytic solution as the grid is refined. As
mentioned in [34] the Lax-Wendroff algorithm is proven to be conservative if

v
> (ZZ‘SU)J- = Z(bounda.ry fluxes) + (source terms), (3.19)

jnodes

where §U; is equal to the sum of the contributions from all of the cells of which node j
is a corner. The sum of the boundary fluxes and the source terms can be replaced by

the sum of the contributions to the corner nodes from all the cells, i.e.

|4
—6 = ibuti ; .
Z <At U) Z (sum of contributions to corner nodes);, (3.20)

jnodes J dcells
which in turn can be divided into surms of contributions from the first-, the second-order,

the smoothing and the source terms.

Z (%6U) = Z (1%t-order); + (2"¢-order); + (smoothing); + (source terms);.

jnodes 7 icells

(3.21)
The second-order flux terms are written in a way such that the sum of their contributions
to the corner nodes of a cell is zero. This feature holds also for the second- and fourth-
difference smoothing operators (see Chapter 4). Thus, the only contributions to the
right-hand side of Equation (3.19) is given by the first-order inviscid fluxes and the
source terms. As already pointed out, the first-order terms represent a flux balance for

the cell, i.e. the scheme is written such that the flux out of a particular cell across a
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particular face is equal an opposite to the flux out of the neighboring cell across the

same face. Hence all the interior fluxes cancel leaving only the boundary flux terms.

Using the discretization procedure of Section 3.1 the solution for steady flows is
formally spatially second-order accurate even for non-uniform grids that have metrics
discontinuities. Indeed, Hall [46] observed that as steady-state is approached, that is
6U — 0, the first-order change AU behaves similarly, i.,e. AU — 0 (in an inertial
frame of reference, i.e. @ = 0). This is consistent with Eqgs. (3.9) and (3.17) since the
second-order terms AF, AG, AH and AQ are zero for AU = 0. Hence, the essential
term to be considered for accuracy is the flux balance for a single cell as expressed
by Eq. (3.8). This is locally fourth-order accurate and thus integrating over the entire
domain composed of the order of 1/I2 boundary cells results in a global flux balance
which is second-order accurate. This is an advantage over the cell-averaged finite-volume
schemes such as that of Jameson et al. [56], in which second-order spatial accuracy is

obtained only on smooth grids.

For a combined stator/rotor calculation, conservation ultimately depends on the
data transfer algorithm used at the interface. This is discussed in Section 5.5 for steady

flows and Section 8.3 for unsteady flows.

The second-order terms introduce an effect similar to upwinding or downwinding,
which is necessary to ensure the proper domain of dependence. Thus, the Lax-Wendroff
algorithm is consistent with the local wave propagation. Also, these terms stabilize the
numerical procedure and make the overall scheme second-order time-accurate. Addi-

tional details can be found in References [81, 46, 104, 3].
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3.3 Unstructured meshes and implementation

As opposed to the mesh generation technique described in Appendix A, the imple-
mentation of the solution method uses an unstructured grid. This technique offers
the advantage of effectively uncoupling the mesh generation from the flow solver, see

Reference [75].

In this method, a one-dimensional array is used in which each index is associated
with a grid coordinate. The flow variables associated with each node together with
some cell-related variables are also defined in a one-dimensional array. One set of cell
variables is defined as pointers giving the indices of the grid nodes which form the corners
of the cell. The pointer system is required because the Lax-Wendroff algorithm sweeps
throughtthe list of cells from which corner nodes information is gathered to calculate
the fluxes and the source terms and then distributes appropriate changes to the flow

variables back to the corner nodes.

The implementation of the Lax-Wendroff scheme on unstructured grids is briefly
outlined here. The first pass calculates the fluxes F, G and H at all nodes. The second
pass calculates on a cell-by-cell basis the AU, AF, AG, AH and AQ and then the
contributions to the changes at each of its nodes. The contributions to the node changes
from the second- and fourth-difference smoothing terms are also evaluated in this pass
together with the changes at the boundary nodes due to the inlet/outlet/interface and
wall boundary conditions. The third pass adds the changes onto the flow variables at

each node and evaluates the convergence checks.

The numerical scheme is implemented such that one simultaneously calculates the
flow in both the stator and the rotor, with interface boundary conditions implemented
to couple the two calculations together. A system of cell coloring, designed to eliminate
data dependencies at the cell corners, makes it possible to take full advantage of vector
and concurrent arithmetic. By construction, no two cells of the same color touch each

other, so computations on one color can be performed simultaneously on either a vector
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pipeline or multi-processor machine. This coloring system is used in the second pass
and makes it also possible to compute, in the same loop, the rotating and non-rotating
fluxes. A set of 16 colors is used in each of the two frame of references. Half of the
16 colors are assigned to cells connected to the blade, hub and tip solid surfaces which
are then used in the implementation of the wall boundary condition. The remaining 8

colors are assigned to the field cells.

Periodic and solid wall boundary conditions are discussed in the next two sections.

Inlet/outlet and stator/rotor interface boundary conditions are the subject of Chapter 5.

3.4 Periodic boundary condition

For steady-state turbomachinery axisymmetric flow calculations it is possible to reduce
the size of the computational domain from multiple blade passages to one blade-to-blade
passage, even if the rotor pitch does not match the stator pitch. The calculation is then
performed with suitably defined boundary conditions at periodic surfaces. Using the
Lax-Wendroff algorithm this is easily implemented by adding the update contributions
that one periodic node on one side of the boundary surface (say lower) obtains from
its contributing cells C, D, G and H to the contributions that the corresponding upper
periodic node obtains from its cells A, B, F and E. In the axisymmetric case (as
opposed to the linear cascade), the third and fourth Cartesian components of the changes
in the state vector U on one side of the periodic surface have to be rotated by the pitch
angle Op before they can be added to their counterparts on the other periodic surface.

For instance, the changes on the lower periodic surface are expressed as
Utiower = SUtiower + JUlupper
6U210wer = 6U210rwer + 6U2upper

0Uslower = OUslower + 0Usupper €0s(0p) — §Usupper sin(0p) (3.22)
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6U4lower = 6U4lower + 6U3upper Sin(oP) +6U4upper COS(OP)
6U510wer = 6U5!ower + 6U5uppera

where

27

Op = number of blades”

(3.23)

The sum of the upper and lower contributions is then used to update the flow variables

at both nodes.

For unsteady stator/rotor computations this same periodic boundary condition is
used, which means that the stator-to-rotor pitch ratio has to equal 1. For non-equal
pitches the stator/rotor interface boundary conditions as well as the periodic conditions
get more complicated (although conceptually not much more difficult) and are not

considered in this thesis.

3.5 Wall boundary condition

A solid wall boundary condition is applied at the hub, the tip and the blade surface.
The wall boundary condition states that there is no normal flow relative to the surface.

This is analytically expressed by
V.7 =0 stationary frame, (3.24)

and

-

W .7 =0 rotating frame. (3.25)

7 is the unit vector normal to the boundary surface and V', W are the absolute and
relative velocity vectors, respectively. An equivalent statement is that there is no flux

of mass through the wall, and so the only contribution from the wall faces to the fluxes
is through the pressure.
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Figure 3.4: Wall boundary cells with modified control volume (dashed). Wall face 6 of
cell A is defined by the edge nodes 1234.

The solid surface algorithm is implemented in the overall procedure after the Lax-
Wendroff changes §U have been distributed to all the nodes, including the nodes at the
walls. Assume that nodes 1 to 4 of cell A lie on a solid wall that is also defined by
the bottom faces of cells B, C and D, see Figure 3.4. Since the mesh cells E, F, G
and H do not exist and thus do not contribute to the fluxes, the control volume of the
pseudo-mesh cell P is altered. The algorithm sweeps through the list of wall-colored
cells and corrects the Lax-Wendroff changes of the eight corner nodes, using the wall

faces fluxes. For instance, the contribution of cell 4 to §U;4 is modified as

(6U14)want = (8U14) fiela + % (%—tl (AU A )wall correction (3.26)
where
0 )
PS
(AUA)walt correction = (FS2+GSy+HS;) ;¢ — | 5S, . (3.27)
pS:

\ 0 /e

The first term on the right-hand-side of the above equation represents the flux error
introduced in the field calculation, whereas the second term is the actual pressure con-

tribution from face number 6 of Figs. 3.1 and 3.4.
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Chapter 4

Numerical Smoothing

The Numerical smoothing consists of a damping operator which is added to numer-
ical schemes in order to stabilize them by preventing unwanted high-frequency waves in
smooth flow regions. In the Lax-Wendroff algorithm the second-order flux term is analo-
gous to a dissipative operator of upwind type. This feature renders the scheme stable for
the calculation of smooth flow fields. However it can be shown, see for instance [104] and
[109], that the Lax-Wendroff finite difference approximation of the model wave equation
introduces a third-order dispersion (and a fourth-order dissipation) error. Dispersion
is a phenomenon in which waves of different frequencies travel at different speeds and
arises because of the non-linear relation between wave number and frequency in the
discrete approxirﬁation to the differential equation. As a result steady-state oscillatory
modes known as odd-even decoupling modes are allowed as part of the solution in the
basic scheme. Hence, a so-called background or freestream smoothing is necessary to

damp out these non-physical oscillations.

Numerical smoothing is also required to capture discontinuities such as shocks. In the
mechanism of creation of a shock, it is known that viscosity as well as heat conduction
play a dominant role. These effects allow smooth variations of pressure and density
(as well as other flow quantities such as Mach number and velocity) so that the shock
thickness remains finite. It is thus only in the limit of no heat conduction and no viscosity
that the variations approach the discontinuous values given by the Rankine-Hugoniot
theory. Hence, a dissipative operator is required in order for a shock capturing technique

to give a thickness to the shock. This layer is usually of the order of a few mesh cells
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characteristic length. The shock smoothing is usually obtained by a second-difference

operator.

While its presence is essential, it is important that the numerical smoothing terms

be kept as small as possible to minimize degradation of the solution accuracy.

In this work, the numerical smoothing is constructed as a combination of a fourth-
and a second-difference damping operator. Though the structure of the smoothing
operators vary, this is a standard approach adopted by many researchers, see for instance

References [56, 90], and which conceptually corresponds to adding terms of the form
— (5F)smotV - (IV(V2D)) + (5F)amezV - ((IVD)), (4.1)

to the right-hand-side of Equation (2.1). (SF)smos and (SF)smoz are scaling factors for
the fourth- and second-difference operators, respectively. [ is a length comparable in
magnitude to the local grid size, and & is an artificial bulk viscosity. Numerically, the
damping terms are both added to the basic Lax-Wendroff scheme when evaluating the
changes in the state vector variables. The following sections discuss these two types of

damping.

4.1 Fourth-difference smoothing

Acting at node 1, the change in the state vector U due to the fourth-difference smoothing

operator is

At 8cells % _
(Vemos = (F). 3 - (1) (D7 - D). (42)

=1 :
This contribution is added to the right-hand-side of Equation (3.6), and the eight cells
refer to the neighboring cells 4, ..., H of Figure 3.2. D? is a pseudo-Laplacian based on
the six edge nodes surrounding node 1, see Fig. 4.1, and defined by Holmes and Connell
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LRe &1

ox]

Figure 4.1: Stencil for pseudo-Laplacian. For clarity cells B, ..., H are not represented.

[54] as

6 nodes

D= " o;(U; - Uh). (4.3)

3=1

Notice that this technique is not restricted to using the stencil shown in Figure 4.1. U,
and U; represent nodal values of the state vector, whereas D? is the discrete represen-
tation of a cell-averaged pseudo-Laplacian, i.e.

__ 8cornernodes §

D? = Z 3 D (4.4)

i=1

In Eq. (4.3), %; is a grid dependent weight which is designed to be close to unity to
ensure an even dependence on all of the neighboring nodes. This is achieved by defining
%; = 1+ Av; and using Lagrange multipliers to minimize the cost function C,

6 nodes

L=Ci= ), (Ag;)?, (4.5)

Jj=1
under the constraints that linear functions in z, y and z produce a pseudo-Laplacian

with zero value, that is

6nodes
f(Ag;) = Di(=)= 3 #i(zj—=21) =0,
=1
6nodes
9(AY;) = Di(y)= Y %;i(yi—)=0, (4-6)
Jj=1
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6 nodes
h(Ay;) = Di(z)= ), #i(z—=)=0.
=1
According to the Lagrange multiplier technique, see for instance [52], this is equivalent
to specify that the ‘auxiliary function’,

¢ =L- Aa:.f - /\yg - Ak (4.7)

attains a relative maximum or minimum at node 1, when no constraints are imposed.

Thus,

¢
= Ay = Aa(zj—21) + Ay(y5—11) + Az(25—2). (4.9)

Replacing Eq. (4.9) into Egs. (4.6) and solving the resulting system using Cramer’s rule,
the following relations are obtained for the unknowns A, Ay and A,.

=R (Iyyl,.-I2,) + Ry(Ioyl.. — I, 1. ) — Ro(Izyly. — Iy 1)

Az = )
I:z::r.(Inyzz _Igz) - I:cy(I:cyIzz _IzzIyz) + I:cz (Ia:nyz ‘Iny:Bz)

A — Rz(IzyIzz _I:r:zIyz) - Ry(IzzIzz _Igz) + Rz(IzzIyz "I:cyIcz) (4 10)
Y Izz(Inyzz —Igz) - Izy(IzyIzz _IzzIyz) + I::z(Iznyz _Iny:cz) ’ ’

"Rx(Iznyz —Iny:cz) + Ry(Iza:Iyz _Ia:yIa:z) - Rz(Iz:Iyy _Izy)

A, =
Ia:a:(Inyzz "‘Igz) - I::y(IzyIzz "IzzIyz) + Ia:z(Ixnyz -'Inya:z) ’
where
6 nodes 6nodes 6 nodes
R, = Z (zj —=21), Ry= Z (v —wn), R.= z (z; — ), (4.11)
7=1 i=1 7=1
6 nodes 6nodes 6nodes
Ioe = E (zj - z1)2, Iyy = E (yj e y1)2> I, = Z (Zj - 21)2, (4.12)
=1 J=1 j=1
6 nodes 6nodes
Ly = Y (@i—-z)@-n), L.= Y. (zj—21)(z — z1),
j=1 =1
6nodes
L. = Y (vi—wn)z-2) ' (4.13)
Jj=1
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The purpose of the constraints is to ensure that the smoothing term does not corrupt
a linear solution on an irregular mesh. The importance of this was first established by
Lindquist [74] and Giles [31] but their approach is computationally more expensive
and complicated to implement in 3-D since it would require division of the cells into
tetrahedra. Note that this procedure for computing the weights does not require a
special treatment of the weights at the mesh boundaries. The branches of the pseudo-
Laplacian stencil located outside the computational domain are simply cut-off and the

weights adjust themselves accordingly.

(At/V); is the (time-step/voluine) ratio associated with the grid node 1, whereas
(V/Atmaz): is the (volume/maximum time-step) ratio for cell z. The use of the local
maximum time-step in the smoothing terms (2"¢ and 4**) ensures that steady and
unsteady calculations use the same (time-step/volume ratio). This is important when

comparing steady to time-averaged unsteady solutions, see Chapters 8 and 9.

In Eq. (4.2), v4 is a coefficient whose typical value is 0.002. However, to accelerate

convergence in a steady-state calculation a value of order 0.01 can be employed.

Conservation is ensured by defining D; as in Eq. (4.4), i.e. the sum of the smoothing
contributions to the corner nodes of a cell is zero. By operating a conservative second-
difference with the second-order pseudo-Laplacian, one ensures that neither mass, mo-
mentum or energy is produced by this smoothing nor that the effects of inlet distortions
on the flow field are smoothing dependent, except for second-order effects. As noticed
by Holmes and Connell [54], the optimum weights for some distorted grids may differ
significantly from unity. For stability reasons, they elect to clip the weights in the range
(0,2). However, although a slower convergence rate has been observed, some of the

results presented in this work have been calculated without clipping.
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4.2 Shock smoothing

As mentioned earlier, the purpose of the shock smoothing is to stabilize shocks calcula-
tions. Conceptually, it consists of a second-difference operator acting on the state vector

U. It is written as

At 8cells Vv _
(6U1)smoz = <7>1 > ks (At ) (U; — Uh). (4.14)

i=1

As for the fourth-difference smoothing term, Eq. (4.14) is added to the right-hand-side
of Equation (3.6). U; is the cell-averaged state vector as defined by Eq. (4.4) and «;
is a cell-defined artificial bulk viscosity tailored by the local flow divergence and Mach
number to avoid large shock overshoots and not to alter the global accuracy of the
scheme in smooth flow regions. The derivation of the bulk viscosity stems from an idea

of von Neumann and Richtmeyer and is discussed in the following paragraph.

The internal structure of a physical shock is determined by the balance of the inviscid
flux and the flux due to the bulk viscosity of the fluid. For instance, the Navier-Stokes
solution for a 1-D normal shock layer can be found in Reference {111]. The idea of von
Neumann and Richtmeyer [89] is to introduce a purely artificial dissipative mechanism
into the momentum equation of an otherwise inviscid fluid so that the shocks could be
captured as part of the solution. For 1-D flow, the modified equation! in conservative

form is

2
Opu  Opu®*  Op 0 ( Ou). (4.15)

ot T 9z 9z 0z \ "oz
With ordinary viscosity, in which the stress is proportional to the rate of shear, the
thickness of the transition layer varies with the shock strength, approaching zero for
a very strong shock and infinity for a very weak one. However, one wishes to ensure
that the shock width remains nearly the same, i.e. of the order of the local grid spac-

ing, regardless of the shock strength. For that reason, von Neumann and Richtmeyer

!This momentum equation in this form is dimensional, and so is x. All the other equations in this
chapter are in non-dimensional form, and thus so is ;.
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proposed the following definition for a variable ‘pseudo-viscous’ coefficient x,

p12|%, %<0

K= (4.16)

0, 8u>0

5z 2
Setting « to zero when the flow divergence (or volumetric dilatation) is positive pre-

vents smoothing of expansion regions. The variable ! represents the shock width and is

proportional to the local mesh spacing.

Applying this concept to 3-D flows requires the definition of a scaled flow divergence
for a given cell <. With reference to Figure 3.1 this is defined as

. 1 -
dw(ff).; =~ W /‘/c‘eui(’v . 'n) dS
1 GfAvajea .
= 1’3f . Sf
VI:Z/.?» =
1 6 faces
= =5 Z (surface fluxes)y
Vi =
1 6 faces
= > (@S + 58y + BS.)s. (4.17)
i f=t

# = V in the absolute frame and ¥ = W in the rotating frame. S, S, and §, are the
projected areas on the yz, 2z and zy planes of a face cell, respectively, see Appendix B.
i, 7 and @ represent the face-averaged values from the four corner nodes. For instance

% on facel is given by

1 ,
(ﬁ)]_ = Z(‘llq + usz + ur + ’ue). (418)

v and w are defined similarly. In particular, the total volume flux out of the cell in the
y direction is given by

6 faces
Y. (88y) = (88,1 + (85,)2 + (85y)s + (85y)4 + (85y)s + (35, )e- (4.19)
f=1

In the z and z directions, the summations are obtained by replacing (7S5,) by (4S:) and
(@S,), respectively.
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Then, the local cell-defined artificial bulk viscosity x; is defined as

. = vy p;: M? |div(D);|, div(?); <0 | (4.20)
0, div(?); > 0

The definition of div(?); means that in smooth flow regions it is approximately the
flow divergence multiplied by a cell length, and in regions with a discontinuity due
to a shock it is approximately the velocity jump across the shock. Thus the shock
smoothing is second-order accurate in smooth flow region and consistent with the basic
scheme. The coefficient v, has a value of approximately 0.1. The local cell-averaged
Mach number is introduced in the artificial bulk viscosity variable in order to prevent
excessive smoothing of decelerating flow near stagnation points. Note that unlike von
Neumann and Richtmeyer’s approach, the shock smoothing used here applies to the
variables in conservation form and is employed in the mass, momentum and energy
equation. Finally, notice that if x; was taken to be a small positive uniform value,
then this smoothing would be very similar to Ni’s original smoothing as described in
Reference [81].
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Chapter 5

Quasi-3-D Non-Reflecting Boundary Conditions

5.1 Overview

One typical difficulty occurring in a numerical simulation of a turbomachine flow field is
the handling of the boundary conditions (b.c.’s). This is because in an internal flow en-
vironment the computation has to be performed on truncated domains, whose far-field
boundaries do not represent an undisturbed known flow field as in external aerodynam-
ics. Typically, most of the codes available today are not capable of preventing spurious,
non-physical reflections at inflow and outflow boundaries. This leads to erroneous per-
formance predictions, since the calculated flow field is dependent on the position of
the far-field boundary condition. Also for secondary flow calculations accurate bound-
ary conditions are needed since using the standard 1-D approach corrupts the solution

locally, as shown later in the results section.

The theoretical foundations of non-reflecting boundary conditions for model initial
boundary value problems have been established by mathematicians specializing in the
analysis of partial differential equations, see for instance [65] and [20]. Some applications
involving the Euler equations of fluid dynamics have been done. For 2-D steady-state
flow, exact non-reflecting boundary conditions for the solution of the linearized Euler
equations can be derived using Fourier expansion in the direction along the inlet and

the exit boundaries. This has been done by Ferm and Gustafsson for an airfoil and
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a channel flow {25, 26]. Hirsch and Verhoff [53] used a similar approach for cascade
flows, though expanding the characteristic variables instead of the primitive ones used
by Ferm and Gustafsson. In [35] Giles presented a unified theory on the formulation
of non-reflecting boundary conditions and the application to the Euler equations. In
particular, he derived different types of boundary conditions. These include exact 1-
D and 2-D as well as approximate 2-D boundary conditions to be used for steady
and unsteady flows. A different approach has been proposed by Bayliss and Turkel [7].
They used the asymptotic behavior of the wave equation to derive a boundary condition

formulation for external flows.

The purpose of this chapter is to present a quasi-three-dimensional non-reflecting
boundary condition formulation that can be used in a numerical simulation of steady-
state inviscid flow fields. The objective in formulating the non-reflecting boundary
conditions is to prevent non physical reflections at inflow and outflow boundaries as
well as at stator /rotor interfaces. The method is an adaptation of the exact 2-D steady
non-reflecting boundary conditions of Giles [35] to three dimensions. The theoretical
approach, based upon Fourier analysis and eigenvectors is presented here as well as
the extensions required for the linearized Euler equations. Implemented in a turbo-
machinery environment, the approach assumes that the solution at the boundary is
circumnferentially decomposed into Fourier modes, the 0t* mode corresponding to the
average solution. The average mode is treated according to the standard 1-D boundary
condition formulation, which allows the user to specify certain physical quantities at
the boundaries. The features of the 1-D approach as well as some of its limitations
are discussed in Sections 5.2 and 5.3. The remaining part of the solution, represented
by the sum of the harmonics is treated according to the exact 2-D theory and pre-
vents spurious reflections at the boundaries. A very brief summary of the theory is
that upstream and downstream of the blade row in an infinite duct which produces no
incoming modes, the steady-state perturbations in the density, velocity and pressure
must satisfy certain linear relationships. These relationships are found by analyzing
the propagation of eigenmodes that are solutions of the linearized Euler equations and

vary sinusoidally in the pitchwise direction. Enforcing these relationships at the in-
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flow and outflow boundaries imposes steady-state non-reflecting boundary conditions
which ensure that no incoming modes are generated. This approach together with its

implementation in a 3-D context is discussed in Section 5.4.
The stator/rotor interface treatment is discussed in Section 5.5.

The circumferential Fourier decomposition (versus radial decomposition) is moti-
vated by the fact that in an axial flow turbomachine the pitchwise variations are usu-
ally larger than the radial variations. The results presented in Section 5.6 show clearly
that using this quasi-3-D non-reflecting boundary condition formulation improves the

accuracy.

A very brief summary of this chapter together with the essential conclusions is given

in Section 5.7.

Finally note that while this chapter discusses the theoretical aspect of non-reflecting
boundary conditions, the reader may refer to Appendix D for the implementation pro-

cedure.

5.2 1-D non-reflecting boundary conditions

~ The usual 1-D approach is to assume perturbations travelling normal to the boundary
in the z-direction, see for instance [113]. Hence, the linearized Euler equations written

in primitive form reduce to

aU, ;1)
o A, =0 (1)
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where

p—p\ (ﬁ  p 0 O 0\\
u— 1@ U 02 00 2
Up=]| v-2 |=| 3|, A=]0 0 @ 0 0 (5.2)
W — D @ 0 0 0 @ 0
p—p ) \ P 0 7p 0 Y,

The elements of the vector U, represent perturbations from a uniform flow, and the
Jacobian matrix 4 is evaluated using those same uniform flow conditions. Notice that
this represents only a local linearization of the flow, i.e. within one mesh cell, since
when concerned with turbomachinery applications the coefficients of A may still vary

with radius for instance.

A can be diagonalized by the simila.rity'transformation,

( 0 )

200 0
020 0 0

T'AT={0 0 @ 0 0 |=A, (5-3)
0 0 0 @até O
\0 00 0 a-<c)

where € = /yp/p is the mean flow speed of sound. The diagonal components of A
represent the speed of propagation of five characteristic waves, called the entropy, the
two vorticity, and for subsonic flow, the upstream and the downstream irrotational

pressure waves, respectively. Multiplication of Eq. (5.1) by 7! yields,

0% 0%
5 tA5 =0, (5.4)

where & =T~'U,. & is referred to as the vector of linearized characteristic variables,
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and in detail the five variables are,

[ 4, (_e2 0 0 o0 1 (,7
2 0 0 pc 0 0f]a
os|=| 0 0o o s of|l%m
b4 0 p 0 0 1]|]|®

le) Lo = 0 01)\5)

(5.5)

The transformation from the 1-D characteristic variables is given by U, =T'¢, i.e.

5\\ (%} 0 0 & 2_1,,\ (¢1\
u 0 0 0 3 55 ||
sl=[0 4 0 0 0 $3
7 0 o0 513 0 o P4
B CI IR Y At

(5.6)

At a subsonic inlet the correct unsteady, non-reflecting boundary conditions would

be

o1
$2
3
4

while at an outlet the correct non-reflecting boundary condition would be

¢s = 0.

(5.7)

(5.8)

The standard numerical method for implementing these would be to calculate or

extrapolate the outgoing characteristic values from the interior domain, and then use

Eq. (5.6) to reconstruct the solution on the boundary.
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5.3 1-D steady-state reflecting b.c.’s

For calculations of steady-state external flows, these one-dimensional boundary condi-
tions may be applied without modification. In these types of calculations the far-field
represents uniform conditions in which the inlet flow corresponds to the outlet one. That
is, the steady-state perturbations in the density, velocity and pressure are zero. Hence,
setting the incoming characteristics to zero is consistent with uniform flow conditions,

so that this boundary condition formulation is non-reflecting.

For time-marching calculations of steady-state internal flows, however, the one-
dimensional (unsteady) non-reflecting boundary conditions require modification. In a
typical turbomachinery application one wishes to specify certain physical quantities at
the boundaries. For example, at the outflow boundary one usually specifies the static
pressure. This means that the incoming characteristic variable ¢, instead of being
zero, must have the value required to give the correct exit pressure. This is now a re-
flective boundary condition, since an outgoing unsteady pressure wave will produce an
incoming pressure wave to keep the exit pressure constant. Similar unsteady reflections
are generated at the inflow boundary through the specification of particular physical

quantities.

The numerical implementation of the boundary conditions is dependent on the nu-
merical algorithm being used for the interior equations. Using a Lax-Wendroff type
algorithm to time-march the solution to the steady-state, the changes in the boundary
values from time level n to time level n + 1 are required. Thus the characteristic vari-
ables are defined in terms of perturbations to the average inflow or outflow at the time

level n.

At the inflow, the average characteristic changes are calculated from the requirement

that the average entropy, radial and tangential flow angles, and stagnation enthalpy have
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certain values.

3™ = S,
(@)™ = apin,
(@)™ = arin,
(Re)™ = hein (5.9)
3 is an entropy-related function defined by
5 = log(yp) — 71logp, (5.10)

and F; is the mean total enthalpy. agiu and agiy together with 3;,; and h;;, are
user-specified average inflow angles, entropy and total enthalpy, respectively, which are
usually function of the radius.

For an axially subsonic outflow, the first four characteristics are outgoing, so only
the fifth characteristic variable needs to be set. The average change in the characteristic
is determined to achieve the user-specified average exit pressure p,,, at a certain radius
together with the requirement that the outflow is in radial equilibrium. The latter

condition is expressed by

(5.11)

together with the specification of 5, at some particular radius.

A detailed description of the implementation procedure is given in Appendix D.

The standard one-dimensional boundary conditions are also ‘reflective’ in a steady-
state sense. This is most clearly understood at the outflow boundary where a circum-
ferentially uniform exit pressure has been specified. If the outflow is supersonic there
will be an oblique shock extending from the trailing edge to the outflow boundary. The
uniform pressure condition forces the generation of a reflected expansion wave at the

boundary. This expansion wave extends upstream to the blade row, and can produce
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significant errors. The objective of the new boundary conditions presented in the next

section is to prevent this reflection, and similar reflections at the inflow boundary.

5.4 Quasi-3-D approach

5.4.1 Outline

By the principle of linear superposition it is possible to split a general solution into
a sum of different frequencies, and calculate their contributions independently, each
with its own forcing terms and boundary conditions. Here we are concerned with axial
turbomachines in which the flow variations are usually larger in the circumferential than
in the radial direction. Hence, by assuming a periodic solution in the pitchwise direction
it is quite natural to perform a Fourier decomposition of the flow at the boundary into

a sum of a mean and circumferential components.

In this approach, the 0t Fourier mode corresponds to the circumferential solution
average and is treated according to the standard 1-D characteristics theory. Specifically,
this allows the user to specify the value of the circumferential average characteristics,
but this quantity may be radius dependent. For instance, this is how the average inlet
tangential, radial flow angles, stagnation enthalpy and entropy can be specified, as well
as the outlet radial equilibrium condition.

The remaining part of the solution, represented by the sum of the harmonics, is
treated according to Giles’ 2-D non-reflecting boundary conditions theory [35]. Imple-
mented in 3-D, this part of the formulation uncouples the tangential flow variation from
the radial variation. However, the advantage of this improved approach over the stan-
dard 1-D formulation is that when sweeping along the span, exact 2-D non-reflecting

boundary conditions can be imposed on each Fourier mode in the tangential direction.
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Section 5.5 describes how the same boundary condition approach can be used to
match together a stator and a rotor calculations, so that the interface is treated in an
average, conservative manner. Since this method considers radial flow variations in the

average mode only, it is called quasi-3-D non-reflecting boundary conditions.

Note that in the absence of any radial variations, the boundary conditions are exact

within the 2-D linear theory.

5.4.2 Fourier analysis: dispersion relation

The boundary condition treatment is approached by assuming that the flow is governed
by the linearized Euler‘equations, which, written in primitive form for two-dimensional

steady-state variations are

_oU, _dU, _
AG2+ B2 =0, (5.12)

where U, and A are given by Egs. (5.2) and B represents the following matrix

(50 5 0 0)
05 0 0 0
B:ooao% (5.13)
00 0 5 0
\0071‘)01’;)

Fourier analysis considers wave-like solutions which are equal to a scalar wave function

multiplying a constant column vector.

Uy(z,y) = kel R, (5.14)

Substituting this into the differential equation gives

(kA +1B)uf =0, (5.15)
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which has non-trivial solutions provided that
det(kA +1B) = 0. (5.16)

Evaluating Eq. (5.16) gives the dispersion relation, which is a polynomial equation of
degree 5 in each of k and .

(ak +o1)° ((ak + 31)2 - (k2 + 12)) = 0. (5.17)

We will be concerned with the roots k, of this equation for given values of /.

Three of the five roots are clearly identical.

-l
k = —. 5.18
123 = — (5.18)
The other two roots are given by

(62—112) k? — 2awkl — (8l)? + (cl)® = 0. (5.19)

Hence the fourth and the fifth roots are defined by,

(uvl+epl)
k4 = —C_E_—’uz—’ (5.20)

_ (uwl-—eBl)
ks = e (5.21)

where
isign(l)\/E2—(a?+22), (2%+92) <&

= (5.22)

—sign(?)/(82+0%) -2, (@%+7%2%) > &.

Notice that for supersonic flow, 3 does not depend on /. The two relations for
B reflect the difference in the behavior of a perturbation propagating in subsonic or
supersonic flow. In subsonic flow, the perturbation decays exponentially, whereas in

supersonic flow it propagates indefinitely. The appearance of two values for 3 is further
discussed in Reference [32].
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5.4.3 Fourier analysis: eigenvectors

A critical step in the construction and analysis of boundary conditions is to separate the
waves into incoming and outgoing modes. This is accomplished by looking at the velocity
of energy propagation, i.e. the group velocity [112] of the five dispersive propagating
waves. This would require to introduce the time dependent term in Egs. (5.12), but the

direction of propagation is already known from the analysis given in Section 5.2.
The column vector uF is the right null-vector of the singular matrix (kI + 1A~ B).
(kI + A" B)uf = AV (kA + IB)uf = 0, (5.23)

R

i.e. u® is a right eigenvector of /A" B with eigenvalue —k. The construction of the

non-reflecting boundary conditions requires also the row vector L which is the left

null-vector of the singular matrix 47 (k4 + [B).
oY A7 (kA + IB) = 0. (5.24)

The important feature of this left null-vector is its orthogonality to u®. If k,, and k,
are two different solutions of the dispersion relation for the same values of /, and if ufl

and vl are the corresponding right and left eigenvectors, then
vEA7 (kmA + IB)uE = 0 (5.25)
and
v A7 (kA + IB)uE = 0. (5.26)
Subtracting one from the other gives
(km — kp)oEul =0 = oluf = 0. (5.27)

This orthogonality condition will be used later in the next section.

Root 1: entropy wave
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k1=

-7l
u

(5.28)

After some algebra, it can be shown that appropriate right and left orthonormal

eigenvectors are

( —-1/c )
0
uf=| o |, (5.29)
0
\ 0 )
and
of=(-& 00 0 1) (5-30)

This choice of eigenvectors corresponds to the entropy wave. This can be verified by
noting that the only non-zero term in the right eigenvector is the density, so that the
wave has varying entropy, no vorticity and constant pressure. Also, the left eigenvector

‘measures’ entropy in the sense that v{ U, is equal to the linearized entropy, —&2p.

Root 2: first vorticity wave

kz = —_—. (5.31)
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The second set of right and left eigenvectors for the multiple root is given by

(o0 ) (o
—1%[aks —a/ 52
uﬁz:% 1]k, ='p}5 ~1/5 |, (5.32)
0 0
0 ) \ 0 )
and
(5.33)

This root corresponds to a vorticity wave, which can be verified by noting that the

right eigenvector gives a wave with vorticity, but uniform entropy and pressure.

Root 3: second vorticity wave

[~)

ks = 2. (5.34)

§l|

The third set of right and left eigenvectors for the multiple root is given by

0 ) (0 )
0 0
ul = = = - .
F==l 0 =1 o | (5.35)
l/aks -1/%
\ 0 \ 0 )
and
(5.36)

vl=pc(0 0 0 -5 0)-

As with root 2, this set of eigenvectors corresponds to a vorticity wave.
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Since the first three roots are a multiple root we must check that the chosen right

and left eigenvectors satisfy the necessary orthogonality relations.
R _ —
u, =0, n,m=1,23, n¥m.

It is easily verified that these are correct.

Root 4: downstream running pressure wave

b, = Bol+epl
= asw
The eigenvectors are
£ (<aky/1-7) (2(co+ap)
ky/l cf+uv
R_Ctu -t =2 _ -2
" = o 1 " 2pe(c—m)| ¢
0 0
p(—uky/1-2) ) \—ﬁé(aﬂ-ﬁﬂ)

and

vf=p(0 -5 @ 0 p/pc)

(5.37)

(5.38)

(5.39)

(5.40)

This root corresponds to an isentropic, irrotational pressure wave, travelling down-

stream.

Root 5: upstream running pressure wave

'l-tﬁl—'c'ﬂl
&2_g2’
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The eigenvectors are

( & (~aks/1-0) (2(ev-up) )
o ks/l ) B +ub
uf = T 1 =meTm| o | (5.42)
0 0
\ p(—uks/l—7) k—ﬁé(éﬁ—ﬁﬂ) /
and
vs=p(0 © - 0 B/pc) (5.43)

This root corresponds to an isentropic, irrotational pressure wave, travelling up-

stream provided 7 <.

Note that the above defined eigenvectors are only determined to within an arbitrary

factor.

5.4.4 1Ideal 2-D steady non-reflecting b.c.’s

Suppose that the differential equation is to be solved in the domain z > 0, and one wants
to construct non-reflecting boundary conditions at £ =0 to minimize or ideally prevent
the reflection of outgoing waves. At the boundary at z = 0, U, can be decomposed into
a sum of Fourier modes with different values of I, so the analysis begins by considering

just one particular choice of [. In this case the most general form for U, is

[Z anule "‘ﬂ] iy (5.44)

n=1
k. is the nt* root of the dispersion relation for the given value of I, and ufl is the

corresponding right eigenvector.

The ideal non-reflecting boundary conditions would be to specify that a, = 0 for
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each n that corresponds to an incoming wave. Because of orthogonality,

"’SUP

5
v,I; [Z amuﬁe‘kmx] ey

m=1

= ap(vEul)etneeily (5.45)
and so an equivalent specification of non-reflecting boundary conditions is
L —
v, U, =0, (5.46)

for each n corresponding to an incoming mode, i.e. n = 1,2,3,4 at the inflowand n =5

at the outflow.

Both the right, u®, and left, L, eigenvectors as defined in Sections 5.4.2 and 5.4.3
have a physical significance. As used in Eq. (5.44), the right eigenvector shows the
variation in the primitive variables caused by a particular wave mode. Due to the
orthogonality relations, the left eigenvector provides a measure of the amplitude of a

particular wave component when applied to a general solution.

5.4.5 Extension to 3-D

As mentioned earlier, the construction of the quasi-three-dimensional non-reflecting
boundary conditions starts by performing a Fourier decomposition of the flow field at
the boundary. We begin by considering a linear cascade with pitch P in the y-direction
and a boundary at z=0. The perturbation U, can be written as
o
Up(0,9,2,t) = Up(zt)+ E f];m(z, t)etmy, (5.47)
—oo,m#£0

where U,(z,t) represents the pitchwise solution average at the boundary that has been
constructed according to the standard 1-D approach. It also corresponds to the m =0

Fourier mode, whereas the harmonics are defined by

o~ 1 P .
Up,.(2,t) = F/o Up(0,9, z, t)e“lmy dy, (5.48)
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where

I = =, (5.49)

At each spanwise location, ideal 2-D steady-state non-reflecting boundary conditions

can now be constructed for each Fourier mode m, (m#0), according to Section 5.4.4.

The boundary conditions for (m #0) are
i, =0 (5.50)

for each incoming wave n. Using the eigenvectors defined in Section 5.4.3 the non-
reflecting boundary conditions are,
N 0
0 -pca —pco .
7, =0, (5.51)
0 0 0 -—pev 0 '
0 —pcv pca 0 f

at the inflow and at the outflow the boundary condition is

( 0 peo —pea 0 P ) Uppm = 0- (5.52)

The non-reflecting boundary conditions are now expressed in terms of the spatial

Fourier transform of the one-dimensional characteristic variables.

(20 0 2 L\ (&)
0 0 0 = % b2
Upm=[0 2 0 0 0 3 | - (5.53)
0 0 3% 0 0 b4
o003 1) \a
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Hence the inflow boundary condition becomes

(3, )
100 0 0 ;1
-5 —1(c+m) —(c-u ’
0 o 0 —5(cta) —(c-a) 3 | =0, (5.54)
0 0 9 0 0 a
4
0 @ 0 1(8-7) %(8+9) %

(3.
>
(0 -2 0 36+9) 36-7) ) | | =0. (5.55)
B4
$s )

Unlike the standard 1-D approach in which the harmonics of the incoming charac-
teristics are set to zero, this improved method defines the incoming characteristics to

be function of the outgoing ones by using Egs. (5.54) and (5.55). This gives

) (0 )
¢1 =N\
%2 o ([:;) i : (5.56)
¢3 0
e,
and
$s = (’62_115) ¢z — (%) B4 (5.57)

These algebraic relations are then lagged, see References [35] and [32] to ensure the
well-posedness of the pseudo-time evolution process, so that finally the exact (in a two-

dimensional sense), steady b.c.’s. turn out to be,
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at inflow:

; ( - &
,\1 (B33 _3
TR
5 \ <§i§)2$5—$4)
At outflow:
() ()ir)

Numerical experience indicates that a suitable choice for o is ¢/ P.

1?;oundary conditions for an annular cascade with many blades are obtained from
these linear cascade b.c.’s by substituting (6, R) for (y, z) and (ug, ug) for (v, w).
This approximation implicitly assumes that the blade pitch is much smaller than the
tip radius, which is true for many turbomachine applications. The error associated
with this approximation is believed to be smaller than the error arising because of the

uncoupled radial and tangential modes.

5.5 Stator/rotor interface

In a steady stator/rotor interaction calculation, time-averaged rotor data and spatially-
averaged stator data are being transferred from one row to another. This raises the
question of what is the correct way in which to perform the averaging procedure. A rig-
orous definition is based upon the ‘mixed-out’ flow field and can be described as follows.
If one assumes that sufficiently far upstream or downstream the flow is circumferentially
uniform, then the flux F based upon this uniform value Ur must be equal to the average

flux F at the boundary under consideration. As illustrated in Figure 5.1, the following
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actual U mixed-out Ugp
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F(U) = F(Ur)

Figure 5.1: Flux averaging procedure.

definition is used.

where

This gives the following set of equations for Up.

pruzsr = Iy,
priip+pr = P,
prusFugr = Fj,
pPFuzFupr = Fy,
pru.rlr = Fs.

Together with the equation

Y pr 1 1

these can be solved to obtain,

pr =~ (B B+ (P O+ B+ 2R By (RORY)),
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U = _
T Fl )
Fy
Ugr = f,;a
u = F4
RF — Fl,
F
s = 5.64
P _— = (5.64)

Note that in Egs. (5.62), (5.63) and (5.64) a cylindrical coordinate system has been
used, where u,F, ugr and upp are the axial, circumferential and radial flux-averaged
velocity components, respectively. Based on these quantities, ‘mixed-out’ values of
all other flow variables can be defined, and will be denoted by the subscript . An
important point to note is that the physical mixing process implied in this procedure
will generate viscous losses, and will result in a flow with higher entropy level. Hence,
when applied to a flow at the outlet boundary this averaging procedure will tend to
produce higher ‘measured’ losses than other averaging methods, such as averaging the
outgoing entropy. Further discussion of this point for an arbitrary spatially non-uniform

and unsteady flow is contained in a study by Fritsch [28].

At the stator/rotor interface, mass, momentum and energy have to be conserved, so
that the objective is to make the flux of these out of the stator equal to the flux into
the rotor. Using the flux-averaging technique an equivalent objective is to match the

average flow quantities.

PF stator = PF rotors
Uz F stator — UzF rotors
UGF stator — UGF rotor T QR;
URF stator = URF rotors
PF stator = DPF rotor- (5.65)

82



Note that because of the use of relative flow variables, the rotor wheel speed R has to

be introduced into the condition of matching circumferential velocities.

If the current computed solution does not satisfy these matching conditions then it

can be interpreted as a jump in the characteristic values.

Aq—h\ /—52 0 00 1\ ( PPFstator — PFrotor

Aq_ﬁz 0 0 pc 00 Uz Fstator — UxFrotor
AQ‘SS = 0 0 0 pcO UGFstator — UgFrotor — LR | - (566)
A§Z4 0 pc 0 01 URFstator — WRFrotor

\AQ;S) k 0 —pc 0 0 1) \ PFstator — PFrotor

The average characteristic changes at the stator outlow and rotor inflow are now
set to eliminate each of these characteristic jumps, taking note of the direction of prop-
agation of each characteristic. Once this is done for both sides of the interface, the
remainder of the boundary condition treatment is exactly the same as for a standard

inflow and outflow boundary.

This stator/rotor interface treatment has been implemented such that the number
of nodes (in both the tangential and the radial direction) on one side of the interface
is not required to be the same as on the other side. This is achieved using a local flux

transfer scheme that ensures flux conservation, see Appendix D.

5.6 Results

The effectiveness of the steady-state quasi-3-D non-reflecting boundary conditions is
demonstrated in this section by presenting results for the high-turning turbine stage
represented in Figs. 5.2 and 5.3. The design of this stage was performed by Rolls-Royce
and is representative of a high pressure, cooled aircraft turbine operating in the transonic

regime. In particular the small axial gap between the stator trailing edge and the rotor
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leading edge (approximately 30% of the vane axial chord) is typical for this kind of
turbine. For these closely spaced blades the formulation of the boundary conditions at

the stator/rotor interface becomes a key point in the numerical simulation.

Firstly, results are presented for computations performed on the inlet guide vane
alone, i.e. no rotor row attached downstream. The midspan flow fields shown in Fig. 5.4
have been calculated for supersonic outflow conditions (but still axially subsonic), with
two different locations of the far-field boundaries. Notice that the location of the small
domain exit boundary corresponds to the stator/rotor interface position in the computa-
tions of the complete stage reported later in this section. The solutions look very similar,
although not identical due to the second-order non-linear effects caused by the presence
of two weak oblique shocks extending from the trailing edge. Indeed, the linearization
of the Euler equations at the boundaries introduces an error which is proportional to
the square of the steady-state perturbation at the inflow and the outflow. However, the
error is unnoticeable at the inflow and very much smaller at the outflow than the error
introduced in the solution by using the standard boundary conditions, which impose
uniform exit pressure, see Fig. 5.5. Using non-reflecting boundary conditions, the local
maximum mismatch in pressure between the two solutions of Figure 5.4 is less than 4%
of the vane exit dynamic head. Clearly, the formulation of the quasi-3-D non-reflecting
boundary conditions allows the flow to adjust circumferentially (and also radially as
seen later on) to account for the presence of the stator trailing edge. On the other
hand, using the standard 1-D b.c.’s the outgoing shocks produce reflected expansion
waves which greatly contaminate the solution on the blade, see Fig. 5.6. These spurious
reflections produce a local error in pressure (compared to the solution with quasi-3-D
b.c.’s) which accounts for up to 43% of the vane average exit dynamic head. Hence the

non-reflecting boundary conditions give a major improvement in accuracy.

The midspan blade surface pressure computed by using the quasi-3-D and the 1-D
formulations on the small and the large domain are compared in Fig. 5.6, where the inlet
stagnation pressure p; ;n is used as a reference. Notice that the disturbances produced

by the outlet reflecting boundary do not propagate ahead of the choked throat, which is

84



consistent with inviscid flow theory. Due to the strong shock/exit boundary interaction
in the 1-D formulation the location of the outlet surface affects the shocks’ reflections,
i.e. the solutions on the two domains are different with multiple wave reflections on
the small one. This local behavior also produces average changes. For instance, the
1-D boundary condition formulation leads to a change in the flux-average turning angle
compared to the quasi-3-D b.c.’s, as seen in Fig. 5.7. In a stator /rotor interaction
this average change in the stator swirl angle can lead to a change in the rotor relative

incidence angle of several degrees, and thus significantly affect the rotor loading.

The steady-state results for four coupled transonic stator /rotor calculations are sum-
marized in Figs. 5.8, 5.9 and 5.10. To achieve an accurate basis for comparison, the small
domain results were computed using circumferentially averaged exit pressures pr(R) ob-
tained from the large domain calculations. Notice that in a full stage computation the
matching of the stator and the rotor flow at the interface is done automatically without
any user intervention. In these four computations, the quasi-3-D b.c.’s have been used at
the stator inlet and outlet as well as at the rotor inlet. Thus, relative to the calculations
using the quasi-3-D formulation at all inlets/outlets, the introduction of the 1-D b.c.’s
at the rotor outlet does not visibly affect the vane flow field. However, the rotor field is
affected through the trailing edge reflected shock which is clearly apparent. It should
be pointed out that in the case of a calculation performed with 1-D b.c.’s implemented
at the stator inlet, at the interface and at the rotor exit, the discrepancies between the
1-D and the 3-D formulations would be much larger. As mentioned in the preceding
section, the use of 1-D b.c.’s at the stator outlet does affect the rotor inlet conditions.
Thus, the rotor flow field in turn produces a change in the average stator/rotor interface

pressure.

Fig. 5.9 indicates that the quasi-3-D formulation performs well at all radii, whereas
the pressure plots in Fig. 5.10 demonstrate that as far as the blade loading is concerned,
the use of the quasi-3-D formulation gives good results. The rotor-relative exit Mach
number is very close to unity. It has been numerically observed that while the flow

is converging to a steady-state solution, the exit boundary condition ‘switches’ from
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subsonic to supersonic and vice versa, until the flow at lower radii settles to an average
supersonic exit Mach number while the flow closer to the tip is subsonic. This point is
important to notice, for the implementation of the non-reflecting boundary conditions

requires a Fourier transform in the subsonic case, but none in the supersonic case.

The rotor results point out that by extending the computational domain sufficiently
far downstream, the results calculated using the 1-D formulation tend to match the
quasi-3-D b.c.’s solution, see Figs. 5.8 and 5.10. This is consistent with both the
quasi-3-D and the 1-D b.c.’s formulations since these two techniques give the same
results when applied to a uniform flow as it develops here in the constant area duct
downstream of the rotor. However, as mentioned earlier this is true only because the
rotor exit boundary condition alone is altered from being either quasi-3-D or 1-D.!
Hence, only minor differences in pressure exist (i.e. less than 2% of the vane pressure
drop) between the solutions computed with non-reflecting b.c.’s and the solution using
the 1-D b.c. formulation on the large domain, see Fig. 5.10. This type of behavior is
not apparent in the isolated stator computations of Figures 5.4 and 5.5 partly due to
the downstream duct area change and the location of the large domain exit boundary
which is still too close to the stator trailing edge. The 1-D b.c. formulation applied on
the small domain produces errors up to 17% of the vane average pressure drop. In an
actual turbine environment, it is not possible to extend the limits of the boundaries far
upstream and far downstream. In particular, the axial gap between the stator and the
rotor of Figures 5.2 and 5.3 is typical of a modern aircraft turbine. Hence, the use of
accurate non-reflecting boundai'y conditions in a multi-stage environment is necessary

in order to assess the performance of the whole engine.

The results for the subsonic flow in a linear turbine cascade are presented in Fig. 5.11.
In this case no radial variations exist and the quasi-3-D formulation reduces to the exact
2-D non-reflecting boundary conditions where only second-order non-linear errors can

arise. However, in this shock-free flow these are very small as shown by the virtual

'In order to show the effects of imposing the standard 1-D b.c.’s at one particular location, the full
stage calculations presented here were computed with only the roter exit boundary condition formulation
modified to be either quasi-3-D non-reflecting or 1-D.
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perfect match of the pressure contours between the small and the extended domain
calculations (the discrepancy in pressure between the two solutions is smaller than

0.001 times the exit dynamic head).

5.7 Conclusions

A theory for the construction of steady-state quasi-3-D non-reflecting boundary condi-
tions has been developed and applied to the Euler equations. The boundary condition
~ formulation is derived using Fourier analysis applied to the linearized equations. A
fundamental approximation is that radial effects are accounted for in the average mode
only. In the absence of any radial variations, the boundary conditions are exact within

the linear theory.

The quasi-3-D formulation has been implemented for transonic and subsonic axial
flow turbomachine calculations with realistic operating conditions and for standard
designs. In the transonic case where a shock wave crosses the computational boundary,
the solution is virtually independent of the position of the computational domain limits
with local discrepancies in pressure less than 2% of the vane average pressure drop,
which compares to 24% when using the standard 1-D formulation. Hence, the second-
order non-linear errors together with the error due to the uncoupling of the radial and
tangential variations are very much smaller than the ones introduced in the solution
when using the standard one-dimensional approach. In the subsonic case the solution

is completely independent of the position of the far-field boundaries.

87



b
it
] (IfENaan H
{l AIRERARI A
i
T I
it i

> T

Figure 5.2: Side view of a transonic first turbine stage including stator suction and rotor
pressure sides.

z

Figure 5.3: Mean height blade-to-blade mesh (stator: 80 x 30 x 24, rotor: 77 x 30 X
30 nodes). The stator and the rotor grids shown here are used in the small domain

calculations.
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Figure 5.4: Stator midspan pressure contours (p/p: ini) using quasi-3-D non-reflecting
boundary conditions, Me,;; = 1.2. Isolated stator calculations.
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z
Figure 5.5: Stator midspan pressure contours (p/p;int) using reflecting boundary con-

ditions at the outflow, M,.;; = 1.2. Isolated stator calculations.
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Figure 5.6: Midspan stator blade surface pressure using non-reflecting and reflecting
b.c.’s. Isolated stator calculations. L: large domain, S: small domain.

90



1.20

quasi-3-D, L
1D, L
0.80
% span
0.40
0.00 " :
72.0 74.0 76.0 78.0

Figure 5.7: Flux-averaged turning angle at the large domain stator exit using non-
reflecting and reflecting b.c.’s. Isolated stator calculations.
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Figure 5.9: Rotor blade-to-blade and hub-to-tip pressure contours (p/p:ini) at 20%
chord downstream the trailing edge (equals half way between trailing edge and small
domain exit). Coupled stator/rotor calculations. Increments = 0.01.
a) Quasi-3-D non-reflecting b.c.’s small domain and b) large domain.
c) Standard 1-D reflecting b.c.’s. small domain and d) large domain.
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Figure 5.10: Midspan rotor blade surface pressure using non-reflecting and reflecting
b.c.’s. Coupled stator/rotor calculations. L: large domain, S: small domain.
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Figure 5.11: Pressure contours (p/p;in) using quasi-3-D non-reflecting boundary con-
ditions, M..;; = 0.75. Linear cascade. Increments = 0.01.
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Chapter 6

Code Validation

An essential ingredient in the development of a CFD code is the validation itself.
This can be a large time-consuming process especially for three-dimensional unsteady

cases, so naturally the definition of validation has to be clarified in some sense.

The first step is to show that the numerical method converges to the solution of
the discretized equations. For steady-state this is usually accomplished by-' looking at
iteration histories. These consist of the maximum and root mean square values of the
changes U at each Lax-Wendroff iteration, and should tend to machine accuracy. All
the steady-state calculations presented in this thesis were converged to an absolute
maximum residual below 5 X 10—¢, which means that the mean residual is between
five to ten times smaller. For unsteady turbomachinery flow in which the unsteadiness
arises solely from the relative motion between the rotor and the stator, the convergence

is achieved once periodic flow is obtained, see Chapters 8 and 9.

This chapter is mostly devoted to steady-state flow, because the implementation
procedure is exactly the same for steady and unsteady flow except for two fundamental
differences. The first resides in the definition of the time-step. For unsteady computa-
tions, the time-step is taken to be the same for all the computational cells, whereas local
time-stepping is used to compute steady solutions, see also Appendix C. The second dif-
ference appears in the handling of the stator/rotor interface boundary condition, which
is discussed in Sections 5.5 and 8.3 for steady and unsteady flow, respectively. Hence,

the additional validation work for unsteady flow is merely a check of data transfer at
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the interface.

The most difficult part of the validation is to show that the discrete solution of
the Euler equations is an accurate approximation to the analytical equations. Since
analytic solutions are known for simple cases only, different approaches are used. The
first approach consists of defining two test cases for which either analytical or experi-
mental values are available for comparison with the computed solution. In both cases,
the amount of discretization errors is indicated by the stagnation pressure changes.
These should analytically be zero since the flows are subsonic and were computed us-
ing uniform inlet conditions. The two cases refer to 2-D flows in cascades which are
artificially extended to 3-D. The first case is discussed in Section 6.1 and involves the
incompressible low within the Gostelow cascade [41] for which there is an analytic solu-
tion. The second calculation is performed upon a high subsonic, large turning cascade
for which experimental blade surface data are available, see Section 6.2. In both cases

the comparisons are good.

The Munk and Prim substitution principle [80] can be used as a means for checking
3-D solutions for steady inviscid flows in an actual non-rotating turbomachinery com-
ponent. It can be shown that because of the decoupling of the energy equation from the
mass and momentum equations, certain physical quantities have to remain the same for

different flow solutions satisfying this principle. This is discussed in Chapter 7.

Another way of examining the solution is to check upon certain integral quantities
that have to be conserved within the computational domain. This is the subject of
Section 6.3.

6.1 Gostelow cascade

In this section, the present method is used to calculate the steady flow through the

Gostelow cascade. In [41], Gostelow used a conformal mapping transformation to derive
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the analytic incompressible solution.

Since the flow is inherently 2-D, it is appropriate to construct a 3-D cascade by
stacking a few grid planes along the span. For that purpose, a modified version of the
ISES elliptic grid generator [30] is used to define the 2-D mesh. The calculation involves
a single blade passage of 120 nodes along the streamwise direction and 30 nodes from
blade-to-blade, as seen in Fig. 6.1. 5 of these planes were then used to define the span.
The stagger angle is 37.5% and the solidity 1.248.

There are two main problems associated with the Gostelow case. Firstly, the present
method is not well suited for the calculation of incompressible flow, since the pressure
waves associated with the time-marching procedure take a long time to damp out. Thus

the convergence rate is low.

The computed Mach number contours are plotted in Figure 6.2. Note that the
maximum Mach number is approximately 0.182, so that the compressibility effects are
very small. Gostelow’s tabulated results together with the computed surface pressure

coefficients are compared in Fig. 6.3. The agreement is nearly perfect.

The second difficulty arises due to the analytic square-root pressure singularity at
the trailing edge of the blade that sets the Kutta condition. To capture this effect
as well as the large gradients in the flow solution around the leading edge, grid nodes
clustering is required at both the leading edge and the trailing edge, see Figures 6.4
and 6.5, respectively. A product of a cubic and a sine function is used to get this kind

of blade node spacing.

The prescribed inlet flow angle is 53.5° relative to the axial direction. The outlet
angle is dependent upon the Kutta condition. Using the present method it has been
established to 30.23% which compares to the analytic value of 30.025° indicating an
error of the order of 1% in the tangential force. Finally, since the flow is nominally isen-

tropic, the variations in stagnation pressure through the domain highlight the amount
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of numerical errors. For this low Mach number flow these are best quantified by looking
at the stagnation pressure coefficient defined as

Pt — Ptinl
C, =47+~ 6.1
pe 1pim V2 (6.1)

inl
The C), contours are plotted in Figure 6.6. Errors occur essentially around the blade
with the larger values in magnitude concentrated at the leading edge where the trun-
cation errors are the highest. Except for the leading edge region, the blade stagnation

pressure error represents less than than 8% of the inlet dynamic head.
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Figure 6.5: Blow

-up of the Gostelow mesh near the trailing edge.



Figure 6.6: Stagnation pressure coefficient contours (Cp,) for the Gostelow cascade.
Increments = 0.01.
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6.2 T7 turbine cascade

The T'7 turbine nozzle is a subsonic high-turning linear cascade designed by Rolls-Royce
and for which blade surface pressures are available. These were compared to numerical

solutions in References [107] and [30].

As with the Gostelow cascade, a 2-D elliptic grid is first generated and then stacked
along the span. One of the five blade-to-blade grid planes is shown in Fig. 6.7. Note
that in contrast to the Gostelow grid, this mesh defines cells of nearly constant volumes,

which allows the use of larger time-steps.

This case has an inlet flow angle of 52.8° and an exit angle of —72.7%. It is thus
a useful test case to determine the effects of grid shear on the algorithm. Figure 6.8
presents the Mach number contours. The maximum Mach number in the field is 0.817
whereas the exit Mach number is 0.75. The numerical errors are assessed by plotting
the stagnation pressure contours, see Fig. 6.9. The maximum error in total pressure
is 3.6 % of the inlet stagnation value, and accounts for 13% of the exit dynamic head.
The maximum error is generated at the cusped trailing edge due to the lack of mesh
resolution and part of it is convected downstream. Except for the leading and the trailing
edge region, the blade surface stagnation pressure is within 1.5% of the exit dynamic
head. The calculated and the measured surface pressures converted to isentropic Mach
numbers using the inlet total pressure are compared in Fig. 6.10. The agreement is
good except towards the trailing edge on the suction side, where viscous effects become

more important.
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Figure 6.7: Blade and grid geometry for the turbine T'7. 110 X 35(x5) nodes.
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Figure 6.9: Total pressure contours (p;/p;int) for the turbine T'7.
Increments = 0.002, max = 1.017, min = 0.964.
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Figure 6.10: Computed and measured Mach number distributions around T'7 blade.
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6.3 Integral quantities

As mentioned earlier, the purpose of this section is to validate the 3-D Euler solver
with respect to integral quantities that have to be conserved within the complitational
domain. These are mass flow, angular momentum and power. Numerically conservation
of mass, momentum and energy is expressed (and implemented) on a cell-by-cell basis.
Also, as mentioned in Section 3.2 the flux contributions from the interior cell faces
cancel out leaving only the boundary flux terms. Thus, errors expressing a[n unbalance
of mass, angular momentum and power for the blade row and which are solely based
upon quantitites at the domain boundary (inlet/outlet and solid walls) provide a check
on the interior domain implementation procedure. In addition, an important aspect
to notice is that the Euler code does not directly solve for the conservation of angular
momentum and power on a cell-by-cell basis, though analytically these can be replaced
by conservation of momentum and energy. For instance, if mistakes were made in the
implementation of the source terms, they would show up in the angular momentum and

POWETr errors.

The errors for different steady-state stator/rotor calculations are presented in Ta-

ble 6.1.

The error in mass flux balance is expressed by

™m; — my; ) .
Ep= -0 i— sout or rinl. (6.2)
Min]
Thin is the stage inlet mass flow, whereas 1, o,y and 7h, ;,;; Tepresent the stator exit and

the rotor inlet mass flow, respectively.

For an axisymmetric geometry, conservation of momentum is replaced by the con-
servation of angular momentum. For a spatially fixed control volume V surrounded by

the surface S this is expressed as

///V%(PﬁxﬂdV+]L(pﬁ‘-r‘i)(ﬁ‘xf’)dﬁ':Zﬁx1‘-’:ZT. (6.3)
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This equation states that the changes in angular momentum due to the unsteady fluc-
tuations within the control volume plus the change in the flux of angular momentum
across the control surface equals the sum of the externally applied torques. For turbo-
machinery applications, the axial component of the torque (due to the tangential force,
or lift) is particularly important because it is used to derive the power delivered by the
fluid to the blades. Thus the axial component of Equations (6.3) applied for a steady
flow (in the frame of the blade row) is

/ / wRpudS =Y FyR =T,. (6.4)

blade
That is the the difference between the angular momentum flowing into the blade row in
all the inlet streamtubes and that flowing out in the downstream tubes plus the torque
T, acting on the blade due to the streamtubes sum to zero. The torque T, ,, for a
given stator or rotor blade row is defined as

Teor = Y, P(FS:— 25,), (6.5)
blade, »

where the sum is taken over all the cell faces composing the blade surface. The change

in angular momentum within the control volume is defined as
tip tip
:::?unthm = | > pru.r Ruor S, — | Y prucr Rugr S: . (6.6)
hub ,r out hub s,rinl

Using this relation, the error in angular momentum conservation is defined as

s,r out
s,rinl T’-‘ - T‘l’ 3,7

Tz s,r

(6.7)

Conservation of energy requires that the power delivered to the fluid by the rotating
blades must be balanced by the power received by all the streamtubes in the turbine

row. The latter one is expressed by

tip tip
3,7 out _ _
A,,,. inl P = Ps,r out — Ps,rinl - (Z PFULF htF Sa:) - (E PFULF htF Sz) 2
hub r out hub rinl
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where

F
hyp = —L_PE

1
= 1or + §(U2F+u5F+u§zF)- (6.9)

Therefore the integrated error function Ep for the rotor

_ ATg#P _QOT,,

7 inl

QTzr

Ep rotor, (6.10)

in which QT , is the power delivered by the rotor blade to the fluid represents a lack
of conservation of energy. For a non-rotating row, Ep indicates an error in the the
conservation of stagnation enthalpy flux and is defined as
s out
Ep=—=2m__  stator. (6.11)
Ps inl

Notice the use of circumferentially flux-averaged quantities in Egs. (6.6) and (6.8).

case E; Eq Ep | comments

57922 | 0.0085 | 0.0077 | 0.0080 | Stator, see Section 5.6

0.0230 | 0.0057 | -0.0094 | Rotor, quasi-3-D long domain
sr921 | 0.0048 | 0.0069 | 0.0053 | Stator, see Section 5.6

0.0058 | 0.0040 | 0.0310 | Rotor, 1-D long domain

sr772 | 0.0096 | 0.0077 | 0.0090 | Stator, see Section 5.6

0.0221 | 0.0090 | -0.0035 | Rotor, quasi-3-D short domain
sr771 | 0.0091 | 0.0078 | 0.0088 | Stator, see Section 5.6

0.0180 | 0.0056 | 0.0033 | Rotor, 1-D short domain

sr80 0.0056 | 0.0008 | 0.0027 | Stator, see Section 7.4

0.0025 | 0.0009 | 0.0058 | Rotor, h;;n = const case
sr80T | -0.0026 | 0.0043 | -0.0043 | Stator, see Section 7.4

-0.0333 | 0.0024 | -0.0349 | Rotor, variable k¢, = hi(R) case

Table 6.1: Errors in mass flow (E,), angular momentum (FEy) and power (Ep) for
steady-state cases. The errors are in %.
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Chapter 7

Steady-State Temperature Migration in a

Transonic Turbine Stage

It is well known that the temperature coming out of the combustor of a gas turbine
is spatially (and often temporally) non-uniform. The walls and the blades of the first
stage of a modern gas turbine are cooled in order to protect the material from melting.
Thus the stage inlet temperature is higher at midspan than at the hub and the tip
walls. Pitchwise variations may also exist but are not considered here. The effects
of temperature gradients are important in turbomachinery flow and in a turbine in
particular, because they generate thermal wakes, affect the loading of the blades by

creating secondary flows and modify the wall heat transfer.

The purpose of this chapter is to analyze the effects of a spanwise non-uniform inlet
temperature distribution on the aerodynamics of a highly loaded transonic first turbine
stage. Specifically, one is looking for 3-D secondary flow in the stage due to the migration
of the total temperature. To enhance the understanding of the flow physics involved in
the temperature migration process and to assess the magnitude of the secondary flow,
the results are analyzed relative to the case of constant inlet stagnation enthalpy, see
Figure 7.1. Notice that in both cases the inlet stagnation pressure is constant. The
assumption of uniform stage inlet stagnation pressure is justified by the fact that at the
combustor exit the Mach number is small (=~ 0.1) and the flow is in radial equilibrium
so that the stage inlet pressure is constant and equal to the total pressure. As seen later

in the analysis, the mechanisms driving the secondary flow are based on vorticity and
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simple dynamics derived from steady-state velocity/vorticity triangle arguments as well
as inviscid steady-state secondary flow theory. Hence, although the unsteady potential
field is lost in the time-averaged solution, the steady result captures the major effects

associated with temperature migration since it is primarily an inviscid steady process.

Cattafesta [10] performed an experiment in the MIT Blowdown Turbine Facility
Scaling to assess the effects of inlet radial temperature profiles on the efficiency of a
transonic turbine stage. This facility allows to simulate the continuous operation of
a full scale high performance turbine [21]. In the present work, computations were
performed on the same turbine stage. It consists of a highly loaded first turbine stage
designed by Ro]ls-Rbyce for transonic flow. The overall geometry and the grid used
for the calculations are shown in Figs. 7.2 and 7.3. The actual geometry consists of 36
stator blades and 61 rotor blades but the computational domain has been reduced to

one blade-to-blade passage using periodic boundaries.

The numerical analysis of temperature migration in the stage is decomposed in two
~major parts. In the first part, a set of two computations with different inlet stagnation
temperature distributions were performed on the isolated vane (no rotor downstream) of
Figures 7.2 and 7.3. The purpose of the isolated stator calculations is double. Firstly,
this case allows to introduce the the Munk and Prim [80] substitution principle, a
concept that is extremely useful to explain the differences occurring between the two
flow solutions. In addition to its practical application in this work, I think that it
offers a very interesting approach towards the understanding of inviscid, steady-state
compressible flow. Since it is usually not discussed in the basic fluid mechanics courses
although it originally appeared in 1947, I feel that not only the description of this

concept but also its derivation is appropriate.

Briefly summarized the Munk and Prim principle states that if a steady isentropic
flow field is determined for a specified geometry and total pressure distribution, then the
streamlines pattern, Mach number, static and total pressure fields remain unchanged

for any stagnation temperature distribution. Clearly, the second reason for performing
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the isolated vane computations is to check the implementation of the Euler solver since
the two solutions should match perfectly for certain physical quantities according to the
Munk and Prim principle. In addition, the application of this concept to the stage flow
explains why no 3-D secondary flow associated with the spanwise temperature gradient

occurs in the vane.

In the second part of this chapter, the results for a complete stage computation with
the two different inlet stagnation temperature conditions are presented. The comparison
of these flows clearly demonstrate that a secondary flow occurs in the rotor frame
of reference. The secondary flow, which shows up as a strong radial flow primarily
on the rotor pressure surface, is explained using velocity/vorticity triangles arguments
and simple dynamics. The full stage computations also allow to determine the effects
associated with the temperature migration of one row onto the other, effects which

would not appear in the case of an isolated vane.

This chapter is structured as follows. A brief literature review on the subject of tem-
perature distortions in turbines is presented in Section 7.1 followed in Section 7.2 by the
derivation and consequences of the Munk and Prim substitution principle. This concept
is then applied in Section 7.3 to analyze the flow in an isolated vane for two different
inlet stagnation temperature distributions. The results for the coupled stator/rotor are

presented in Section 7.4. Finally, the essential conclusions are summarized in Section 7.5.
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Figure 7.1: The radial temperature migration problem.
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Figure 7.2: Side view of a transonic first turbine stage including stator pressure and
rotor suction sides.

I
189

R m Y

z
Figure 7.3: Mean height blade-to-blade mesh (stator: 80 x 30 x 30, rotor: 80 x 30 x 34
nodes).
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7.1 A brief literature review

The effects of temperature distortions in an axial flow turbine have been investigated

both experimentally and computationally.

Butler et al. [9] conducted an experiment in which hot air seeded with CO; was
introduced at the inlet of a subsonic axial turbine stage. The temperature distortion
consisted of a hot spot centered at 40% span at one circumferential location with a ratio
of hot to cold air set to 2. A secondary flow was measured in the rotor frame of reference,
but none in the stator row. Rai and Dring [88] carried out a 2-D analysis of the redis-
tribution of an inlet temperature distortion in a turbine stage by solving the thin-layer
Navier-Stokes equations. Also in 2-D, Krouthén and Giles [66] performed a numerical
simulation of the effects of hot streaks in a turbine rotor. The domain was decomposed
into a inviscid core region, where the Euler equations are solved, and a viscous region
where the Reynolds-averaged, thin-layer Navier-Stokes equations are solved. Both 2-D
studies presented unsteady temperature contours and predicted the migration of the hot

gas towards the pressure surface, which is consistent with experimental observations.

More recently, Harasgama [47], Takahashi and Ni [105] and Dorney et al. [19] per-
formed numerical simulations with inlet temperature distortions. In [47] the 3-D Navier-
Stokes solver of Dawes [14] was used to analyze the rotor-relative flow field under the
influence of a uniform, radially parabolic and radially skewed parabolic rotor inflow
temperature profile. Takahashi and Ni used an Euler solver (with viscous modelling)
to predict the rotor temperature redistribution resulting from the effects of circular hot
jets as modelled in Butler’s experiment. Periodic unsteady and steady 2- and 3-D re-
sults were presented. Among other conclusions, this study indicates that the steady and
the time-averaged rotor pressure distribution agree well. However, the steady solution
underestimates the temperatures. In a concurrent paper [19], 3-D unsteady Navier-
Stokes computations were performed with similar inlet conditions. Both computations
show similar trends, with the Navier-Stokes technique providing more detailed agree-
ment with the experimental data. In addition, these studies clearly indicate that by
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comparing the rotor surface temperature distribution to the 2-D simulations and the
experiments, 3-D effects are essential in the temperature migration process of circular
kot streaks. Notice that in all the above mentioned studies the turbine operated under

subsonic flow conditions.

Lakshminarayana [68] carried out an analysis to predict thermally driven secondary
flow in a nozzle and a rotor that is based upon Helmholtz’s vorticity equation for
inviscid compressible flow. He derived approximate relations relating the rotation of the
isothermal surfaces to the gradient in stagnation temperature and provided expressions
for the strength of the secondary vorticity and for predicting the temperature profiles at
the exit at the exit of the blade row. These expressions were derived from the equation

for the growth of secondary vorticity (streamwise) written in intrinsic coordinates.

7.2 Munk and Prim substitution principle

The derivation of the Munk and Prim substitution principle starts by considering the
equations of motion of an inviscid, steady and adiabatic perfect gas of constant specific
heats!. Also, there must be no body forces, hence this principle cannot be applied in a

rotating frame of reference.

V-(eV) = 0, (7.1)
V-V = —%), (1.2)
V-Vh = 0. (7.3)

The last equation indicates that the total enthalpy h; is constant along a streamline,
although h; may vary from one streamline to another. The goal of the following deriva-

tion is to express the equations for the conservation of mass and momentum in terms of

!Note that an extension of this principle to account for viscous stresses and heat transfer has been
proposed by Greitzer et al. [44]. The extended principle, however, is only approximate.
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variables where the density and stagnation enthalpy do not explicitly appear. For that
purpose, it is useful to replace the stagnation enthalpy h; by the “maximum” velocity

Vimaz- This velocity is defined as

ht - l‘[/2 (7‘4)

2 mazx

and represents the velocity of the gas at the state where the energy is completely trans-

formed into kinetic energy, i.e. T = h = 0. Also, define
14

Vma:c

C = (7.5)

as the reduced velocity vector. Hence, the energy equation along a streamline for a

perfect gas of constant specific heat becomes

1 h
htZCth=h+ §V2= 1-C2 (7.6)

The continuity Equation (7.1) is now written in terms of the reduced velocity C.

V-(e¥) = V- ((/TRYE)C)

P/ V- ((£)C) +(£)C - V(pe/2he) = 0. (7.7)

The second term to the right of the above equation is zero. This is because the quantity
p¢\/2h; is constant along a streamline?, so that its gradient must be perpendicular to V
or C. Thus

v. ((i)@) 0. (7.8)

The density term is replaced by a reduced velocity function using isentropic relations

and Eq. (7.6).

1 1
L _ (T _ ﬁ)ﬁ_ oy
Thus, the continuity equation becomes

V. [(1-Cc?)¥F)=0. (7.10)

2 Although p: changes discontinuously across a shock, the argument is still valid ahead and down-
stream of the discontinuity.
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The momentum Equation (7.2) is also rewritten in terms of the reduced velocity C.
P(VinazC * V)(VinazC) + Vp = 0
= pV2,.C-VC + pVieaC(C - VVipaz) + Vp =0 (7.11)

Notice that VV,,- = 0 along a streamtube. Apply Eq. (7.4) to get

ph2 %ﬁ (C-V)C+Vp=0. (7.12)

For a perfect gas ph can be defined as

YR 7
h = pc, T = T =
P PCp P7_1 -1

p. (7.13)

Thus the momentum equation expressed in terms of pressure and reduced velocity vector

alone is
27 p - —
L . Vo= .
T 11ocE ¢ VIC+VP=0, (7.14)
which can be rewritten as
- ~ -1
(G-V)C + 127 (1- C?)V(lup) = 0. (7.15)

The continuity Equation (7.10) and the dynamic Equation (7.15) form a system of two

equations for the two unknowns ¢ and p.

The fact that the stagnation enthalpy (or total temperature) does not explicitly
appear in the equations of motion expressed in terms of the reduced velocity ¢ and
static pressure p, indicates that the energy equation is effectively uncoupled from the
other equations of motion. Thus a solution of Egs. (7.10) and (7.15) really consists
of a family of solutions corresponding to different assignments of the total enthalpy to
streamtubes. However, for each solution the pressure field p and the streamtubes area
are the same, independent of the assignment of h;. To express the relations between the
solutions in terms of total pressure, Mach number, mass flow, and so on as a function of
the given stagnation temperature distribution, it is best to focus on two single solutions

determined for a specific geometry.
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Consider for instance two steady-state flow fields occurring in the isolated stator
of Figs. 7.2 and 7.3. The inlet and outlet conditions relative to these two flows are
the same except for the inlet stagnation enthalpy distribution among the streamtubes.
Focusing on one particular streamtube characterized by h;_,,, in one solution and h,, ,
in the other, it is readily seen that due to the invariance of ¢ the two velocity fields are

related by the following relations

Vcold — htcold - TtCOld. (7.16)
Vhot v hthot Tt'“‘"

In addition the same pressure field will keep the flow in equilibrium, i.e.

Peold = Phot (7.17)

and the streamline pattern is the same in both solutions. The following relations are

then easy to demonstrate.

T, T
cold teold = M_.oig = Mpot (718)
Thot Tthot
Pcold - Tthot (7.19)
Phot thold
Pcold V:;ild = Phot Vi?ot = Preota = Ptror (7.20)

Modd [Tt (1.21)
Mhot thold
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7.3 Isolated vane

The stator inlet radial temperature profile is typical for a high performance combustor
and consists of a parabolic shape with 20.8% over-temperature at midspan compared to
the hub and tip walls, see for instance [10]. In Figure 7.4 the vane outlet mass-averaged
total temperature is plotted as a function of percent span for the cases without and
with inlet radial stagnation temperature variation. All other boundary conditions are
the same for the two cases. Note that the subscript .14 is used to describe a quantity
related to the flow of constant inlet stagnation temperature whereas the subscript pot
refers to the case with spanwise temperature gradient. The third curve plotted in Fig. 7.4
represents the prescribed inlet temperature profile for the ‘hot’ flow case. Note also that
=T,

= 1/(y~1), which is correct since each streamtube conserves its

thold inlet cold outlet

stagnation temperature. In the ‘hot’ flow case the the maximum over-temperature is
well conserved at midspan but the minima at the hub and the tip are slightly higher at

the exit than at the inlet indicating an effect of the numerical dissipation.

It is important to realize that in the ‘hot’ flow case vorticity is being introduced as
part of the inlet boundary condition as sketched in Fig. 7.1. This is done while keeping
Ptoorgintee = Ptnoe intee = const. Hence, according to Egs. (7.16) to (7.21), the ‘hot’ flow
case (rotational) may be substituted for the ‘cold’ flow case (irrotational) without affect-
ing the local values of static and total pressure, as well as Mach number. Consequently,
no streamwise vorticity associated with the spanwise temperature gradient occurs in the

vane.

Another way of checking this statement is to use Hawthorne’s secondary flow theory
[48, 50, 51]. He showed that, within the frame of the above mentioned assumptions,
the secondary circulation formation is driven by a gradient in total pressure but not
stagnation enthalpy. Since the total pressure is constant in both cases, the additional
vortex lines introduced in the ‘hot’ case have to remain perpendicular to the flow, i.e.

no streamwise vorticity is generated. This can be verified by using the relations for the
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growth of streamwise vorticity written in natural coordinates.
d (w,) _ 2wn+ 1 0T dp
ds \pV /) = pVo ' p2V2T 0b On

_ 2 Op
= (7.22)

Equation (7.22), taken from Reference [55], was derived from the Helmholtz equation
that governs the generation and growth of vorticity for an inviscid compressible flow

and in the absence of body forces. Using intrinsic coordinates, the vorticity is written

as
@ = w, + fuw, + bwy, (7.23)

where w,, w, and w; are the components of vorticity in the streamwise (3), principal
normal (#) and binormal () directions, respectively, and o is the local radius of cur-
vature of the streamline, see Fig. 8.12. Note that this theory is more extensively used
in Chapter 8 to discuss the secondary flow occurring in a 3-D linear cascade due to a

vortex and temperature gradient.

The important point to notice here is that the constancy of the stagnation pressure
implies that the growth of secondary flow in the vane is zero. Hence, in the ‘hot’
flow case and according to Eq. (7.22), the secondary flow developed by the turning
of the inlet normal vorticity w, is exactly balanced by the secondary flow induced by
the temperature gradient (87 /3b). Consequently, since no inlet streamwise vorticity
is present in the ‘cold’ and ‘hot’ cases and none is generated along the passage, the
solutions exhibit the Munk and Prim similarity. Indeed this shows up in the numerical
simulation as indicated by Figures 7.5, 7.6 and 7.7, i.e. the two solutions lay on top of

each other.
As shown in the next section, in the coupled stator/rotor calculation and compared

to uniform inlet total enthalpy, the radial temperature variation indirectly affects the
vane flow field region downstream of the choked throat, through the rotor flow field.
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Figure 7.4: Isolated vane: mass-averaged stagnation temperature at vane inlet and exit.
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Figure 7.5: Munk and Prim test: vane pressure at 8% axial chord downstream trailing
edge.
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Figure 7.6: Munk and Prim test: midspan vane pressure (p/p: ini). Increments = 0.02.
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Figure 7.7: Munk and Prim test: midspan vane Mach number. Mz;: = 1.2. Increments
= 0.05.
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7.4 Coupled stator/rotor results

The pressure fields at the hub wall and at a constant radius (~ midheight) are repre-
sented in Figures 7.8 and 7.9 for the ‘cold’ case. The discussion of the flow features of
the transonic stage operating under constant inlet conditions (‘cold’ case) is postponed
until Chapter 9. Instead, this section focusses on the effects of the non-uniform inlet
stagnation temperature profile and the resulting secondary flow occuring in the rotor

frame.

For convenience, the flux-averaged flow parameters for the two cases are summarized

in Table 7.1.

In the rotor frame of reference, both the inlet velocity and the tangential angle have
larger values at midspan than they would have in the case of no radial variation. This
can easily be demonstrated by subtracting the rotor tangential speed from the stator
radial velocity shear, see Figure 7.10. Figure 7.10 is to be considered as representative
of two velocity triangles drawn at midspan of the stator exit (or rotor inlet) and where
Veotd/ Vot is given by Eq. (7.16). The rotor-relative flux-averaged inlet angles for the
two cases are displayed in Figure 7.11.

The first consequence of this is that the rotor relative total pressure is affected as well
by the introduction of the stagnation temperature variation, see Figure 7.12. The static
pressure and relative stagnation pressure (on the pressure side of the blade) are shown
on Figures 7.13 and 7.14 for the ‘cold’ and ‘hot’ flow cases, respectively. Relative to
the (T%,,,4;... = const) calculation case, the ‘hot’ flow case result shows a total pressure
excess at midspan, and a deficit at the hub and the tip. This produces a radial pressure
gradient on the pressure surface, which is comparable in magnitude to the axial pressure
gradient, and generates a secondary flow from midspan towards the hub and the tip.
This effect, can more clearly be seen by looking at the blade streamlines plotted on
Figs. 7.15 and 7.16. Another way of visualizing the secondary flow is to look at the

relative velocity vectors, see Reference [92] or the surface tufts plotted on the pressure
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side, see Fig. 7.17. Note that the surface streamlines and tufts were generated using
VISUAL3, the graphic visualization package developed at MIT by Giles and Haimes
[40].

An important factor in determining the boundary-layer heat flux is the inviscid
relative total temperature shown here on the pressure and suction sides for the ‘hot’
flow case, see Fig. 7.19. By transforming the velocity vectors from the stator absolute
to the rotor relative frame of reference, a spanwise difference in rotor relative inlet angle
and velocity magnitude occurs, see Fig. 7.10. At this point, Fig. 7.10° represents the
stator /rotor interface velocity triangles at midspan and at the hub (or tip) for the ‘hot’
flow case only. The subscripts co;q and .t are now referred to quantities at the endwalls

and midspan, respectively.

The hot midspan fluid is oriented more towards the rotor pressure side and moves at
a higher relative speed as compared to the cold endwall gas. Thus, as the two streams
(hot midspan and cold endwalls) move through the rotor, the hot fluid migrates towards
the pressure side relative to the cold fluid as seen in Figure 7.18. This segregation effect
is based upon arguments inferred from the velocity triangles drawn at midspan and
endwall. In their 2-D analysis of the collection of high temperature compressor rotor
wakes on the pressure side of the downstream stators, Kerrebrock and Mikolajczak [63]
used a similar velocity triangle argument to explain the segregation between wake fluid
and inviscid fluid. Here, the segregation effect seems to be enhanced by the rotor relative
secondary flow in the sense that the hot midspan gas spreads out, on the pressure side,
towards the upper and lower walls of the channel. On the suction side, however, the
cold fluid tends to move towards midspan, see Figure 7.19. This is consistent with the
experimental observations of Butler et al. [9]. Also, Figures 7.19 and 7.20 indicate
that the rotor trailing edge, on the pressure side, is over-heated along its entire span.
In the ‘cold’ flow case, however, the stagnation temperature remains approximately

constant on the blade. Compared to the case with no stagnation temperature variation,

3 Actually the wheel speed varies along the span, and in that respect Fig. 7.10 is more representative
of a 3-D linear stator/rotor cascade. However, this does not affect the conclusions.
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it becomes evident that rotor relative inviscid secondary flow has been induced by the

stator inlet total temperature radial gradient.

Another way of understanding these results is to look at the vorticity field. In
Figure 7.10, a vector representative of the hub vorticity in the absolute frame & is de-
comnposed into a rotor relative streamwise component w, and a normal component w,,.
Note that the tip vorticity if drawn, would have opposite direction. According to the
results of Section 7.3, no streamwise vorticity is generated in the vane, hence the stator
exit absolute vorticity is perpendicular to the flow. However, it is readily seen that a
negative component of streamwise vorticity is present at the rotor inlet and thus con-
tributes to the development of secondary flow. As the fluid particles move through the
lower half of the rotor passage, this streamwise vorticity tends to develop a radially up-
ward component of velocity on the suction side and a downward velocity on the pressure
side. On the upper half of the channel where fluid particles with positive streamwise
vorticity enter the rotor, this mechanism is reversed inducing a radially upward motion
on the pressure side and a downward velocity component on the suction surface. This
is only a qualitative argument since the rotor inlet fluid vorticity is intensified or weak-
ened according to secondary flow theory applied to a rotating duct. For an inviscid
non-isentropic compressible flow rotating at constant angular speed 2, it is not possible
to derive for the growth of streamwise vorticity a simple expression such as the second
form of Eq. (7.22). In general the gradient of two quantities such as the entropy and

the rotary stagnation pressure pf},
1
pi=pt5p (w407 +w?),a - Q2R?), (7.24)

are required, see for instance [51, 100, 50]. Only in particular instances such as incom-
pressible or homentropic flow, expressions for the growth of streamwise vorticity can be

written as a function of the gradient of rotary stagnation pressure only.
In the full stage calculations analyzed here, though the rotor exit pressure is the

same, the stator/rotor interface pressure in the ‘hot’ case differs from the ‘cold’ case.

Relative to the case with uniform inlet total temperature, the calculation with varying
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total temperature shows a lower flux-averaged stator exit pressure that can be expressed

as

(chold - thot)hub vane exit ., 0.365 — 0.349 = 0.016, (725)

ptinl

where p;, , = 1/7. This pressure change represents 4% of the vane exit dynamic head
(based on a hub Mach number of 1.31). This is different from the isolated vane results
discussed in Section 7.3 in which two flows were compared with different inlet stagnation
temperature profiles but the same exit pressure so that the Munk an Prim principle
could be used. As explained earlier, one of the consequences of increasing the inlet
stagnation temperature is to increase the rotor relative inlet angle at midspan. For a
fixed mass flow, this results in larger midspan tangential velocity, hence larger total
velocity and Mach number, see Figure 7.21. The flux-averaged pressure is thus reduced
but, on account of the radial equilibrium coupling, this occurs not only at midspan but
also at the endwalls. Consequently, for the same inlet total pressure, the stator exit
velocity and hence the Mach number are also increased at the hub and the tip walls, see
Fig. 7.22. Notice that the influence of the rotor flow field does not extend upstream of
the choked stator throat. In the relative frame of reference, and compared to the case
of constant inlet total temperature, higher incidence angles are now expected over the
entire span, see Figure 7.11. This forces a shock, otherwise not present in the constant
stagnation enthalpy calculation, to develop at the suction side of the rotor root, see

Figures 7.23 and 7.24.

The generation of the rotor-relative secondary flow influences both the rotor heat
transfer and boundary-layer development. In [95] Sharma and Graziani analyzed the in-
fluence of cross-flow on the development of the midspan suction surface boundary-layer
in a turbine cascade. They showed that the effect of the endwall flow is to generate
a cross-flow velocity gradient which drives endwall fluid towards midspan. Also, they
demonstrated that the overall mass in the boundary-layer is greater than the 2-D value.
This produces a thickening of the midspan suction surface boundary-layer and conse-
quently an increase of the midheight losses, decrease in the Reynolds shear stress, skin

friction and Stanton number. This is a general secondary flow mechanism that can be
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applied to the flow treated here. In this application, however, the secondary flow is
particularly strong on the pressure side of the rotor with a cross-flow driving midspan
fluid towards the endwalls. It is expected that under the influence of the radial flow, a
thinning of the midspan pressure surface boundary-layer would occur accompanied by

an enhanced rotor blade heat transfer.

Another set of computations? involving a spanwise temperature variation in the
stage was set up in order to compare the solutions using the present Euler solver and
the results obtained by Pappas [84] running Denton’s solver (inviscid version) [17].
Though the contraction of the annulus was the same, the stator and the rotor blade
geometries used in the two calculations differed. For instance, different radial cuts were
used to.define the stator geometry. This affects both the thickness of the blade which, at
the crown, varies about 20% from the tip (thicker) to the hub, and the twist, especially
at the tip were differences in the exit swirl angle of 3° (relative to an average vane
exit angle of 72° at the hub) appear between the two solver solutions. Pappas’ trailing
edge cusps (both stator and rotor) are much more elongated and slender than the ones
defined in this work (about 5 times longer). Also, in Pappas’ work, the rotor leading
edge has been altered from rounded to cusped. These changes decrease the blade aspect
ratio by increasing the axial chord (estimated at +10%) and affect the loading at the
leading and the trailing edge.

In general, a qualitative agreement has been observed between the two sets of com-
putations, with similar trends for the secondary flow consistent with the analysis given
above. For instance, relative to the uniform inlet flow solution, the predicted magni-
tude of the midpsan excess in stagnation pressure and deficit at the hub (and the tip)

"is the same in the two computations with a value equal to 34% of the rotor-relative
inlet dynamic head at the hub (based on Pappas’ predicted hub Mach number of 0.45).

Thus, both codes were able to predict the temperature migration in the rotor passage

*The set involved a calculation with a constant inlet temperature and another one with a 30% increase
in stagnation temperature at midspan compared to the hub and tip values. The corrected speeds are
the same with and without temperature variations. These computations were performed with an exit
pressure 20% lower than the exit pressure of the cases summarized in Table 7.1.
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and in particular on the blade surface, with the strongest effects occurring at the tip on
the pressure side near the trailing edge. However, the predicted level of temperatures
on the blade surface is different, see Figure 7.25. For instance, compared to 5% in
Pappas’ solution, the present method predicts a heating of the tip on the pressure side

corresponding to 8.5% of the rotor-relative inlet stagnation temperature at midspan.

7.5 Conclusions

The effects of an inlet spanwise non-uniform stagnation temperature distribution in an
industrial transonic first turbine stage have been analyzed. Computations on ¥H& vane
alone and on the combined stator/rotor geometry were performed with an inlet radial
temperature profile (21% over-heated flow at midspan compared to the hub and the
tip wall, and parabolic spanwise variation) typical for these kind of axial flow turbines.
To assess the importance of the resulting secondary flow (both in terms of magnitude
and direction), computations with a uniform inlet stagnation temperature were also

performed.

The isolated vane solutions computed with and without inlet temperature variations
but the same stagnation pressure, exhibit an invariance of Mach number and pressure
which is in accordance with the Munk and Prim subsitution principle. Also, the calcu-
lations show that no secondary flow is generated by the introduction of the stagnation
temperature distortion as predicted by secondary flow theory. Hence, the isolated stator

computations provided a useful test case for the Euler solver.

The solutions for the complete stage indicate that a significant secondary flow occurs
in the rotor row. The introduction of the stator inlet temperature gradient results in
general in the collection of hotter gas on the rotor pressure side than on the suction
side. On the pressure side, the hot fluid is spreading from midspan towards the hub
and the tip walls resulting in the heating of the upper and lower walls. At the tip on
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the pressure side near the trailing edge, the heating reaches 8% of the inlet stagnation
temperature reference value, which almost corresponds to one-half of the inlet midspan

distortion.

The segregation effect between hot and cold fluid with the hot midspan gas oriented
more towards the pressure side of the rotor blade (an increase of 6° in rotor inlet angle
compared to the uniform inlet conditions solution) is explained from the stator/rotor
interface velocity triangle. Relative to the uniform inlet conditions solution, the temper-
ature distortion calculation exhibits an excess of rotor-relative inlet stagnation pressure
at midspan and a deficit at the hub and the tip of about 12% of the rotor inlet dynamic
head (based on a rotor-relative Mach number at the hub of 0.63), which contributes to
the generation of secondary flow and the migration of hot fluid from midspan towards

the upper and lower walls on the pressure side.

Relative to the solution with a uniform stagnation temperature at the inlet, the
stator/rotor interface pressure is reduced (17% of the rotor inlet dynamic head), which
in turn produces an increase in both the stator exit and rotor inlet Mach numbers and
also the rofor inlet angle, see Table 7.1. This is sufficient to trigger a shock a the rotor
root. This feature, together with the stagnation temperature migration indicates that

the rotor-relative secondary flow is significant in the case examined.
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Figure 7.9: Cold case: pressure contours at constant radius (R ~ midspan rotor leading
edge).
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pressure (p/piini) (right) contours on pressure side, and periodic surfaces ahead of lead-
ing edge and downstream of trailing edge.

137



tip

0.49

0.48

0.47

0.48

0.47

0.46

0.45

Vi
0.44 | I“
1
0.42 ‘
¥\ 0.46
0.40 ‘
' 0.44
’IA
0.432

0.24

0.22

Figure 7.14: Hot case: rotor-relative stagnation pressure (p;/ptint) (left) and static pres-
sure (p/print) (right) contours on pressure side, and periodic surfaces ahead of leading

edge and downstream of trailing edge.
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Figure 7.15: Cold case: streamlines on rotor blade; a) pressure side, b) suction side.
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Figure 7.18: Migration of rotor-relative stagnation temperature (7;/T;:n;) in blade-to-
blade passage.

a) Inlet, b) leading edge, c), d), e), axial chord = 33%, 66%, 83%, f) trailing edge.
Increments = 0.01.
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Figure 7.19: Hot case: rotor-relative stagnation temperature contours (7;/Tt;n;) on
pressure side (left), suction side (right), and periodic surfaces ahead of leading edge and
downstream of trailing edge. Increments = 0.01.
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Figure 7.24: Pressure contours (p/p;in) at the rotor root. Increments = 0.01.
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parameter

s780(cold)

57807 (hot)

Ratio of inlet mass flow (%,-nnihﬁlf) = 1.061
Q!

Ratio of inlet stagnation temperature (%’}’:—u‘f) 1.000 (cst) | 1.208 (parabolic)
hub 0.0° 0.0°

Stator inlet tangential angle mid 0.0° 0.0°
tip 0.0° 0.0°

hub 72.59 72.59

Stator outlet tangential angle mid 75.20 74.9°
tip 74.8° 74.6°

hub 50.50 51.69

Rotor-relative inlet tangential angle mid 48.8° 54.3°
tip 39.20 40.9°

hub -55.20 -57.39

Rotor-relative outlet tangential angle mid -69.2°0 -68.4°
tip -76.6° -81.39

hub 0.15 0.15

Stator inlet Mach number mid 0.13 0.13
tip 0.13 0.13

hub 1.31 1.33

Stator outlet Mach number mid 1.20 1.23
tip 1.14 1.16

hub 0.63 0.66

Rotor-relative inlet Mach number mid 0.47 0.55
tip 0.39 0.41

hub 1.06 1.05

Rotor-relative outlet Mach number mid 1.00 1.01
tip 0.97 0.96

hub 0.76 0.75

Rotor Mach number mid 0.81 0.74
tip 0.85 0.85

Q

Rotor wheel speed (m) 0.097 0.097
Ratio of specific heats ¥ 1.27 1.27

Table 7.1: Flow parameters for transonic turbine stage with and without inlet stagnation

enthalpy gradient.
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Chapter 8

Effect of a Stator Embedded Vortex and
Temperature Gradient on a Downstream Rotor

Flow Field

The appearance of streamwise vorticity downstream of a cascade due to the turning
of the vortex filaments of the inlet boundary-layer can be understood by considering
the classical secondary flow theory introduced originally by Squire and Winter [102] and
Hawthorne [48]. It is also well known that the endwall boundary-layer present in front
of a cylinder on a flat plate rolls up into a vortical motion, called the horseshoe vortex
due to its shape as it flows on both sides of the cylinder. As discussed by Sieverding
[99] in a survey paper, both phenomena are present in turbine blade passages and
contribute to the formation of secondary flows. An important point to extract from this
survey is that endwall streamsurfaces gradually rotate and develop into what is called a
passage vortex, see Figure 8.1. This type of secondary flow has been extensively studied
experimentally, see for instance References [6, 76, 71, 79].

The genesis of vorticity in the passage vortex is due to viscous effects. However,
the dynamics of the subsequent flow interactions with the downstream rotor is driven
primarily by inviscid mechanisms. In addition to shear flow interactions, most of the
turbines operate with non-uniformities in the temperature at the inlet. In particular,
radial temperature gradients are present at the combustion chamber exit. As discussed

in Chapter 7 this generates secondary flow. In that respect, the objective of this chapter
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is to investigate the combined effects of thermally and velocity driven secondary flows
occurring in a downstream rotor. In an actual engine, two vortices usually of equal an
opposite strength are present close to the hub and the tip endwall. For the flow in the
first turbine row, this is combined with a radial temperature profile representing cool
flow at the endwalls and heated gas at midspan. In this study only one vortex, located
at midspan is present and combined with a linear spanwise temperature gradient. This
avoids grid resolution issues, which is known to affect numerical solutions of vortical
flows. However, the strength of the vortex and the magnitude of the temperature
variation are chosen in accordance with experimental observations. Hence, though more
academic than the flow discussed in Chapter 7, this case provides an upper bound for the
magnitude of a disturbance entering a subsonic high-turning rotor, that combines both
a shear flow and a temperature gradient. The analysis of the resulting secondary flow
in the rotor (steady and unsteady) is important for several reasons. First, this allows to
evaluate the strength of the rotor-relative secondary flow, relative to uniform inlet flow
conditions. Second, the comparison of the steady flow solution to the time-average of
the unsteady flow shows the effect of the steady-state stator/rotor interface averaging
procedure described in Section 5.5. Finally, by setting the temperature gradient to
zero, but allowing for the vortex-induced shear flow to enter the rotor, it is possible to
reveal which one of the two disturbances, i.e. vortex or temperature gradient, creates a

stronger secondary flow.

The generation of the passage vortex itself is not computed in this study. Instead,
an analytical model is proposed to define it. The vortex is then inserted at a suitable
location in the vane (stator). According to several experimental observations see for
instance [99, 76, 71, 79], it is reasonable to assume that the secondary flow develops
into a vortical structure in a region close to the trailing edge. Thus, the computational
procedure uses a stationary row (vane) which has no blades and in which the inlet

boundary corresponds to the trailing edge region of an actual cascade, see Figure 8.2.

In a turbomachine environment the rows consist of multiple blade passages, hence

multiple passage vortices are formed due to the turning of the endwall boundary-layer.
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Figure 8.1: Cascade endwall flow structure, from Ref. [94].

The analytical model used for the passage vortices is discussed in Section 8.1. This
model assumes that the secondary flows leave the vane row as organized streamwise
vortices with combined finite size cores and free vortex structures, which is consistent
with the experimental observations of Moore and Adhye [79], and Langston et al. [71].
It is designed to satisfy both periodic and wall boundary conditions.

The stationary row inlet boundary conditions are described in Section 8.2. The
entrance velocity and stagnation temperature distributions result as the superposition of
the vortical low onto a uniform flow with a radially linear temperature gradient. These
conditions are imposed using the standard 1-D boundary conditions approach. Then in

Section 8.3 the unsteady stator/rotor interface boundary conditions are discussed.

The results for both steady and unsteady secondary flow effects in the rotor are
discussed in Section 8.4. The unsteadiness is caused by the relative motion between the
stationary vane and the moving rotor, while the inlet and exit conditions are kept fixed
in time. As mentioned earlier, to understand the effects of the secondary flow, steady-
state and time-averaged results with vortex and temperature gradient are compared to
the flow results for uniform inlet conditions. This allows to quantify the secondary flow

effects in the rotor with respect to the strength of the inlet vortex and the spanwise
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Figure 8.3: Periodic vortices between parallel plates.

temperature variation. Then, the unsteady effects are assessed.

Finally, in Section 8.5, some general conclusions are drawn from this study.

8.1 Passage vortex model

As mentioned earlier, the generation of the passage vortices in the vane is not cal-
culated. Instead a model for these vortices is proposed using conformal mapping and
potential theory, see for instance [78, 91]. To ensure correct wall and periodic boundary
conditions the model starts by considering a row of periodic vortices, each of them of
strength I', separated by a horizontal distance P and placed midway between parallel
plates. This constitutes the physical (z = 2'+4y’) plane, see Fig. 8.3. Then, following
Milne-Thompson’s procedure [78] for a single vortex between parallel planes, the ve-
locity field induced by an infinite row of vortices is found by using the transformation
¢ = ie™/H_ This transformation maps the strip between the plates on the upper half of

the ({ = {+in) plane, see Fig. 8.4. The top wall (3’ = H/2) is mapped into the segment
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Figure 8.4: Periodic and image vortices in transformed complex plane, ¢ = i e™2/H,

(€ < 0,7 = 0) whereas the bottom wall (y' = —H/2) corresponds to (£ > 0,7 = 0).
The vortices located in the physical plane at z = nP, n = 0, +1,+2,... correspond to
(= i e“#" and are all located in the (7 > 0) portion of the { plane. Thus, to impose the

. nPx

wall tangency condition, image vortices of strength —T' are now placed at { = —ie 7

n=+1,%2,...

The complex potential of a line vortex located at the origin is defined as I'log (. By
superposition, the complex potential G(() of all the vortices in the { plane is found by
summing the potential of all the individual vortices, i.e.

= nPx = nPw
G(¢) =T ( Z log((—ie® ) — Z log((—{—z’e_H—)) . (8.1)
n——aco n—=—oo
After some algebra and noticing that the complex potential F(z) in the z plane can be

written as

F(z) = F(2(¢)) = G(0), (82)
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the following expression is obtained.

= iy
F()=iT 3 log (ta.nh(ﬁ-(z—nP))). (8.3)

n=—oo

The complex velocity w(z) in the physical plane is defined as

w(z) = o= u —iv'. ' (8.4)
Thus,
T = 1
w(z) = zrﬁn;m b (Z (= D))’ (8.5)

from which the «' and v' velocity components can be found as

= sin(fy’) cosh(F (' —nP))

W = T—e (8.
H ,;o (sin(FY') cosh(F(z'—nP)))* + (cos(Fy') sinh(F (2’ —nP)))”

6)

— cos(Fy') sinh(F(z'—nP))

v = T
2=, Gia(FY) cosh(F (2 —nP)) + (cos(§¥') sinh(F (+'—P)))

gl

+8.7)

k| »

This velocity field is now modified using Lamb’s correction [70] in order to define

vortices with finite size cores, i.e.

U, = (1—e'( 212‘3"‘”2)) x Eq.(8.6), (8.8)

v, = (1-{(:'23”’2)) x Eq.(8.7), (8.9)

in which a is the vortex core radius and the subscript , denotes a velocity induced by

the vortices.

8.2 Imlet conditions

The stationary row consists of a truncated stator in which no blades are present, see

Figure 8.2. It models the aft part of an actual row extending from the trailing edge to
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the interface. The axis of rotation of the vortices is aligned with the vane inlet uniform
flow denoted u., see Figure 8.5. The inlet velocity profile is found by superposing t,
which is oriented at an angle a.,, with respect to the z direction, on the vortical flow
described in the above section. Thus in a Cartesian coordinate system the inlet velocity

components are defined as

Uinl = TUeo COS Moo + Uy SIN Qe
Vil = Ueo SIN Qoy — Uy COS oo, (8.10)
Winl = Yy

For this particular application, the inlet boundary condition is implemented accord-
ing to the 1-D boundary condition theory, see Appendix D. It is briefly outlined here.
One wishes to study the effect of the vortical motion introduced as an inlet condition,
and the requirement that the inlet temperature varies linearly from the hub to the tip,
onto the downstream moving rotor. Hence, local values of the velocity and stagnation
temperature are implemented as inlet boundary conditions at the time level n 4+ 1 in

the Lax-Wendroff algorithm.

(V)™ = |Viml,

(@)™ = apin,

(er)™ = arin,
(he)™ = hgin- (8.11)

[Vima| = \/ufnl +vZ,+w2,;, ap and ap are defined in Section 2.3. This is implemented
using the same Newton-Raphson procedure as in Section D.1. However, instead of im-
posing average inlet entropy, average radial and tangential angles and average stagnation
temperature at the inlet, local values of the velocity profile as given by the passage vor-

tex model and the temperature profile are imposed. This is achieved by driving to zero
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the following four residuals.

RY = pre(uz - Vi),

By = prc* (uf — Vil sinagin) sin(arin))

R; = ptc” (u'}‘% — IIZ',’d| cos(aR,-nl)) ,

R} = p™(hY — htint)- (8.12)

The rest of the procedure is very similar to that given in Section D.1. Using the 1-D
characteristics theory, the changes in the incoming characteristic variables are obtained
by linearizing the residuals from the current time level through a one-step Newton-

Raphson procedure.

n+1l n
Rl Rl 6¢1
R, | B (a;m, R5, Rs, R4))" 821 _ (8.13)
Rs Rs (61, P2, B3, P4) 563
Ry R, 694
The values of the Jacobian matrix are found to be
/ 1 \
0 0 0 5
0 1 0 0
7o O(R1, Ry, R3, Ra) _ (8.14)
6(¢13 ¢23 ¢39 ¢4) 0 0 1 0
7T ¢ ¥ 30+Y
Thus, the following changes in the incoming characteristics are found.
61 R,
) R
b2 | __ja| B | (8.15)
6¢3 R3
04 Ry

The outgoing fifth characteristic variable is given by the Lax-Wendroff algorithm,

65 = 6¢sLw- (8.16)

The combined five characteristic changes calculated in physical space are then trans-
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formed into changes in the primitive variables, and hence in conservation variables. This
is dome for all inlet nodes before the flow field can be updated. Notice that with this

procedure, the inlet stagnation temperature is imposed.

8.3 Unsteady stator/rotor interface

The algorithm developed for transferring information through the stator/rotor interface
while the rotor is moving is valid for equal pitches only. Moreover, the tangential as well
as the radial nodes distribution has to be the same on both sides of the interface. At
each time-step, the basic procedure uses the 1-D characteristics to update every stator
and every rotor node that belongs to the interface. The local 1-D characteristic changes

at the stator outflow and the rotor inflow are found as follows.

(A¢1\ 2 0 001\ Ps—pr )

Ag, 0 0 pc 00 Ups— Ugr

Ads |=| 0 0 0 pc 0 ugs—ugr — Uy | » (8.17)
Agy 0 pc 0 01 URs —URr

\A¢s) \ 0 -5 0 0 1)\ p-p )

where the subscripts , and , represent stator- and rotor-relative quantities, respectively.
Because of the use of relative flow variables, the rotor wheel speed U, = QR has
to be introduced. Notice that in Equation (8.17) local primitive variables are used
instead of the flux-averaged ones of the steady stator/rotor interface boundary condition

(Section 5.5). According to the direction of propagation of the characteristics, the stator

outflow change is
6¢5 = —Ad);, = ﬁ(‘:(ux,—uz,int) - (ps‘"Print), (818)
while at the rotor inlet the changes are

§y = Ad = —Ez(Paint—Pr) + (psint_p"')’

6¢2 A¢2 = ﬁé(uﬂs int — UGr — U‘w )a
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6¢3 = A¢3:p5(uRsint—uRr)’

I

6¢4 A¢4 = pé(uzsint—‘uxr) + (psint_pr)- (819)

The subscript ;,; represents an interpolated value. At a stator outflow node, the two
closest rotor-relative nodes are used to linearly interpolate primitive variable values
needed to calculate the changes. Similarly, for a rotor inflow node, the two closest
stator nodes are used. The outgoing characteristic changes are taken from the changes
calculated by the Lax-Wendroff algorithm. The combined five characteristic changes on
both sides of the interface are then converted back to primitive and finally conservative

variables before the flow field is updated.

Note that this procedure does not guarantee flux conservation across the interface.
However, in all the simulations presented in this thesis this has not posed a problem.
The maximum instantaneous error in mass flow across the interface is only about six
times greater than the corresponding error in a steady-state computation. Unsteady
convergence is reached when a periodic solution has been obtained. This typically takes
ten rotor-passage periods, which is comparable to the number of periods needed for
UNSFLO [34]' to converge. This stator/rotor interface algorithm is also used in the

unsteady computation of Chapter 9.

8.4 Results

The 3-D linear partial-vane/rotor geometry used to investigate the effects of the vortex-
temperature secondary driven flow in a turbine stage is shown in Fig. 8.2. The rotor
geometry, made of T'7 blades, is similar to the 3-D linear cascade tested in Section 6.2.
The 3-D mesh was generated by stacking along the span 13 of the planes shown in
Fig. 8.2. The solidity is 0.94 and the aspect ratio 0.5. In order to distinguish one

'UNSFLO is a 2-D solver for unsteady inviscid flows in turbomachinery, designed to ensure flux
conservation in both steady and unsteady modes.
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endwall from the other and to aid the discussion of the results, one endwall is referred
to as the hub and the other as the tip. It should be pointed out that this definition
is arbitrary, i.e. for the case examined here (untwisted blades, absence of Coriolis and
centrifugal effects), ‘hub’ can be replaced by ‘¢7p’ and conversely in all the figures. This
means that for an observer looking downstream the cascade with the rotor moving from
right to left the set up of the inlet conditions can be considered from two viewpoints:
a clockwise vortex (see Fig. 8.5) combined with higher temperature at the hub than at
the tip (see Fig. 8.6) or a counter-clockwise vortex with lower temperature at the hub

compared to the tip. The results are explained according to the former point of view.

Table 8.1 lists the flow parameters for three subsonic cases. Note that the Mach
numbers and angles represent tangentially (y direction) flux-averaged quantities. The
steady-state and time-averaged results of computations performed with inlet vortex
and radial temperature gradient are given in the first two columns. For comparison, the
third column lists the results of a computation with uniform inlet conditions, i.e. no
vortex and constant temperature. The ratio of uniform to vortex velocity was chosen in
accordance with the experimental observations of Moore and Adhye [79] and Langston et
al. [71]. The inlet temperature profile consists of a linear variation from hub to tip with
its lowest value at the tip. The midspan value matches the temperature of the uniform
flow. The inlet uniform Mach number, inflow angle and the rotor wheel Mach number
were chosen to achieve the design rotor-relative inflow Mach number and angle in the
absence of vortex and temperature variation. Since the uniform inlet conditions solution
represents a 2-D flow, any radial flow induced by the vortex-temperature disturbance is

considered a secondary flow.

The steady-state results are discussed first. The flow in the stator frame of reference
is similar to a swirling flow in a duct. As a result of the helical type shape of the
streamlines, the surfaces of constant stagnation temperature are gradually distorted

from the inlet to the interface, see Figures 8.6 and 8.7.

As discussed in Chapter 5, tangentially flux-averaged values are transferred through
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the steady-state stator/rotor interface. Thus, in the rotor frame of reference the vortex
is represented only in an average sense. For instance, the rotor-relative inflow stagnation
pressure, tangential angle and Mach number are plotted versus span in Figures 8.8, 8.9
and 8.10, respectively. The vortex-temperature disturbance produces a change up to
2.4% of the stagnation pressure, which represents 27.5% of the vane exit dynamic head
(based on a Mach number of 0.37). The variations in tangential angles from hub to
tip are very large (up to 20° relative to the uniform flow solution), which is a striking
result, considering the fact that the ratio of uniform flow to maximum vortex velocity
is almost 3. Hence, the vortex-temperature disturbance is severe. Notice however
that the rotor-relative midspan inflow angle is close to the value calculated in the case
of uniform conditions. Figure 8.9 indicates that the hot hub fluid is oriented more
towards the pressure side of the rotor, whereas the cold tip fluid moves towards the
suction side as it flows through the rotor. Thus, in general, one would expect to see
hot hub fluid moving across the channel and then up along the blade pressure side
and tip fluid cooling the blade suction side. This type of segregation effect is similar
to that observed in Chapter 7, though the resulting secondary flow is quite different.
Stagnation temperature contours on several blade-to-blade and hub-to-tip grid surfaces

are represented in Fig. 8.11 for different axial locations.

The introduction of the vortex and the radial temperature variation induces a non-
uniform stagnation pressure distribution in both the stator and the rotor frame of refer-
ence. The vortex core region located at midspan shows up as a deficit in total pressure,
see Figure 8.8. The radial temperature variation introduces a spanwise asymmetry in
the total pressure distribution. The higher density of the cold tip fluid contributes to
the increase of rotor-relative stagnation pressure at the tip compared to the hub. As
a consequence of this, a radial low that was non-existent in the case of uniform inlet
conditions occurs in the rotor. As in Section 7.3, the results can be best understood
by utilizing the secondary flow theory and in particular the relations for the growth of
streamwise vorticity derived by Hawthorne [49] and Horlock et al. [69]. In Reference
[68] Lakshminarayana used those relations to derive an approximate method to calculate

the rotation of isothermal surfaces in a turbine nozzle and in a rotor.
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In the absence of body forces, the Helmholtz equation that governs the vorticity &,

@ = V x V, for an inviscid compressible flow is given by

D (as) (o‘ )q 1 (1)
—(=)=(=-V|V-=V{Z] xVp, 8.20
Dt \p P p \p P (8.20)

where D /Dt stands for the particular derivative. The first term on the right-hand
side of Equation (8.20) represents the tilting and the stretching of the vortex filaments.
The second term involving the density and pressure gradients arises in non-barotropic
situations. It represents the production of vorticity due to the moment of pressure forces
about the center of mass of a fluid particle. In this particular application both terms

are important, as discussed later on.

To explain the rotor-relative secondary flow it is useful to write down the steady-state

streamwise component of Equation (8.20) in generalized coordinates.

i(w,) _ 2ew 10T
s \pW,/) = pWo  p?W?2T 0bdn
2w, 1 8T
= (8.21)

Notice that for the 3-D spanwise linear partial-vane/rotor geometry tested here, the
wheel speed is uniform, hence the relative vorticity equals the absolute vorticity. Equa-
tion (8.21), taken from Reference [55] provides an expression for the development of
secondary vorticity along the relative streamline. Using intrinsic coordinates, the vor-

ticity is written as
@ = dw, + fwn, + by, (8.22)

where w,, w, and w; are the components of vorticity in the streamwise (3), princi-
pal normal (7) and binormal () directions, respectively, see Figure 8.12. Using these

coordinates it can be shown that

ow

wn = E’ (8-23)
and
ow w
wp = _E‘L— 7, (824)
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where o is the radius of curvature of the streamline. Equation (8.21) can also be written
as a function of stagnation pressure variation only, [49, 55].

a Wy _ 2 6pt
s (7147) = opWis 95 (8.25)

As seen in Figure 8.5, the vane inlet vorticity is aligned with the freestream, i.e.
wyn = 0, and is essentially concentrated at midspan. Notice the contrast with the case
of Chapter 7, where the vorticity in the stator frame is directed along the principal
normal. In the rotor frame of reference, the inlet vorticity can be decomposed into a
streamwise (w,) and a normal (w,) component, see Fig. 8.13. Then, as indicated by
Equation (8.21), the streamwise vorticity is intensified (or weakened) by two terms.?
The first contribution arises from the turning of the inlet normal vorticity through the
rotor and is related to the classical Squire and Winter [102] expression for secondary
vorticity in a duct. The second contribution is due to the radial temperature gradient
which has been introduced without significantly affecting the pressure. Hence, the
last term of Equations (8.20) and (8.21) contributes to the generation of vorticity, and

secondary flow in particular.

However, as noticed by Hawthorne [49, 50, 51] and illustrated by Equation (8.25),
the essential quantity to be considered for secondary flow is the gradient in stagnation
pressure. This means that thermally driven secondary flows occur only when associated
by gradients in Mach number and entropy such that the stagnation pressure is not

constant.

The rotor-relative stagnation pressure on both the suction and the pressure side
of the blade is plotted in Figures 8.14 and 8.15, respectively. Relative to the case of
uniform flow conditidns, the blade stagnation pressure gradient is relevant because it
produces a pressure gradient which forces fluid of different stagnation temperatures to

move radially. From Figures 8.14 and 8.15 the following trends are obtained. On the

’In the stator frame, absolute velocity V and absolute stagnation pressure are implied in the above
equations.
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suction side %’3} > 0 from the leading edge to the crown and then stays mostly constant.
On the suction side %‘% ~ 0 from leading edge to midchord. Then, in the aft part of the
blade %’;—‘ < 0 from hub to midspan whereas %’% > 0 from midspan to tip. Consequently,
on the suction side midspan flow is expected to move towards the hub. On the pressure
side however, radial flow occurs mainly in the second part of the blade and consists of hot
hub fluid and cold tip fluid moving towards midspan. This is illustrated in Figures 8.16

and 8.17 for the suction and the pressure side of the blade, respectively.

From the midspan blade-to-blade pressure contours plotted in Figure 8.18 one can
infer that the pressure gradients are very small in magnitude in the first part of blade
pressure side and in the aft part of the suction side. Thus, the contribution of the
temperature-pressure term (of Eq. (8.21)) to the secondary flow is likely to be small
in these regions. Also, as a consequence of the velocity/vorticity triangle plotted in
Figure 8.13, where the absolute vorticity is aligned with the freestream, the rotor inlet
normal vorticity component is small and so the growth of secondary vorticity in the first
40 %, say, of the blade pressure side in small too. As seen in Figure 8.17 and compared
to the radial flow in the second part of the blade, the secondary flow is very weak in

this area (a factor 6 in the velocity magnitude).

The secondary radial flow on the blade is best represented by the streamlines, see
Figures 8.19 and 8.20. Secondary flow does affect both heat transfer and growth of
boundary-layer. For instance the surface contours of total temperature are important
in assessing the heat loads. Figure 8.21 indicates that large temperature gradients occur
at the root of the blade on the suction side. On the pressure side, see Fig. 8.22, the
temperature gradients are large in the aft portion of the blade at midspan and at the
trailing edge. Sharma and Graziani [95] analyzed the effect of endwall flow on the
blade suction surface midheight boundary-layer development in a turbine cascade. The
secondary flow vortex associated with the endwall flow generates cross-flow that drives
endwall gas towards midspan. In particular they showed that the penetration height
of the separation streamline can be used to estimate the cross-flow velocity profiles on

the blade surface. As the strength of the secondary vortex increases, the penetration
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height of the separation line gets larger. This information is then used to assess the
influence of the secondary flow on the aerodynamics and heat transfer at midspan. For
instance, they showed that the cross-flow increases the thickness of the boundary-layer,
thus increasing the midheight losses, decreases the Reynolds shear stress, skin friction

and Stanton number.

The distortion of the isothermal surfaces, as seen in Fig. 8.11, can be explained from
the cross-flow pattern. Under the influence of the initial streamwise vorticity and high
incidence angle, hot hub fluid is gradually shifted across the channel from suction to
pressure side. It then moves up along the blade pressure side towards midspan. This
allows colder midspan-tip fluid to migrate down the blade suction side. In addition,
non-barotropic effects cause cold tip gas to also move towards midspan on the blade
pressure side. As the two streams converge they are deflected normal to the blade and
roll-up into a secondary vortex which is then convected down the rotor passage. Its
formation occurs in a region close to the trailing edge and is highlighted by the circular

stagnation temperature contours plotted in Fig. 8.11.

Another numerical simulation involving only the vortex but no stagnation temper-
ature variation was actually performed, see Figures 8.23 and 8.24. The results indicate
that the same secondary flow pattern occurs because the shape of the stagnation pres-
sure distribution is similar to the one of Figure 8.8. Because of the lack of non-barotropic
effect in the contribution of streamwise vorticity, the separation line on the pressure side
is moved above midspan, instead of below as in Figure 8.20. In this case, the magnitude
of the radial variation in rotor-relative inlet stagnation pressure is decreased. For a
combined vortex-temperature disturbance it represents a maximum of 48% of the rotor
inlet dynamic head (based on a Mach number of 0.28), which compares to 36% for the

vortex alone. Hence, the vortex is responsible for most of the rotor-relative secondary

flow.

Figure 8.25 is a 3-D representation of the vane/rotor blade passage with five near

wall streamtubes. The expansion of the streamtubes close to the stagnation point on
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the pressure side of the leading edge is clearly visible, as well as the rapid contraction as
they concentrate towards midspan and the flow accelerates. Notice that the merging of
the two streams does occur slightly below midspan. As mentioned earlier, the strengths
of the upper and lower half radial flows depends on the stagnation pressure distribution,
which is not symmetric about midspan. The 3-D views of Figures 8.26 and 8.27 represent
the rotor passage with hub and pressure side density and pressure contours, respectively.
Also represented on theses figures is a particular cutting plane which intersects a near
wall streamline. Hence, this plane is essentially normal to the primary flow direction.
The projection of tufts on the cutting plane allows to clearly visualize the secondary

flow vortex, see Figure 8.28.3

Another interesting feature to notice about this flow is that the spanwise mass flow
distribution is not uniform, see Figure 8.29. This means that the work output is non-
uniform along the span. At the inlet, tip streamtubes carry more mass flow than their
hub counterparts. This is a direct consequence of the choice for the sense of rotation
of the inlet vortex, its strength, and the radial temperature (density) distribution. At
the rotor exit, howéver, due to the mixing created by the secondary flow, the mass flow
distribution along the span is more uniform, see Fig. 8.30. The mixing is significant

since the spanwise variation in mass flow is reduced by a factor 2.

The flow around the leading edge of the rotor blade is interesting to analyze. Due to
the large difference in incidence angles from hub to tip, the stagnation line is skewed as
illustrated in Figures 8.17 and 8.20. The hub stagnation point is located farther back
on the pressure side than the tip stagnation region. Hence as the flow deflects round the
leading edge towards the suction side, and for a given rotor-relative stagnation pressure,
the pressure drop is expected to be larger in the hub region. This sets a radial pressure
gradient that forces a cross-flow to move from the tip to the hub, see Figures 8.16 and
8.17. Also, this radial flow is a consequence of the spanwise total pressure gradient at
the local stagnation point, see Figs 8.14 and 8.15.

3Figures 8.19, 8.20, 8.25, 8.26, 8.27 and 8.28 were generated using VISUAL3 [40].
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The pressure distributions around the blade at hub, midspan and tip are plotted in
Figures 8.31, 8.32 and 8.33, respectively. On each figure four curves are drawn which
represent the steady-state, the time-averaged, the minimum unsteady and the maxi-
mum unsteady pressure, respectively. The difference between the maximum and the
minimum pressure for a given axial location highlights the importance of the unsteady
effects. Clearly these are small in this application?. For instance, the maximum periodic
tangential force perturbation, with respect to the time-averaged solution, represents only
2%. Hence, the loading is not significantly affected. Another indication of the weakness
of the unsteady effects is that the steady-state pressure distribution matches almost

perfectly the time-averaged values.

The major difference between the steady and the unsteady vortex interaction is
that in the unsteady solution, the rate of rotation is transmitted across the vane/rotor
interface. One of the consequences is that the time-averaged stagnation temperature
contours will not match those of the steady-state flow, see Figures 8.11 and 8.34. The
difference between the two cases in terms of temperature distribution in the flow field is
small. However, in terms of magnitude the differences are more important. For instance
in Figure 8.35, the rotor-relative surface stagnation temperature is plotted at midspan
for the steady, time-averaged, minimum unsteady and maximum unsteady. Clearly
the steady-state solution tends to underestimate the level of temperature occurring
on the rotor blade. Differences between the magnitude of steady and time-averaged
temperatures may increase if the strength of the vortex is intensified ‘sufficiently’ or/and

if the flow becomes transonic and vortex/shock interactions occur.

*The reduced frequency of this case is about five times smaller than the reduced frequency of the
transonic flow treated in Chapter 9.
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8.5 Conclusions and discussion

In this chapter, the secondary flow produced by a combined vortex-temperature distur-
bance introduced at the vane trailing edge upstream of a moving rotor row has been
analyzed. The strength of the disturbance, with a ratio of vane exit velocity to maxi-
mum vortex velocity of 2.8 and a spanwise temperature variation of 20% (with respect
to uniform flow conditions), is realistic, though the local features of the secondary flow
might be quite different due to the presence of a second vortex in an actual turbine
environment. The design of the rotor, with a turning of 125° and untwisted blades is
typical of a high-turning, linear subsonic cascade. The generic configuration chosen here
allows the inlet conditions to be viewed ‘in reverse’ due to the arbitrary definition of the
hub and the tip endwall. From one viewpoint the inlet conditions consist in a clockwise
vortex combined with a decrease in temperature from hub to tip. The other viewpoint,
found by inverting hub and tip, represents a counter-clockwise inlet vortex combined

with an increase in temperature from hub to tip.

The rotor-relative radial mixing is driven by two basic mechanisms. The first mech-
anism is related to the steady-state axisymmetric streamwise vorticity, which produces
a secondary (radial) velocity. The second mechanism, due to the discrete vortex, en-
hances an unsteady radial velocity component. The comparison between the steady and
the time-averaged unsteady solution shows that the steady result captures the essential
features of the secondary flow with nearly identical blade pressure distributions. This
suggests that the first mechanism is more important, and that the steady-state sta-
tor/rotor interface tangential averaging procedure, by allowing for radial variations to
be accounted for, retains the streamwise vorticity introduced by the vortex. However,
differences appear in the blade temperature distributions. The steady solution underes-
timates the level of blade temperature, i.e. differences with the time-averaged solution
up to 2.5% the inlet stagnation value are recorded. This is not really significant since
it represents only 12% of the inlet radial temperature disturbance.

The unsteady pressure fluctuations are limited to 3% (peak-to-peak local variation)
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of the inlet stagnation pressure, which represents 60% of the rotor inlet dynamic head
(with an inlet Mach number of 0.28) a value which is comparable to the stagnation
pressure variation introduced by the vortex-temperature disturbance. These unsteady
fluctuations represent only 13% of the rotor pressure drop, which means that unsteadi-
ness is not significant. The maximum unsteady stagnation temperature fluctuation
(peak-to-peak value) reaches 11% of the inlet reference stagnation value, which also
corresponds to about half of the inlet disturbance.

By comparing the result with an inlet disturbance formed by the vortex but no
temperature variation and the flow with a combined vortex-temperature disturbance, it
is possible to separate the shear flow effects from the non-barotropic effects. The latter
ones account only for 25% of the stagnation pressure gradient, which indicates that it
is mainly the deficit in the stagnation pressure in the vortex core that is responsible for

the secondary flow.

In conclusion, the introduction of a combined velocity-thermal disturbance whose
strength represents about 50% of the rotor inlet dynamic head, produces a significant
secondary flow. The good agreement between the steady and time-averaged results in-
dicates that the steady-state solution captures most of the secondary flow features. Sur-
prisingly, the unsteadiness has only a small effect on the mean flow, with the steady-state
matching the pressure distribution, providing trends for the temperature distribution

but underestimating the local values.
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parameter steady | time-averaged | uniform
Ratio of inlet velocities (%) 2.8 2.8 0
Vortex core size -21-/‘7-') ~ 0.17 = 0.17 0.00
Ratio of inlet temperatures (%;-:ﬁ) 0.9 (linear) 0.9 (linear) | 1.0 (cst)
Inlet freestream tangential angle 63.0° 63.0° 63.0°
Inlet freestrearn Mach number 0.37 0.37 0.37
hub 76.1° 76.1° 63.0°

Vane outlet tangential angle mid 61.9° 61.8° 63.0°
tip 51.8° 51.59 | 63.0°

hub 0.37 0.37 0.37

Vane outlet Mach number mid 0.36 0.36 0.37
tip 0.40 0.40 0.37

hub 70.6° 70.7° 52.4°

Rotor-relative inlet tangential angle mid 50.6° 50.6° 52.4°
tip 38.3° 37.9° | 52.4°

hub -66.7° -66.7° -72.7°

Rotor-relative outlet tangential angle mid -75.6° -75.7° -72.7°
tip -69.6° -68.8° -72.7°

hub 0.27 0.27 0.28

Rotor-relative inlet Mach number mid 0.27 0.27 0.28
tip 0.31 0.31 0.28

hub 0.75 0.75 0.74

Rotor-relative outlet Mach number mid 0.75 0.75 0.74
tip 0.77 0.78 0.74

hub 0.11 0.11 0.11

Rotor Mach number mid 0.11 0.11 0.11
tip 0.12 0.12 0.11

Ratio of specific heats ~ 14 1.4 1.4

Table 8.1: Flow parameters for vortex-temperature interaction in a 3-D linear subsonic
stage. The third column indicates results for steady uniform inlet conditions.
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Figure 8.27: Pressure on hub, blade pressure side and cutting plane normal to stream-
line.

182



NS
\\\\\1///////
NNy
VNSNS a7y P2
\\\\\I////////
NN 7
i

pressure - ’ ///////////

side - //////
QI

NS s e

S o
S

Btz

-~
s (L blade)
hub

Figure 8.28: Tufts projected on cutting plane normal to streamline of Figures 8.26
and 8.27.

1.20

lG & s'teady )
_ _ _ litne-averagea
0.80¢-
% span
0.40]
0.00 Tt — y
0.000 0.040 0.080 0.120

183



time-averaged

By
5]
3
et
-3
L)
f
|
! &
i
IS

Outlet mass flow distribution along span.

...
&
g
£
=)
<
lllllllllll -“llllllllillnllVllllllllLlllulllll||LlllllllllliLllllllVllll lOo
H o
H
H
H .
H H (=1
\ ' o™
" H »
........... s o o
: i
: : b
! H
:
:
: ' o Wc
1 ; ; =3 ﬁ.m..
¥ T T <
fas] o (] [N
N < 4_ S
— o =] o

% span

time-averaged
min unsteady
maz unsteady

steady

p/Ptoo

0.600

1.20

0.00

% axial chord

Figure 8.31: Rotor-relative pressure around the blade root.

184



steady

time-averaged
min unsteady
maz unsteady

P T

0.960

0.840

P/Ptoo

0.720 -

0.600

1.20

0.00

% axial chord

Figure 8.32: Rotor-relative pressure around the blade at midspan.

tim.e-averaaged

steady

&

min unsteady

maz unsteady

1.20

0.80

0.60

0.00

1.20

% axial chord

pressure around the blade tip.

ive 1

Rotor-relat

Figure 8.33

185



pressure

side

tip

(e
oy
&

hub
b inlet

suction
side

axial chord = 70%

axial chord = 25%

axial chord = 50%

-

axial chord = 85%

™) /

trailing edge

J

ol

axial chord = 117%

0.90

Figure 8.34: Time-averaged rotor-relative stagnation temperature contours (73/T; o)
on eight blade-to-blade mesh surfaces along the passage. Increments = 0.01.

186



steady

time-gveraged

min unsteady

maz unsteady

N

1.20

1.100

1.020

0.940->~

0.00

0.860

% axial chord

temperature at midspan.

0on

tagnati

1ve s

.

Rotor-relat

.
.

Figure 8.35

187



Chapter 9

Analysis of steady, unsteady and time-averaged
flow fields in a turbine stage with strong shock

interaction.

In this chapter, the present method is applied to investigate both the steady and
unsteady flow fields occurring in a highly loaded transonic first turbine stage. In addition
a comparison is made between the steady and the time-averaged result. Of particular
importance in this study is the correct capturing of the motion of the shocks that is
produced by the impact of the oblique shock wave extending from the stator trailing edge
off the downstream rotor. Considering the fact that turbine blading design is usually
based upon steady-state flow analysis (streamline curvature for instance), it is important
to assess the variations from steady-state due to non-linear unsteady processes as well

as their influence on the time-averaged solution.

In the last fifteen years several numerical analyses of unsteady stator/rotor interac-
tions have been performed. For instance, in two dimensions Erdos et al. [22] were among
the first to propose a numerical method for solving periodic inviscid and compressible
flow in a stage using an algorithm to treat unequal pitches. In 1986 Fourmaux [27]
presented a 2-D simulation of Euler flow in a compressor stage with unequal numbers of
stator and rotor blades. Lewis et al. [72] for subsonic flow and Giles [33] for transonic
flow presented quasi-three-dimensional turbine stator/rotor calculations using the Euler

equations. In 1985 Koya and Kotake [64] extended Erdos’ work to three dimensions.
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Navier-Stokes solutions of unsteady subsonic stator/rotor interactions were published
by Jorgenson and Chima [60], and Rai [86] for two-dimensional flow, and Rai [87] and
and Chen [12] for three-dimensional flow. In these subsonic flow studies, the maximum
unsteady pressure fluctuations represent less than 5% of the inlet stagnation pressurel.
As seen later in this chapter, the unsteady static pressure envelope for transonic flow is

one order of magnitude larger.

The steady-state results are discussed in Appendix E. The configuration of the
transonic first turbine stage is shown in Figures 9.1 and 9.2. It is similar to the stage
shown in Figures 7.2 and 7.3 which was used to assess the effects of non-uniform inlet
temperature, see Chapter 7. The difference lies in the scaling of the rotor blading.
Indeed, the unsteady stator/rotor interface boundary condition used here is designed
for equal stator and rotor pitches. Thus, a scaling of the rotor blades by a factor 61/36
with respect to the real turbine stage is required. This has been done while keeping the
annulus (hub and tip walls) unchanged and in particular the channel height and the
axial location of the rotor leading edge have not been altered. The procedure of scaling
a row of blades such that the stator/rotor pitch ratio is 1:1 or some simple ratio such as
2:3 or 3:4 is quite common, see for instance References [22, 64, 87, 72], because it greatly
simplifies the handling of the periodic boundary conditions. Since this is not the main
thrust of this chapter, the effects of scaling, with respect to the original configuration,
are discussed in Appendix E together with the steady-state flow features occurring in

the stage.

In Section 9.1, the unsteady shock motion occurring in the stage is discussed. In
particular, the impact of the upstream stator oblique shock on the downstream rotor
suction surface which produces reflected waves on both the adjacent rotor and on the
upstream stator is presented. Then, in Section 9.2 a comparison between the steady
and the time-averaged result is presented, together with an analysis of the differences
between the two cases. Finally, a brief discussion of some of the consequences of the

unsteadiness followed by some conclusions are presented in Section 9.3.

!This represents about 50% of the stator inlet dynamic head.
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9.1 Unsteady shock motion

The unsteady computation took 12 blade-passing periods to converge to a periodic
solution, using 400 iterations/period. Figure 9.3 displays the pressure history for two

particular rotor nodes during the last two periods.

In the axial flow turbine stage considered here, the unsteady stator/rotor shock
interaction is principally a two-dimensional process driven by the oblique shock leaving
the stator trailing edge which impacts on the moving rotor blade. Although shock
surfaces interact, unsteady pressure contours at a representative radius in the axial-
tangential plane are considered first. Figure 9.4 shows pressure contours at a constant
radius R = R;q4 for the unsteady stator/rotor interaction at eight intervals during one
blade-passing period. The contour plots are defined for a given non-dimensional time
t = const, where t varies from t = 0, the beginning of the period, to ¢ = 1, the end
of the period, which also corresponds to t = 0 by periodicity. Notice that although a
very simple interface algorithm using characteristics theory has been used, the unsteady

pressure contours match well across the stator/rotor boundary.

At the beginning of the period at £ = 0, the oblique shock extending downstream
from the stator trailing edge has hit the crown of the rotor suction surface. At¢t = 0.125
the location of impingement has moved forward towards the leading edge as the rotor
blade moves upward. A weak reflection is visible. At t = 0.25 the reflected wave is still
growing and the reflection point continues to move closer to the rotor leading edge. At
t = 0.375 the same process continues. However, in addition the portion of the reflected
wave which moves towards the pressure surface of the adjacent rotor has now reflected
a second time and is moving back towards the original rotor. This phenomenon is not
clearly visible on the pressure contours, but can better be seen and analyzed using
VISUALS [40]. Using the gray-scale animation option of this visualization package, it is
possible to see the motions of both the primary reflection and the secondary reflection
on the adjacent rotor pressure side. At ¢ = 0.5 the primary shock wave reflection has

reached the rotor leading edge and the secondary reflected wave has crossed back to
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the original rotor. It has sufficiently intensified that it is now visible on the pressure

contours.

At t = 0.625 the stator oblique shock no longer impacts on the rotor. At the same
time the primary reflected wave has left the rotor and is propagating upstream towards
the stator suction surface. The direction of propagation of the moving primary reflected
wave is indicated in Figure 9.5, which represents a schematic of velocity triangles for a
moving and a stationary shock. The velocity of a very weak shock is defined as the sum
of the gas local convection velocity, plus a velocity of magnitude c, the speed of sound,
normal to the shock. Also at ¢ = 0.625 the secondary reflected shock has strengthened
further and moved upstream. It actually appears to have moved upstream, but since
the flow on the rotor suction surface is supersonic it does not permit disturbances to
move upstream. Thus the upstream motion of the shock surface is achieved by the
pressure wave moving upstream through the subsonic flow near the pressure surface of
the adjacent rotor, and then moving across the channel towards the original rotor. As
the pressure wave moves into the higher Mach number flow region, the strength of the
shock increases. The dynamics of the primary oblique shock which has left the rotor
can be understood using the simplified shock motion theory illustrated in Figure 9.5.
It is a good approximation to assume that the straight part of the oblique shock is a
stationary shock in the stator frame of reference, and so propagates along the shock
front with the speed v/V2—¢2. This velocity tends to increase the length of the straight
portion of the shock from ¢t = 0.625 to ¢t = 0.875 until it refracts with the secondary
reflected shock.

At t = 0.75 the primary reflected shock has just struck the suction side of the
upstream stator in a region close to the trailing edge. ‘The secondary reflected shock

wave is still moving upstream towards the crown of the rotor.
At t = 0.875 the primary oblique shock has almost regained its maximum strength.

The primary reflected shock is reflecting from the upstream stator suction surface and

moves back to the adjacent rotor. This reflection is also visible at ¢ = 0, but then
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disappears as it strikes the rotor leading edge at { = 0.125. However this effect is
recorded in the history of the rotor leading edge pressure in Figure 9.3. In addition,
this figure clearly illustrates the impact of the stator oblique shock on the rotor leading
edgeatt=0and t = 1.

This unsteady shock interaction is similar in nature to the result presented by Giles
[33] in a 2-D time-accurate numerical simulation which included quasi-three-dimensional
source terms. However, some differences appear in the timing of the events because
Giles’ computation was performed on the actual configuration with a stator-to-rotor

pitch ratio equal to 1.69.

Some 3-D effects can be extracted from the unsteady pressure and the unsteady
Mach number distributions on the rotor suction surface shown in Figures 9.6 and 9.7,
respectively. At t = 0 the impact of the stator oblique shock surface is clearly visible
and extends along the entire span of the rotor suction side. Also some dispersion is
visible. Notice that at the hub and the tip wall the shock strikes normally in order to
satisfy the flow tangency condition and that the strength is higher at the root than at
midspan. At t = 0.25 the reflection has moved upstream closer to the leading edge, and
at t = 0.5 the primary oblique shock strikes the rotor leading edge. In addition, the
secondary reflection off the neighboring rotor has come back across the channel and is
visible at z/L ~ 70% from midspan to the tip. At the root, the reflected wave has not
yet crossed back to the original rotor. At ¢ = 0.75 the entire span is under the influence

of the secondary reflected shock which has strengthened and moved upstream.

Figure 9.8 shows the instantaneous tufts distribution on the rotor suction for one
blade-passing period. A secondary flow is visible in the aft part of the blade that
drives fluid from hub towards midspan. Reverse flow occurs behind the secondary
reflected wave as it moves forward towards the leading edge and strengthens. However,

recirculation occurs only partially during the cycle.

Figure 9.9 is a schematic of the 3-D shock structure at t = 0.625. The stage is seen
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from the hub (not drawn) towards the tip. The labels point out the different shock
waves; i.e. A) and B) the stator and rotor trailing edge oblique shocks, respectively; C)
the primary reflection moving upstream and D') the secondary reflection moving across
the channel from the adjacent rotor pressure side. The shock surfaces are not much
skewed from hub to tip, which suggests that the shock interaction is essentially a 2-D
process. Not represented in this figure is the strength of the different shocks. At this
particular time, the strength of the primary reflection is fairly uniform in the spanwise
direction, wihle the secondary reflected wave is stronger at the tip than at the hub.
Also, shocks A) C) and D) are one order of magnitude stronger than the rotor trailing
edge shock B). '

_ le. rotor midspan
— —— hub rotor inlet/periodic
0.60

p/ptint 0.40

12T

Figure 9.3: Pressure history for the last two periods.
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Figure 9.9: Schematic of shock structure at ¢ = 0.625.
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9.2 Comparison of steady and time-averaged results

The material presented in this section provides an opportunity to compare the steady-
state solution with the time-:iweraged result. The flow conditions for the steady-state
and the time-averaged computation are listed in Table 9.1. The Mach and angle values
represent average quantities calculated by the flux-averaging procedure described in

Section 5.5.

The stator static pressure and Mach number distributions around the blade root
are given in Figures 9.10 and 9.11, respectively. The corresponding results at midspan
and tip sections are shown in Figures 9.12, 9.13, 9.14 and 9.15. Also shown in these
figures are the maximum and minimum unsteady pressures and Mach numbers on both
the suction and the pressure sides. These maxima and minima values were extracted
from eight unsteady snapshots during the final blade-passing period. Because the flow
is choked at the throat, and since the stator inlet conditions are steady, no unsteadiness
is present upstream of that area and so the mass flow is the same in both cases. Notice
that the time-averaged solution almost matches the steady-state result over the entire

stator span.

The rotor blade pressure and Mach number distributions are presented in Fig-
ures 9.16, 9.17, 9.18, 9.19, 9.20 and 9.21. Here the unsteadiness is much more intense,
especially on the suction side of the blade due to the unsteady shock motion and shock
reflection described in the previous section. At the hub, the steady-state shock located
at the front part of the suction side is intensified during a portion of the period, which
results in a Mach number as high as 2.1. Also, for certain axial locations on the rotor
suction side near the leading edge, the peak-to-peak pressure variation accounts for up
to 60% of the (stator) inlet stagnation pressure. It is surprising to notice that although
the variations in pressure and Mach number are large, the time-averaged solution is
similar to the steady-state result over all but the root section of the blade. However,
on the suction side lower Mach numbers are generally observed in the time-averaged

solution compared to the steady-state result, which can be explained by higher entropy
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and rotor-relative stagnation pressure losses occurring during the unsteady flow process.

It should be pointed out that the time-averaged solutions presented in this chapter
(and also Chapter 8) were computed during the blade-passing period from all the time-

steps, i.e. it is a true discrete representation of the following integral.

- 1 T
P(z,y,2) = T‘/‘; o(z,y, z, t)dt, (9-1)

with (=) representing a quantity that has been time-averaged over a period 7. On the
other hand, the minimum and maximum unsteady values at a certain location were
sorted out from eight stored instantaneous solutions, i.e. every 50 time-steps, during
the last blade-passing period. This is why a certain amount of discreteness in those

quantities is present in the plots of Figures 9.16 through 9.21, in particular.

As described in the previous section, there is a rotor-relative unsteady secondary
flow driving hub fluid towards midspan on the aft portion of the suction surface. In
the rotor frame of reference, Crocco’s equation relating the thermodynamics and fluid

kinematics of an inviscid, compressible flow is
——— —-Wx&=-VI+TVS, (9.2)

where W, I and S represent the relative velocity vector, rothalpy and specific entropy,
respectively and & is the absolute vorticity vector. Equation (9.2) has an important
physical interpretation. It shows that when a flow field has gradients of rothalpy (stag-
nation enthalpy in the absolute frame of reference) and/or entropy it is likely to be
rotational®. In this application, the rothalpy is almost constant at the rotor inlet. How-
ever, as indicated in Figure 9.22 for the rotor suction surface, the entropy production
during the unsteady shock motion and symbolized in the time-averaged solution is al-
most one order of magnitude larger than in the steady-state result. As a consequence
of the strong shocks occurring at the rotor root, the entropy gradients are very large in

this area. As mentioned earlier, the primary reflection of the stator oblique shock off

2Except for the case where VI = TV S, which, for transonic flow does not occur. For example, for

steady-state flow the rothalpy is constant along a streamline, but not the entropy due to the shock
losses.
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the rotor suction surface is stronger at the root than at midspan. This also means that
the secondary reflection off the adjacent rotor which then moves back towards the orig-
inal rotor is stronger. The resulting strength of the upstream moving shock is therefore
larger at the hub. It seems that the vorticity production is large enough to generate a

secondary flow during the entire blade-passing period, see Figure 9.23.

Using secondary flow theory , it is possible to be precise in the explanation for
the cross-flow seen in Fig. 9.23. For instance, in the work of Smith [100], Hawthorne
[48, 50, 51], Lakshminarayana and Horlock [69], and Johnson [59], the equation for the
generation of a streamwise component w, of vorticity is derived. For incompressible

inviscid flow this equation has the following form.

0 (w,\ 2 1. s 1 = .
7s (pW) = W ;b-th + -V—V—Q -Vp; | . (9.3)
R
curvature rotation

Equation (9.3), is written in intrinsic coordinates where 3, 72, b represent the unit vectors
in the direction of relative streamline, inward of principal normal and in the binormal
direction, respectively. o is the principal radius of curvature of the relative streamline
and p} is the rotary stagnation pressure defined in Eq. (7.24). In the above equation,
two terms contribute to the generation of streamwise vorticity, one due to the curvature
of the streamline with radius o, and one due to the rotation 2 around the z axis. These
contributions are due to the gradients of rotary stagnation pressure in the binormal and

axial directions, respectively.

As seen in Figure 9.17, the Mach number and hence velocity field behind the shocks
occuring on the rotor suction side is smaller than in the steady-state case. Thus, as-
suming locally incompressible flow streamwise vorticity can be generated if a gradient
of rotary stagnation pressure exist in the direction of the axis of rotation. In Figure 9.24
the steady and time-averaged rotary stagnation pressure on the rotor suction surface
are compared. In the steady-state calculation p} is almost constant over the entire blade
except behind the hub shock. In the time-averaged solution however, gradients of rotary

stagnation pressure show up not only near the location of the steady-state shock but
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over the entire near-hub suction surface. Hence, the comparison clearly shows that a
strong axial p; gradient exists in the time-averaged solution which, when dot-producted
with the rotation vector, produces a positive component of streamwise vorticity. This

tends to develop a radially outward component of velocity.

It is interesting to notice that the rotor-relative secondary flow creates a slight block-
age of the annulus passage. This becomes apparent when comparing the spanwise mass
flow distributions at the rotor inlet for the steady and the time-averaged solution, see
Figure 9.25. In order to compensate for the lack of mass flow at the lower radii, an

increased amount of fluid streams through the rotor from midspan to the tip.
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Figure 9.11: Steady and unsteady stator blade Mach number distribution at the hub.
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Figure 9.12: Steady and unsteady stator blade pressure at midspan.
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Steady and unsteady stator blade Mach number distribution at midspan.

Figure 9.13

209



steady

time-averaged
min unsteady
maz unsteady

1.16

0.84--

p/Ptint

0.52

—0.20

0.20

% axial chord

Figure 9.14: Steady and unsteady stator blade pressure at the tip.
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Steady and unsteady stator blade Mach number distribution at the tip.

Figure 9.15
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Figure 9.16: Steady and unsteady rotor blade pressure at the hub.
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Figure 9.17: Steady and unsteady rotor blade Mach number distribution at the hub.
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Figure 9.18: Steady and unsteady rotor blade pressure at midspan.
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Figure 9.19: Steady and unsteady rotor blade Mach number distribution at midspan.

212



0.72

P/Pt inl

0.244

steady
___ time-averaged
______ min unsteady
_ maz unsteady

0.00
0.00

% axial chord

1.20

Figure 9.20: Steady and unsteady rotor blade pressure at the tip.
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Figure 9.21: Steady and unsteady rotor blade Mach number distribution at the tip.
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Figure 9.22: Entropy contours on rotor suction side: a) steady-state and b) time-
averaged.
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Figure 9.24: Rotary stagnation pressure (p}/p:in;) contours on rotor suction side: a)
steady-state and b) time-averaged. Increments = 0.01.
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Figure 9.25: Spanwise mass flow distribution at the rotor inlet.
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9.3 Consequences and conclusions

The unsteady non-dimensional torque acting on the stator and the rotor during one
blade-passing period is shown in Figures 9.26 and 9.27, respectively. The distribution is
found from eight intermediate unsteady solutions that were stored during the computa-
tion. Also, represented on those figures is the corresponding steady and time-averaged
torques. On the stator, there is a 6% peak-to-peak variation in torque, despite the
fact that the pressure field is steady on all but a small portion of the suction (and also
pressure) side near the trailing edge. The variation is essentially caused by the primary
rotor-reflected shock moving upstream and striking the stator suction side. The strong
unsteady shock motion described earlier causes the rotor torque to vary 66% peak-to-
peak. Notice that in the 2-D simulation [33] the unsteady stator lift has a peak-to-peak
variation of 6%, which compares well to the 3-D case. However, as opposed to the 66%,
‘only’ 40% peak-to-peak variation in lift is experienced by the rotor in the 2-D case.
Indeed, in the 3-D simulation larger unsteady variations occur at the tip and especially

at the root compared to midspan.

There are several consequences associated with the unsteady shock motion and hence
unsteady torque. These are discussed in Reference [33]. Experimental work has been
done in order to predict the effects of shock waves passing on a turbine rotor blade, see
for instance References [93, 58, 18]. It has been observed that the shock striking the rotor
suction surface does cause a temporary boundary-layer separation. These separation
bubbles convect downstream along the blade surface and subsequently collapse into
turbulent flow which increases the heat transfer rate and the viscous losses. Also,
the unsteady shock reflections produce an adiabatic compression of the boundary-layer
which in turn gives rise to transients in the heat transfer. Other consequences involve
structural excitations and amplified vortex shedding at the blunt trailing edge leading to
increased base losses. In addition, associated with the unsteady torque there must be an

unsteady vortex sheet shed at the trailing edge, whose energy is eventually dissipated,

thus contributing to increase the overall losses.
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However, an important conclusion from these results is that in many aspects the
the steady-state results are extremely close to the time-averaged values. For instance,
the maximum variation in the blade static pressure® between the steady-state and the
time-averaged solution is less than 4% of the stator inlet stagnation pressure, a value 15
times smaller than the maximum local unsteady fluctuation (peak-to-peak value). The
agreement is even better for integral values such as the axial torque, with a difference

less than 0.5% of the time-averaged value.

The results presented by Jorgenson [60] and Chen [12] for subsonic flow indicate that
the effect of changing the periodicity, i.e. ratio of stator-to-rotor pitch, on the time-
averaged solution is small. For instance, in Ref. [60] less than one percent difference is
observed in the time-averaged rotor lift for a change in stator-to-rotor pitch ratio from
1:1 to 2:3, although the magnitude of the unsteady lift (envelope) increases from 4% to
20% of the time-averaged value. The comparison between the present 3-D shock inter-
action with the 2-D simulation of Giles [33] indicates that the rotor blade experiences
similar shock reflections, although the difference in pitch ratios shows up in the pat-
tern of the unsteady lift during the blade-passing period. This suggests that although
the time-averaged solution is affected by the blades pitch ratio, the match between the
time-averaged and the steady-state solution is not dependent from the stator-to-rotor

pitch ratio.

3The maximum discrepancy between the two solutions is located at the rotor root on the suction
side.
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Figure 9.27: Unsteady rotor torque.
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parameter steady | time-averaged
hub 0.0° 0.0°

Stator inlet tangential angle mid 0.0° 0.0°
tip 0.0° 0.0°

hub 72.1° 72.6°

Stator outlet tangential angle mid | 74.8° 74.6°
tip 73.9° 73.80

hub 51.3° 53.4°

Rotor-relative inlet tangential angle mid 50.2° 51.0°
tip 40.6° 41.1°

hub -57.1° -60.6°

Rotor-relative outlet tangential angle mid | -67.8° -67.00
tip | -76.3° -76.8°

hub 0.15 0.15

Stator inlet Mach number mid 0.13 0.13
tip 0.13 0.13

hub 1.37 1.33

Stator outlet Mach number mid 1.25 1.24
tip 1.19 1.18

hub 0.69 0.67

Rotor-relative inlet Mach number mid 0.52 0.52
tip 0.44 T 044

hub 1.00 0.99

Rotor-relative outlet Mach number mid 0.96 0.97
tip 0.95 0.93

hub 0.76 0.73

Rotor Mach number mid 0.81 0.79
tip 0.86 0.84

Q
Rotor wheel speed (m) 0.097 0.097
Stator axial torque S E— -1.6926 -1.6812
(Ptct)ideiub
Rotor axial torque L 1.7678 1.7579
(Ptct)inlL?mb

Ratio of specific heats « 1.27 1.27

Table 9.1: Steady and time-averaged flow parameters for scaled transonic turbine stage.
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Chapter 10

Concluding Remarks

If winning is not itmportant, why count points? Lt. Worf, Star Trek the Next Gen-

eration.

A summary of the thesis is presented in Section 10.1, followed in Sections 10.2
and 10.3 by the major contributions and essential conclusions, respectively. Finally

some extensions and recommendations for future research are discussed in Section 10.4.

10.1 Summary

This thesis has presented a numerical method for solving the equations of motion of a
3-D, inviscid, compressible steady and/or unsteady flow within an axial turbine stage.
The material has been divided into two distinct parts. The numerical methodology
is described in the first part, which includes both the discretization procedure and
the handling of the boundary conditions. In particular, the main endeavor has been
put towards the development of novel quasi-3-D non-reflecting boundary conditions for
steady-state inviscid flow fields. In the second part of the work, the numerical method is

applied to three major cases involving subsonic and transonic flow with inlet distortions.

The governing Euler equations are solved in conservation form which allows for the

correct representation of the Rankine-Hugoniot shock jump relations. The numerical

222



methodology uses a node-based, explicit Ni-Lax-Wendroff discretization scheme imple-
mented on an unstructured grid composed of hexahedral cells. Relative flow variables
attached to each individual blade row are used. The mesh itself is generated in a struc-
tured fashion by iteratively solving a 3-D Poisson system, in which the source terms are
automatically evaluated in order to provide a control of the cell size and skewness at the
blade boundary. The Euler algorithm presented here requires the addition of a fourth-
difference numerical smoothing in order to prevent unwanted high frequency oscillations
in the solution. The formulation of this smoothing, which exploits the advantages of
a pseudo-Laplacian, and its accuracy were discussed. The shocks are captured using a
non-linear second-difference operator acting on the state vector. For the cases presented
in this study, a CPU time of the order of 385 x 10~¢ seconds/iteration/grid point was

required on a Stardent GS-2000 in vector mode.

A significant portion of the thesis, i.e. Chapter 5, Appendix D and Section 8.3, is
devoted to the analysis and the implementation of the inlet, outlet and stator/rotor in-
terface boundary conditions. In particular, a theory for the construction of steady-state
quasi-3-D non-reflecting boundary conditions was introduced and applied to the Euler
equations. Eigenmode solutions of the linearized equations which vary sinusoidally in
the pitchwise direction were derived according to Fourier analysis. These were then used
to obtain linear relationships between the steady-state perturbations in density, velocity
and pressure at inflow and outflow boundaries which produce no incoming modes. The
treatment of the interface plane between a stator and a rotor was also presented. For
steady-state flow, a circumferential stream-thrust flux-averaging technique is used to
conserve mass, momentum and energy across the mixing plane. The coupling between
this technique and the non-reflecting boundary condition formulation was discussed. To
illustrate the benefit of the non-reflecting boundary conditions, solutions using the novel
formulation were presented and compared to the solutions obtained using the standard
1-D boundary condition approach. This was done for several 3-D cases including a
transonic flow in a vane, a transonic stator/rotor combination and a 3-D linear subsonic
cascade flow. The effect of placing the boundaries at different axial locations was also

discussed. For unsteady flow, i.e. time-accurate calculations of stator/rotor fiow fields,
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a simple interface model based upon the 1-D characteristics theory was presented.

The validation of the code as a research tool for internal, steady and time-accurate
fluid flow problems was accomplished by comparing the numerical solution with analyt-
ical and experimental data, by evaluating errors in stagnation properties (for subsonic
uniform inlet conditions) and by assessing the errors in mass flow, angular momentum

and axial torque.

Three cases directly related to flow phenomena occurring in a typical transonic first
turbine stage were examined. The first, discussed in Chapter 7, concerned the steady-
state secondary flow occurring in a rotor due to a spanwise non-uniform stage inlet
stagnation temperature distribution. A comparison was made between the resulting
flow field and the solution obtained with uniform inlet conditions. The analysis showed
that rotor-relative secondary flow occurred as a consequence of both rotor-relative radial
total pressure and inlet angle distributions. The results were also explained in terms of
rotor inlet streamwise vorticity distribution. In addition, the analysis showed that the

stator flow field was also affected by the introduction of the total temperature variation.

The second case involved the combined effects of a velocity shear flow and a spanwise
temperature gradient on a rotor flow field (Chapter 8). The inlet vortical disturbance
was modelled using potential theory. Steady as well as unsteady results were presented
and discussed in terms of rotor-relative stagnation temperature, stagnation pressure and
static pressure distributions. The features of the rotor flow field, and in particular the

mechanisms for creating the radial flow, were discussed using secondary flow theory.

The final case, presented in Chapter 9, consisted of an analysis of steady, unsteady
and time-averaged flow fields occurring in a typical highly loaded transonic first turbine
stage. The sequencing of the unsteady events and in particular the unsteady shock
motion was explained. Compared to the steady-state result, a rotor-relative secondary
flow was observed during the unsteady process as well as in the time-averaged solution.

The analysis also focussed on comparing the steady to the time-averaged solution for
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both the stator and the rotor flow field. Unsteady deviations from the time-averaged
result were assessed. The analysis concluded by addressing some of the consequences of
the strong unsteady shock motion in terms of blade loading, boundary-layer behavior

and heat transfer.

10.2 Contributions

One of the most significant contribution of this thesis to CFD is the introduction of the
quasi-3-D non-reflecting boundary conditions discussed from a theoretical point of view
in Chapter 5. A fundamental approximation is that radial effects are accounted for in
the average mode only. With this procedure, the computations can be performed on
truncated domains where the inlet and outlet boundaries can be located close to the
blades. Also, this procedure can be used in conjunction with the flux-averaging tech-
nique for transferring information across the stator/rotor interface in a manner that
conserves fluxes of mass, momentum and energy and avoids spurious reflections. From
a practical point of view, this means that there is no need for ‘human’ intervention at
the interface in order to match the stator and the rotor flow field. The results presented
indicate that they are extremely effective in a typical industrial turbomachinery envi-
ronment, even in the presence of shock waves crossing the boundaries. In particular,
the second-order non-linear errors together with the error due to the uncoupling of the
radial and tangential variations are much smaller than the ones introduced in the so-
lution using the standard one-dimensional approach. Relative to the 1-D formulation,
the increase in computational cost using the quasi-3-D technique is negligible. Also
from a CFD point of view, the unsteady results presented here suggest that the use of a
simple 1-D characteristics-based, linear interpolation procedure at a sliding stator/rotor

interface is good enough for engineering applications.

The time-marching, cell-vertex, discretization procedure described in Chapter 3 does

not represent by itself a significant contribution. In fact, the Ni-Lax-Wendroff algorithm
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is rather widely used nowadays, though the formulation presented here may differ from
others in specific details such as the arrangement and definition of the (volume/time-
step) ratio and the discretization of the second-order source terms. It is the combination
of this algorithm with the second- and fourth-difference numerical smoothing, imple-
mented on an unstructured grid that, to the author’s knowledge, represents an original
contribution. In particular, the fourth-difference smoothing extended to 3-D from an
original idea of Holmes and Connell [54] is very efficient in not corrupting linear func-

tions on an irregular grid even with cells’ aspect ratios well above 10.

10.3 Conclusions

From the application point of view, there are several conclusions that can be drawn
from the three cases presented in Chapters 7, 8 and 9. One conclusion is that in many
aspects, especially in the static pressure distribution, the steady-state flow solution
agrees extremely well with the time-averaged result. It is believed that such good
agreement between the two solutions is greatly due to the use of the non-reflecting
boundary conditions in the steady-state calculation of the stator/rotor interface. By
avoiding spurious reflections and by providing a relieving effect for the flow to account for
the presence of the leading and the trailing edge of neighboring blades, these steady-state

conditions represent, to a good approximation, the time-averaged physical phenomena.

For subsonic flow, the results of Chapter 8 indicate that the introduction of an inlet
distortion combining a temperature gradient and a vortical velocity field of realistic
strengths leads to unsteady fluctuations of similar magnitude. The steady and time-
averaged solutions match extremely well in terms of static pressure distribution, hence
loading, but not in terms of stagnation temperature distribution, for which the steady
solution provides only trends. The vorticity introduced by the vortical disturbance is
larger than that produced by the temperature gradient and contributes more to the

generation of the secondary flow.
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For steady-state transonic flow fields, the results of Chapter 7 indicate that the in-
troduction of an inlet spanwise temperature distortion of realistic shape and strength
leads to strong secondary flow in the rotor frame of reference, created from variations
in the rotor-relative stagnation or rotary stagnation pressure. This results in a redis-
tribution of the temperature with concentrated regions of high stagnation temperature
gradients on the rotor blade pressure surface. Also, because of the transonic nature of

the flow, the secondary flow can trigger the formation of shocks.

The robustness of the method was demonstrated through the computation of the
unsteady transonic flow field of Chapter 9, where the unsteady fluctuations can be one
order of magnitude larger than the subsonic ones. Due to the impact of the stator
trailing edge shock wave off the downstream rotor, a strong unsteady shock motion in
the stage was captured as part of the solution. The unsteady shock interaction includes
a primary reflection off the rotor suction surface and a secondary reflection off the
adjacent rotor pressure side. The primary reflection moves back towards the upstream
stator striking it on the suction side close to the trailing edge. In addition, the secondary
reflection crosses back towards the original rotor and intensifies into a strong shock. As
a consequence of the unsteady interaction, a secondary radial flow from hub towards
midspan is created and is strong enough to be present in the time-averaged solution.
This secondary flow creates a slight flow blockage at the lower radii (hub), which is
compensated by an increase in mass flow through the outer rotor radii streamtubes.
Although the time-sequencing of the events are different, the motion of the shocks are
consistent with the quasi-3-D numerical simulation of Giles [33]. On the rotor root
suction surface, the level of unsteadiness in static pressure reached a peak-to-peak value
of about 60% of the inlet stagnation pressure. In general, the level of unsteadiness was
higher on the rotor suction side than on the pressure side, and also at the hub and
tip compared to midspan. It is believed that, for the generic stator/rotor configuration

chosen here, realistic levels of unsteadiness have been computed.

Regarding periodic unsteady effects, the following observations are inferred from this

study. The time-accurate inviscid computations provide an estimate for the peak values
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in the blade passage, in particular for the static pressure and the stagnation tempera-
ture which are two important quantities for work output, boundary-layer behavior and
heat transfer. Typically for transonic flow, where the unsteady fluctuations in pressure
are one order of magnitude larger than for subsonic flow, the unsteady static pressure
envelope can exceed the level of the time-averaged local value. The unsteady stagnation
temperature fluctuations are less than 25% of the time-averaged local value. Also for
transonic flow, the unsteady interaction creates overall higher entropy losses than for
steady-state flow, resulting in a different time-averaged distribution of Mach number.
For the case examined here, the 3-D unsteady transonic stator/rotor interaction re-
sults in a periodic shock-induced secondary flow that is not present in the steady-state

solution.

10.4 Recommendations for future work

Unless the unsteady interface boundary condition formulation is extended to handle
non-equal numbers of stator and rotor blades, it is difficult to assess the influence of the
scaled rotor during the unsteady process. This effect should be investigated, especially
in the case of a non-uniform inlet stagnation temperature distribution combining both

radial and tangential variations, i.e. different conditions per blade-passage.

The quasi-3-D non-reflecting boundary conditions should be extended to incompress-
ible flow computations. The system of equations governing the motion of an incom-
pressible flow is of the elliptic type, in which pressure waves propagate at infinite speed.
However, the use of Chorin’s artificial compressibility method [13, 11] which intro-
duces a time-dependent pressure term in the continuity equation® results in a system
of hyperbolic-type equations of motion very similar in nature to the actual Euler equa-
tions with waves of finite speed. Thus, the non-reflecting boundary condition procedure

developed in this thesis could be applied to this modified system.

!The solution of the modified system is only physically meaningful for steady-state.
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The source term of Equation (2.1) could be modified to include the effects of mass
injection due to cooling, friction forces and heat addition. As shown in this work,
3-D steady and/or unsteady stator/rotor interactions can produce significant secondary
flows (sometimes reverse flow) which may hamper the use of the current boundary-layer
solvers if used in conjunction with an inviscid solver. Hence, the simulation of viscous
effects through distributed body forces seems to be a promising area of research which
would lead to an intermediate technique between a fully inviscid method such as the one
proposed in this thesis and a coupled boundary-layer/inviscid one. This could be done
at little extra computational cost compared to a 3-D boundary-layer /inviscid coupling
for instance. A good starting point for this is to examine the method proposéd by

Denton [16].
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Appendix A

Three-Dimensional Mesh Generation Technique

for Euler Flows in Axial Turbines

In the process of numerical fluid dynamics analysis, the generation of efficient com-
putational grids is generally required for the discrete solution of the governing flow
equations. The mesh generation technique is a critical element for supporting the flow
simulation, especially in three dimensions, since most of the discretization schemes cur-
rently in use are affected (either through numerical convergence and/or by the quality

of the results) by the construction of the grid.

This report describes the three-dimensional (3-D) mesh generation technique used
in connection to UNSFLO, a program developed for solving inviscid unsteady flows in a
stator/rotor configuration. Specifically, a discrete approximation of Ni’s type [81] of the
Euler equations is performed at each of the nodal points defined by the mesh. The two-
dimensional (2-D) version of this code has been developed by Giles [33], whereas Saxer
extended it to 3-D steady flows [92]. For that type of flow solver two main numerical

constraints should be considered in the mesh generation process, namely

o cell volumes as uniform as possible to ensure no severe CFL restrictions, and
almost equal resolution everywhere in the flow field. This latter feature is desirable

for unsteady calculations since the moving wakes can have large gradients in almost

any part of the flow domain, and

e a definition of a sufficiently smooth mesh at the inlet and outlet in order to avoid
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wakes distortions from one row of blades to the other.

A useful user “constraint” would be

e Few, but well defined parameters to control the mesh (spacing and clustering for

instance), especially on the blade surface.

In recent years, different approaches have been used to generate grid systems for arbi-
trary two and three-dimensional flow regions, including conformal mapping, algebraic
methods and partial differential equation (PDE) solutions [45]. In particular, one pos-
sible technique which satisfies the above mentioned criteria is to generate a boundary-
conforming mesh, of H-H type, by solving a set of elliptic PDE. This procedure, first
developed by Thompson [108], has been chosen in this work since it has the nice property
of generating continuous and smooth meshes and since it has been successfully applied
to several 3-D geometries, see for instance [106], [98] and [101]. Algebraic methods
such as Eriksson’s transfinite interpolation [23] have also been proven to be efficient in
a number of three-dimensional applications. However, this kind of technique requires
a certain amount of ingenuity to produce a nice smooth mesh with properly ordered

points, especially for highly curved geometries.
Section A.1 describes the theoretical aspect of the elliptic mesh generation technique.

Section A.2 deals with the numerical implementation of this method applied to industrial
data.
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A.1 Elliptic grid generation method

A.1.1 Governing equations

In the boundary-conforming procedure, the strategy consists of mapping the three-
dimensional physical domain of Cartesian coordinates (z,y, z) onto a cubic computa-
tional domain of coordinates (£,m,7). The first step in defining the transformation is
to specify Dirichlet and/or Neumann conditions on the limiting surfaces of the physical
region; those boundaries being represented by £ = const, n = const and T = const in
the computational domain. In the elliptic partial differential method, the distribution

of the interior grid points is then governed by the following Poisson system

sz:z: + Eyy + Ezz = P(ﬁ’ 7, T)
Nex + Nyy + 7 = Q(g’ 7, T)
Tae + Tyy + T2z = R(Ea 7 T) ’ (A’l)

where P, ) and R are source terms that can be selected to control the mesh points
distribution. Since it is much easier to solve a system of PDE on the uniformly spaced
grid of the computational domain, it is useful to transform system (A.l) on to the
computational space. This is achieved by interchanging the roles of the dependent
(¢,m,7) and independent (z,y, z) variables in Egs. (A.1). This yields an elliptic system

of quasi-linear equations that can be written in the vector form [98]
a11(Tee + ¢7%) + Q22(Frm+97,) + aza(Frr +A77) + 2(a127¢n +a137¢, + a2370r) = 0, (A.2)

where 7 = (2, y, z) is the position vector,

3
a;; = Z Amilm;

m=1
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and A,,; is the cofactor of the (m, ) element in the following matrix

Te Ty T
M=y y, v

Z¢ Zn Zp

The forcing functions ¢, ¢ and X serve to control the interior mesh points distribution,

2 2 2
A S A W e
a azs ass
where
z,y,z2) L
J = ———= = det(F¢, T, Tr
6(6777:7) (f n )

Given a proper choice of the source terms P, @ and R, this transformation defines a

one-to-one correspondence between the two spaces.

A.1.2 Problem specification

In the present method the meshes used for stator/rotor interactions are generated sep-
arately, then patched together. Each patch, composed of hexahedral cells, is represen-
tative of a single row of an axial turbine and, by using periodic boundary conditions
at the pitch, can be reduced to one blade to blade control volume. This domain is
composed of solid body surfaces (blade, hub and tip walls) and fluid surfaces (periodic
and inlet/outlet surfaces). Since the mesh has to be developed for an Euler calculation
the tip leakage can be neglected and, in the ({,7,7) space, the region appears as a single
block. For a rotor row of H-H mesh type the corresponding physical and computational
domains are represented in Figures A.1 and A.2, respectively. The surface £ = 0 is
chosen as the inlet boundary and the surface £ = 1 corresponds to the outlet bound-
ary. The surface 7 = 0 defines the suction side together with the lower periodic surface
stretching upstream from the leading edge line and downstream from the trailing edge
line. The boundary 7 = 1 corresponds to the pressure side together with the upper

periodic surfaces, which are the same as the lower periodic ones but displaced by one
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Figure A.1: Rotor interblade control volume in physical space (80 X 30 x 35 nodes). The
fluid boundary surfaces (inlet/outlet /periodic) have been removed.

pitch angle. The surface 7 = 0 defines the hub wall, whereas 7 = 1 represents the tip
wall.

A.1.3 Mesh control

Previous work

Usually, the non-homogeneous source terms are used for the stretching of coordinate
lines toward other coordinate lines, whereas the grid spacing distribution is specified by
the boundary coordinates. The forcing terms P, Q and R in Egs. (A.1) improve the
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Figure A.2: Computational space resulting from the H-H mapping of the rotor control
volume. (l.e. and t.e. refer to the leading and the trailing edges, respectively.)

flexibility of the method, but their choice is not a trivial task.

In 3-D, one method consists of choosing exponential functions for ¢, ¢ and A which
include appropriate “tuning” parameters [98]. However, a more rational way to control
the mesh propagation using expomnential functions for the inhomogeneous terms has
been proposed by Sorenson and Steger [101], {103]. Their method, valid in 2-D and 3-D,
allows the user to have some control of the mesh cell size and skewness at a boundary
by including in the source terms a normal grid spacing parameter and the orthogonality
condition at the considered boundary. A different approach has been suggested by
Thomas [106]. In Thomas’ 3-D method, the grid control parameters are defined in terms
of Dirichlet type boundary values. Then, the forcing functions are interpolated linearly
into the interior to obtain a continuous representation. By including these parameters
in the solution of the elliptic system, this method constitutes an indirect interpolation
mechanism (whereas algebraic methods generally use direct interpolation procedures)
for projecting the boundary mesh surfaces into the interior of the region. Giles’ [30] grid

control is based on algebraic manipulations directly on the computational grid, which
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is no longer uniform. His PDE system is of Laplace’s type (source terms set to zero)

instead of Poisson’s type but has not yet been extended to 3-D.

As opposed to a viscous calculation, a mesh for an inviscid computation does not
necessarily require to be (nearly) orthogonal at the body. Specifying orthogonality at
boundaries may induce highly skewed cells in the rest of the flow domain, especially in
the case of small blade pitch combined with highly cambered airfoils. This decreases the
accuracy of numbers of discretization algorithms. However, some kind of grid clustering
technique is needed, especially around the leading edge. By considering these aspects
and the mesh properties defined in the introduction, the grid control is based on the

following premises:

e Define mixed boundary conditions on the different limiting surfaces instead of the

usual Dirichlet conditions on every boundary.
e Use one or combine the following two options.

1. Solve system (A.2) with the forcing terms set to zero. Then, redistribute the
nodes along each blade to blade or periodic to periodic surfaces such that a

relatively uniform grid is obtained.

2. Solve system (A.2) with the forcing terms evaluated according to the theory
described in the next section. This allows the user to control the mesh cell

size and the skewness at the blade surface.

Present approach

In the present application the inhomogeneous terms P, @ and R control grid spacing
and skewness for mesh cells adjacent to the blade surface only. This is achieved by
controlling the orthogonality of the grid lines intersecting the surfaces n =0 and p = 1
(less the part defining the periodic surfaces ahead and downstream of the leading and the
trailing edges, respectively), and by regulating the volume of the cells connected to the
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blade. This approach follows the work of Sorenson and Steger [101] and is summarized
here. Consider for instance the suction side of the blade which is part of n = 0, then,

according to [101] the forcing terms are chosen to be
P(¢,n,7) = P(€,7)exp™®
Q&m,7) = Q& 7)exp™
R(&m,7) = R(E7)exp™® (A.3)

where the exponential factors cause the control to relax with distance from the boundary

7 = 0 and the positive constants a, b, ¢ influence the rate of decay of the boundary

control.

The points on the blade surface are specified by the user, i.e. the £, 7 points dis-
tribution on 7 = 0 is known and can be used to set the orthogonality condition of the
grid lines intersecting the 7 = 0 boundary surface. This condition is represented by the

following two vector dot products,
Fp-Te = 0 (A.4)
TpoTr = 0 (A.5)
Relations (A.4) and (A.5) express the fact that the unit vectors in the 7 and & directions
and in the 1 and 7 directions be mutually normal. The control of the cell size at 7 = 0 is
achieved by regulating the cell “height” §, which is the distance along a line of increasing

7. Consequently, the specification of AS/An at n = 0 allows the user to control the
volume of the blade surface cells. Expressed in differential form the third boundary

control equation is

2
Ty = | =— A6
v-= (5) (A5)
The numerical procedure described in the Section A.2.7 requires that Equations (A.4),

(A.5) and (A.6) be solved for the derivatives with respect to 7 at the blade surface,
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giving

L aS/on
T ((Arz/As)? + (Azz/Azz)? + 1)1/?
_ Azzzn
= Ay
2, = “%;’ﬂ (A.7)

Since 7 is specified on the blade, the surface control equations expressed by Equa-
tions (A.4), (A.5) and (A.6) or by the system (A.7) provide three additional relations
that can be used to determine the unknowns values of P, Q and R and hence P, Q and
R in the entire field. The boundary control equations are solved simultaneously with
the interior mesh generation equations given by system (A.2) using an iterative solution

procedure described in Section A.2.7.

A.2 Numerical procedure

A.2.1 Mesh generation path

The numerical generation of the mesh is based upon the following steps.

e Set the user input parameters.

e Process the industrial data, i.e. blade sections (2-D profiles), upper and lower

annulus walls, in order to create a structure suitable for numerical grid generation.

e Define the root and the tip parts of the blade by intersecting the blade cuts and

the lower and upper annulus walls, respectively.

e Define the blade surface by bicubic spline.
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o Define the periodic surfaces ahead and downstream of the leading and trailing
edge lines, respectively.

¢ Define the inlet and outlet mesh surfaces.

o Generate the interior mesh points by solving iteratively a Poisson’s type PDE
system; the hub and tip walls grid points distribution are included in this process

by defining Neumann type conditions on these surfaces.
o If needed, redistribute nodes to obtain a uniform grid.

o Plot and store the computed mesh.

The relevant stages of this procedure are described in the next sections.

A.2.2 User parameters

The user has access to the following parameters to define the mesh:

e IL,JL, KL: number of points in the £, 1, T directions, respectively.

e CHINL,CHOUT: grid lengths (measured in axial chords) upstream and down-
stream of the leading and the trailing edges, respectively.

o SGINL, SGOUT: slopes of the periodic lines (at the root of the blade) extend-
ing from the leading and the trailing edges to the inlet and the outlet surfaces,

respectively. (Measured in = — y plane, see Section A.2.3).

e SLEP, SLES: grid spacing parameters for points distribution around the blade
(see Section A.2.3). Typical range of values 0.005 - 0.015.

e AP, AS: positive constants influencing the rate of decay of the blade surface

control source terms, see Section A.2.7. Typical value 0.5.
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A.2.3 Input data processing

Data supplied by industry generally need to be altered to a form suitable for numerical
treatment. For instance, curve and/or surface splines provide the necessary smoothness
and flexibility (in terms of number of points and spacing) to the geometry. In this work,

the input data for a stator or rotor geometry are of the following form:

e Two sets of points for the upper and lower annulus walls, each of them of the type

R = R(z), where z lies along the axis of rotation and 7 is the radius.

o N blade sections at N radii along the span. The value of NV depends on the blade
twisting, typically N = 3. Each blade cut is represented in local 2-D Cartesian
coordinates (z,y) by a discrete number of points. Specifically the 2-D profile is
defined by a suction side and a pressure side set of points, which are connected

by circles at the leading and trailing edges.

e Number of blades, trailing edge location expressed in the annulus frame of refer-

ence, leading and trailing edge circle centers and radii.

An example is shown in Figure A.3.

The first step in smoothing the geometry is to define each of the 2-D blade cuts as
a closed curve. Once a sharp trailing edge has been defined, a standard cubic spline
interpolation is used to parameterize each profile. This allows a continuous curvature
around the blade section, except at the trailing edge. The total number of points along
7 = 0, which includes the suction side, is JL. For a periodic geometry of H-H type
this value has to equal the number of points along 7 = 1 (containing the pressure side).
Then, the number of points (ILB) around each 2-D blade is defined as

ILB=2IL (150 _ feut
C c

where ¢;n; and ¢,y are the lengths between the leading edge to the inlet and the trailing

edge to the outlet, respectively. c¢;; and ¢, are functions of the input parameters
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Figure A.3: Typical stator row data: a) Upper and lower annulus walls with 3 blade sec-
tions (solid lines). At local R,s, and Rpyip, the dashed lines represent two extrapolated
blade sections. b) Mean height blade profile with leading and trailing edge circles.

(CHINL, SGINL) and (CHOUT, SGOUT), respectively. c is the distance from the
inlet to the outlet surface. The axial location of the inlet (outlet) surface is assumed to

be constant over the height of the channel.

The mesh points distribution along each blade curve is specified by a continuous

collocation function u(z), which is found by connecting at the leading edge two 2nd
degree polynomials. This procedure allows only two free parameters (SLEP, SLES),
which are the slopes of the collocation function on the pressure and suction side part of

the leading edge, respectively, see Figure A .4.

In the examples presented in this appendix, the axial location of the trailing edge
line (connecting the trailing edges of the blade sections) is constant over the height of
the channel. However, this is not assumed to be true in general. The lower and upper

annulus walls are simply fitted by natural cubic splines.
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Figure A.4: Collocation function for mesh points distribution around the blade. wu:
normalized curvilinear coordinate, ¢: number of points. Free parameters: slopes SLEP
and SLES on the pressure and suction part of the leading edge, respectively.

A.2.4 Blade root and blade tip construction

At this stage, the blade surface is not smooth but composed of a bunch of 2-D profiles,
some of them cutting the annulus walls, see Figure A.3 (solid lines). The root (tip) of
the blade is defined by intersecting the 2-D cuts with the lower (upper) annulus walls.
In practice, it may be necessary to define a profile at R = R,,;, (on the lower wall)
and at R = Rpq. (on the upper wall) in order to perform these interpolations, see
Figure A.3 (dashed lines). If these extra profiles are required, then NV, the total number
of profiles, is adjusted accordingly. In that case, R,,;, and R,,,, are the maximum and
minimum radii locally defined from the inlet to the outlet surface. The new sections are
linearly extrapolated from the two nearest provided blade cuts. Then, at each 7 location
(1 £ 4 < ILB) around the profile, a cubic spline of the form z = z(R) and y = y(R)
interpolates the IV points along the span corresponding to the NV blade cuts.

Finally, the trace of the blade on the hub (tip) wall is constructed by intersecting

the lower (upper) wall spline with each of these spanwise fitting curves. This procedure,

schematically represented in Figures A.5 and A.6, is allowed since every 2-D profile is
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Figure A.5: Blade - annulus walls intersecting map. Subscript ;,; stands for the inter-
polated root (tip) coordinates. Az = 0.5(Zold — Tnew)-

described by the same number of points. Note that the spanwise cubic splines are used

only to intersect the hub and the tip walls.

A.2.5 Blade surface definition

Bicubic spline fundamentals

The method for defining the blade as a parametric smooth surface is based on a frame-
work built up of two intersecting families of curves. The u-curves run around the blade,
whereas the w-curves extend along the span from the (newly defined) root to the tip.
It is assumed that 0 < u,w < 1 and u = u(z,y,z), w = w(z,y, z). Clearly the blade
surface may be represented by the vector 3{u,w) = 7(£,0,7) and #({, 1, 7) for £ varying
from the leading edge to the trailing edge and 7 from the root to the tip. The network of
curves divides the surface into an assembly of topologically rectangular patches, each of
which has as its boundaries two u-curves and two w-curves, defined by wi < w < wgyq
and u; < u < u;41. To provide the necessary flexibility and smoothness to the geometry

each patch boundary is chosen to be one span of a cubic spline. Then the patch surface
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Figure A.6: Schematic of the blade root/tip construction.

may be represented by a bicubic of the form

Sww)= 3 Y b (=)" () (A-8)

m=0n=0 gi

where g; = u;41 — u; and hy = wgy1 — wg. This type of surface representation is known
as the Ferguson bicubic formula. It can be shown [24] that the coefficients b, are
linear combinations of position and derivative vectors at the patch corners, i.e. of the

following matrix

-

S{u;, w) 5(u;, Wiet1) Sw(ui, wi) S (Uiy Wrt1)

-

Huipr, we)  Sig1,Wey1)  Sw(Uit1, Wk)  Sw(it1, Wit1)

O
Il

gu(uis wk) gu(uia wk+1) guw(uia wk) guw(ui, wk+1) )

gu(ui+1,wk) gu(ui+1awk+1) guw(ui+17 wk) guw(ui+la'wk+1) ]

The vectors 3, (u;, wy) and 3y, (u;, wr) are proportional to the tangent vectors to the
parametric curves u = const and w = const at the patch boundary points (%, k). The

cross-derivative vector 8, is called the “twist” vector.
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For now on, the shorthand notation 5{u;, wi) = Sik, 8y (us, wr) = 5y ik etc. is adopted.
Note that a patch completely defined in terms of the vectors 5, 3, 5, and Sy, at its
four corners is called a tensor-product (or Cartesian product) patch. Since the blade is
regarded as a composite surface, there must be some constraints on the elements of g
in order to achieve the curvature continuity over the entire blade. Here the positions
of the patch corners (Sik, S;t1ks Sik+1s Sit1k+1, 1 St < ILB,1 < k < N) are known
at the outset from the framework based on the root, the tip and the inbetween blade
sections. When first derivatives are matched in both direction and magnitude at the
data points, the u-curves will have second derivative continuity if the tangent vectors

Su,ik are calculated from the system of recurrent equations

Sui-1k + 45k + Suit1k = 3(Sit1k — Sic1k), t=2,..,JLB-1. (A.9)
Similarly, the w-curves will have second-order continuity if

Swiik—1 + 45w,k + Swik+1 = 3(Sik41 — Sik-1), k=2, ,N - 1. (A.10)

At this point, the relations (A.9) and (A.10) simply express the requirements for two
composite curves to be piecewise cubic with continuous first and second derivatives at
the data points. However, from an implementation point of view, the systems (A.9)
and (A.10) are generally written in terms of recurrent relations involving the second
derivatives instead of the first ones, see for instance [85]. The extra conditions to be
met for second-order continuity of §,, across all the w-boundaries of the blade composite

surface can be summarized as
Suw,i—1k + 45uw,ik + Suwit1k = 3(Sw,it1k — Swyi-1k), 2=2,...,JLB—1. (A.11)

Here the gradients §,, on the right-hand side may be considered known from Eq. (A.10).
Alternatively, continuity of 3,,,, in the w-direction over the entire blade may be achieved

by satisfying the analogous equation
gwu,ik—l + 4§wu,ik + gwu,ik-i—l = 3(§'u,ik+1 - gu,ik—l)a k= 23 '"’N - 1’ (A12)

where the gradients 5, are known from Eq. (A.9).
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Since the formulation of the tensor-product patch assumes that 5, = Sy (at patch
corners) and that cross-boundary gradients are specified in terms of 5, 5, and 5, also
at patch corners, it can be shown [24] that the solutions 5, of Eq. (A.11) are going
to be the same as the solutions 5, of Eq. (A.12). Consequently, overall second-order

continuity is attainable.

Note that the entire surface is uniquely determined in terms of

e the points §j (1 << ILB,1< k< N),

e the tangent vectors 3, ;; along the w-boundaries (¢ = 1,JLB,1 < k < N) and
Sw,ik along the u-boundaries (1 < i < ILB, k=1, N) of the composite surface as

a whole, and

o the twist vectors Sy, ik at its corners (i = 1,ILB, k = 1, N), which are taken to

be zero.

Bicubic spline implementation

The numerical procedure to implement the bicubic spline differs slightly from the the-
ory in the sense that it is based on a sequence of one-dimensional splines. Since ILB
represents the number of points around the blade and KLB = KL the number of
points along the span, a table of ILB x K LB functional values of the form (A.8) is to
be interpolated through the bicubic spline. This is accomplished by performing K LB
one-dimensional splines across the rows of the table, followed by ILB additional one-
dimensional splines down the newly created columns. Subroutines of reference [85] are
used in this procedure. First LB splines over >N points (corresponding to the root,
the tip and the inbetween blade sectiéns) are constructed. Then ILB spline evalua-

tions are performed at K LB linearly distributed spanwise locations. Each of these new

sets of data are used to construct K LB splines over ILB points around the blade. Fi-
nally K LB spline evaluations performed over the blade points distribution complete
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Figure A.7: Stator mesh, 80 X 30 X 30 nodes. Pressure and periodic surfaces (side view).

the bicubic interpolation. For this last process, the points are distributed around
the blade according to the same type of collocation function as the one described in

Section A.2.3 (2nd degree polynomial points distribution). Examples are given in Fig-

ures A.7 and A.8, where ILB = 115, KLB = 30 for the stator, and ILB = 93,
K LB = 35 for the rotor.

A.2.6 Periodic and inlet/outlet mesh surfaces

The upstream (downstream) part of the periodic mesh surface at n = 0 is constructed

in three steps, namely

e The z value is found by linear interpolation between the axial locations of the

inlet (outlet) surface and the leading edge (trailing edge).

e The radial component r corresponding to each axial location is also defined by
linear interpolation, between the hub and tip wall radii.

e The third component (y or ) is defined such that

o

E_O’ £E=0,1, =0, 0<7T<1.
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Figure A.8: Rotor mesh, 80 x 30 X 35 nodes. Suction and periodic surfaces (side view).

The last condition is introduced in order to match the boundary conditions at the hub
and the tip walls in the solution of the Poisson equations (see Section A.2.7). The
periodic mesh surface at 7 = 1 is defined by a one pitch angle rotation of the surface

n = 0. Examples of periodic mesh surfaces are shown in Figures A.7 and A.8.

As for the periodic surfaces, the radial component of the inlet and outlet mesh
surface (£ = 0,1, 0 < 5 < 1), is defined linearly from the hub to the tip. Then, since
the inlet (outlet) axial location is specified at the outset, only one condition remains to

be set for a unique definition of these surfaces. It is chosen to be

do
E=0 £=01 0<n<l, 0<7<
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Figure A.9: Stator mesh, 80 X 30 X 30 nodes. Front view of the inlet and the outlet
surfaces. See Figures A.3 and A.7 for corresponding geometry.

The aboverelation together with the condition that the same (not necessarily linear?)
radial interpolation function holds for 0 < 7 < 1 yields a uniform and smooth mesh at
the inlet and the outlet, see Figure A.9.

A.2.7 Poisson solver and hub/tip mesh points distribution

In the present study an iterative procedure of Successive Line Over Relaxation (SOR)

is used to solve Equations (A.2), see [3] for instance.

The (z,y, z) coordinates are known at the boundaries £ = 0,1 (inlet/outlet surfaces)
and 7 = 0,1 (periodic, suction and pressure surfaces). The boundary conditions on 7 =

0,1 corresponding to the hub and the tip walls are specified in the iterative procedure

as follows

!The radial points distribution function as well as the points distribution function around the blade
may be easily replaced in the code since these two functions depend only on one parameter.
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e The axial component z is defined such that z,. = 0.

e The y coordinate results from the condition % = 0.

e The z value is found by using the wall spline R = R(z) and the relation z =
V' R? — y? (the mesh being defined in the first quadrant).

The part of n = 0,1 corresponding to the points distribution on the blade surface is

used to calculate the boundary source terms P, § and R.

Each iteration consists of two distinct parts. In the first part the values of P, Q
and R are updated using the (z,y, z) coordinates of the initial solution or the values
of the previous iteration. Specifically, the derivatives in Eqs. (A.7) together with finite
difference approximations for the first and second partial derivatives of ¥ with respect
to £, m, T are substituted into Egs. (A.2) which are solved for P, Q and R at the
boundaries 7 = 0,1. Note that in this part the user may specify 3.5/0n on the blade
surface. Non central differences using the current interior mesh solution are used for
evaluating second partial derivatives on the blade surface in the 7 direction. Hence, for
each 7 = 0,1 node on the blade Eqgs. (A.2) provide three relations which can be solved
for the three unknowns P, Q and R to give

a8

= —M71J 72 [a117ee + Q2aTin + a3afrr + 2(a127%n + a137¢r + a237yr)]  (A.13)

e

To avoid highly skewed cells in the control volume mid-passage of high turning turbine
cascades, it is actually preferable not to impose the orthogonality conditions (A.4)
and (A.5) on the entire blade surface. In the present application the surface control
system of Equations (A.7) (orthogonality and spacing) is applied on the entire pressure
side, but only from the leading edge to the crown on the suction side. Then, from the
suction side crown to the trailing edge just the cell size control Equation (A.6) is used.
The discrete version of (35/87n) in Eq. (A.6) is currently defined as

ia 17 = 7
JL-1

ASik = fir ( ) , fa=min(i=1,..,JL-1,k=1,..,KL-1).
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AS;k is actually implemented as an array, so it may vary along the blade and can easily
be set by the user to some particular values. As already noticed by Steger [103] the
corrections of the source terms from one iteration to another may be quite large so that

under-relaxation of the order of 1% is used to update P, Q and R.

In the second part of the each iteration step the source terms P, Q and R for the
whole field are evaluated using the relations (A.3). Then, the new values of (z,y, 2)
are calculated everywhere in the interior domain according to the line SOR iterative
scheme using Thomas’ aigorithm [3]. Examples of stator and rotor row meshes using
this procedure are given in Figures A.10 and A.11. The CPU time needed on a Microvax

station II is O(10~3) sec./iteration/mesh point.

As mentioned in Section A.1.3, a computationally less expensive procedure, but valid
only to generate a uniform mesh, is to calculate a few SOR iterations with the source
terms set to zero, and then redistribute the grid points from blade to blade or periodic

“to periodic surface. This is achieved according to
Trew = Told + &j(Foldj+1 — Toldj)y § =1,y JL -1,

where the subscripts g and ne., refer to the mesh before and after redistribution. a; is
a redistribution factor defined by

_LU;i-Lj

J .
= _"7 I LU L =1,..,JL -1,
Qaj L1 — Lj’ j JLy J J

“JL-1
where L; is the measures the length along an 7 line from j = 1 to j. The above
redistribution relations hold for ¢ = 2,...,JL — 1 and k = 1, ..., KL. This redistribution

procedure destroys the smoothness of the mesh and does not allow for any direct control

of the grid lines along the boundary surfaces.

261



1.65

7 te.
AN
2 IL =80
. JL =230
suction
") side
@ _
o
2 l.e
> o '\
3
ch jiSsas HH
S H
a5 pressure
! side
n
«
o
a)
79}
@
- T ‘ '
-0.5 0.0 0.5 1.0 1.5
X
w
@
w2
2]
|
~
o
b) ~
w
0.5 1.0 1.5 20 2;.5 3'.0

Figure A.10: Stator mesh, 80 x 30 x 30 nodes. a) Quasi top view of the mean height
surface k£ = 15. b) Front view of the leading edge interblade surface. See Figures A.3,
A.7 and A.9 for corresponding geometry.
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Figure A.11: Rotor mesh, 80 X 30 X 35 nodes. a) Quasi top view of the mean height
surface k = 17. b) Front view of the leading edge interblade surface. See Figure A.8 for
corresponding geometry.
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Appendix B

Cell Volume and Face Area

The derivation of the cell volume and the projected surface areas of the cell faces is

presented in this appendix.

The volume of an hexahedral cell can be decomposed into five constituent tetrahedra.
For instance, with reference to Fig. B.1, the volume Vj,36 of the tetrahedron defined by

the corner nodes 1,2, 3,6 is given by

z1 51 oz 1
122 y2 22 1
Vizse = i . (B.1)
z3 y3 z3 1
e Y¢ 26 1.
Thus, the volume of the cell is defined as
V' = Viase + Vage7 + Viess + Vasie + Vizsa. (B.2)

The edges of a cell face are straight lines. Thus, the area of the face is given by the
half cross-product of its line diagonals. The following projected areas, § = (S, Sy, S:)
can be derived for the six faces defining the cell, see Figure B.1.

(S1 = 3(Ws=e)lzr—22) — (vr—w0)(za )

(Syh = '12' ((z3~2z6)(27—22) — (27— 22)(23—26))
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Figure B.1: Hexahedral cell is formed by five tetrahedra.
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($2)1 = %((”3—‘06)(%—3}2) — (z7—22)(y2—vs))

(522 = 5(-1)(z—2) — (la—3)(z8—21))
(82 = 5 ((a—2)(ea=s) — (4= 25)(aa—21)
(82 = 3 ((ze=21)(va—38) — (2a—25)(ws-11))
(S2)s = 3 ((wr—9a)(zs—25) — (5= 98)(z1—72))
(S)a = 3((r—za)(ea—22) = (20— 28)(27-24)
(85 = 3((@1-20)(ss~3s) ~ (25 —28)(yr 1)) (83)
(Se)s = 5 ((o-9:)(s—2) — (v5~22)(6— 1))
(S)s = 5 (Ga—z)(es—22) = (= 2)(@e=21)
(81 = 3 ((mo=21)(ss—3) ~ (o5 —22) (5o~ 11))
(S)s = 5 ((vr-38)(zs—26) — (= o) (27~ 26))

(85 = 5 ((s1-2)(@s~28) = (28 26)(27-25))

(805 = 3 ((e1-2)(ss9s) ~ (e —28)(v7~3s)
(S)s = 5 ((ss=m)(z2=21) = (v2-9a) (0= 1))

(S)s = 3((zs=1)(za=24) = (52— 20)(2a—21))
(86 = 5 ((@s-21)2-9a) ~ (22— 24) (ws—1))-

With these definitions, all the cell faces surface vectors are pointing outward.
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Appendix C

Stability Analysis

The stability analysis of the Ni-Lax-Wendroff method is performed on the Euler
equations written in primitive variables and computational coordinates, and is valid for
a 3-D skewed mesh. Section C.1 describes the transformation from conservative variables
in Cartesian space to conservative variables in computational coordinates leading to the
so-called weak conservation law form of the Euler equations. Then the Euler equations
are written in primitive variables in Section C.2. Finally, the stability criterion is derived

from the primitive form in Section C.3.

C.1 3-D Euler equations in conservative variables and

computational coordinates

In the absolute frame of reference the Euler equations expressed in conservative form

and Cartesian coordinates are

oU OF 0H

3 "9z "oy T %z
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where

(o) ( pu ) (o ) [ pw )
pu pul+p puv puw
U=|pv|, F=| puv |, G=|po?+p|, H=| pow |. (C.2)
pw puw pvw pw?+p
pes ) \ puh; ) poh, \ pwh;

The pressure p, and stagnation enthalpy h;, are related to the density p, velocity com-
ponents (u, v, w), and stagnation energy per unit mass e; by the following two equations

which assume a perfect gas with a constant specific heat ratio +.

p=(r-1)p (60— S b7 +u?)) (c3)

m=q+§. (C.4)

The transformation from Cartesian (z,y, z) to computational (£,7,7) coordinates is

accomplished using the chain rule derivative. Thus,

oU @8F oF oF G 0G 4G 0H oH OH
E‘*‘5?62'*‘a_nnx+_a?7z+5é_.£y+'%7]y+§;7y+¥52+%nz‘i'_a?‘rz = 0’ (C°5)

where the subscripts indicate partial derivatives. The Jacobian J of the transformation

from the physical space to the computational space is written as

I = 2e(Ynzr — Yrzn) — 20(Ye2r — Yrz¢) + 2 (Ye 2y — Yn2e)- ‘ (C.6)

The metrics are

£, = YnZr — Y2y £, = _ZTnZr — T2y £, = TnYr — T2Yy
T J- k) Yy J b z J k)
YeZr — YrZ Tz — T2 TeYr — Y
Ne = _E_J_Tf., Ny = __6—:']_—6’ N, = _él_.J__T_E’ (C.7)
T Yézn — ynzf’ T, = _ZeEn mTnZ  _ TgYn — Tole

J J TE J

268



The following three relations are easy to demonstrate.

a%(?lnz‘r—y*rzn) - 3%
foorii-eim) ~
'aaz(mny‘r —Z:Yy) '3%

(vezr—vr2¢) — S(Uezn—thz) = O,
(zezr—zrze) - %(:cfz,,—z,,ze) = 0,
(Zeyr—2rye) — %(fcfyn-%ye) = 0.

(C.8)

Using the above relations the Euler equations are rewritten in computational coor-

dinates as

ou OF oG’

T+ =+

at o¢

on

K 0 0
- F _'a_E(ynzr - Yrzy) — %(ytz‘r ~Yrzg) - g(yézn - ynzﬁ)]

=0

[ 0 0 7]
- G _b_ﬁ(%zf —z,zy) — 5;(:::52:,. —2rz¢) — E(zgz,, - :c,,zg)]

=0

3 d ]
- H [a—g(z,,yf — Z7Yn) — a—n(zsyr — 2:Ye) — 5-(2eyn — wnye)] =0. (C.9)

=0

F',G', H' are the contravariant fluxes defined as

F'o= (ynze—yr2n)F
G = —(yezr—yrze)F
H = (yezn—ynze) F

Moreover let

T = U(Yn2r —Yrzn)
re = —w(Yezr—Yrzg)
T3 = u(?/{ Zn— ynzf)

(23172-,- - ZTZn)G + (31;y‘r —Z1Yn )H,
(:l:gzr-—:c.,.sz - (:cgyf—wrys)H,
(zezn—2n2e )G + (Teyn—Tqye)H.

V(Znzr —272n) + W(TpYr—2+Yy),
v(zgzr—2,2¢) — w(Teyr—2rYe),
v(zezn—2nzg) + wl(Teyn—2nye)-

Using the above definitions it follows that

'
J?_g_*_aF

ot

0G' OH'
+ =

on or 0,
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FI

priv + p(Ynzr —yr2zy)

priv — p(2nzr —2-2,) |

praw + p(Znyr — 2+ yn)
r1(pE + p)

H' =

\

P

PT3
prau + p(Yezn —Ynze)
prav — p(Tezn—Ty2ze)
prsw + p(Zeyn —2nYe)
r3(pE + p)

G' =

\

/

pT2
prat — p(Ye zr —yrz¢)
prav + p(zezr—zr2¢) |
prow — p(T¢yr —T,Y¢)
r2(pE + p)

(C.13)

C.2 3-D Euler equations in primitive variables and com-

putational coordinates

The continuity equation of System (C.13) is

o _
ot
where
ory O
o an

ou '
8_6' (ynz‘r - y‘TZ‘II)

du

—5;(315%—

ou
57 (Yezn—Ynze)

0
~ () = 3-(om2) = 5-(or)
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dp Op dp (8r1 Ory (97-3)
71 a€ 7’2377 —1‘35; i 6§ + an + T ] (C'14)
ors _
or
ov ow
- a_g(a’nzf—"’fzn) + a_g(""n?h"zfi‘ln)
dv ow
rZ + (eezr—2rzg) — — r— T
Yr2¢) 317( ¢ z¢) an(zey zrY¢)
ov ow
— r(zeam—2aze) + 5= (2¢yn—2nye)- (C.15)



The time derivative of the u» component in the momentum equation is written as

Jp% =J (%(pu) - u%%) . (C.16)
The time derivatives of the two terms on the right-hand side of Equation (C.16) are
replaced by their spatial derivatives using Equations (C.13) and (C.14), respectively.
Hence, Eq. (C.16) becomes

ou Ju ou du O 0 0
T = —PTIgE T PTG, TP a—g(ynzr—yrzn) + a—f;(yezf—yﬂe) - a—f(yezn—ynZs)-

(C.17)

The y and z components for the conservation of momentum are found in a similar way.

ov v ov ov 0p dop op
Trge = —Prigg PTG, P T o ("’nzr'zfzn)'3_17(“3("7_2726)+“3—7_(mfzn'znz£)-
(C.18)
ow ow ow ow 0dp
Toar = ~PTIGE TPTI g, TP T 85( nYr— wfyn)-l-a (zeyr— z'fye)———-(fceyr%yg)
(C.19)
The time derivative of Equation (C.3) is
1 dp d 1, , 5 50p ou 0v Bw)
J'y_——l Frie J (E(pE) - —2-(u +v*+w )—a—t- — Uz = P — pwo ) (C.20)

Again, the right-hand side time derivative terms are replaced by spatial derivatives

using Equations (C.13), (C.14) (C.17), (C.18) and (C.19). Thus, the energy equation

becomes
6p op dp dp (07‘1 67’2 61’3)
Bt - "9 "2an "5 P\ tan T or (C.21)
Finally, the Euler equations in primitive form and in computational coordinates are
p )
U
3Up oy, au, av, '
J— y P — — .
5 ( 3t + B an 2iC 5 ) 0, where U, v |, (C.22)
w
\ 7
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C.3 Stability criterion

The discretization following Ni’s method gives

Upt = U + Atprpinpe (Aprpind + Bpirpieby + Cpinpeb.) U +

1
A-2-At2 (Aprinde + Bprpieby + Cpnpebs)® UZ,

where the operators § and u are defined by

8e(Up)ise = (Un)irije — Wpimijes 8n(Up)isk = (Un)ijy ik — (Up)ij_1ao

5T(Up)ijk = (Up)ijk+§—(Up)ijk_§,

272

1 P(Unzr—Yrzn)  —p(Tnzr—2rzy)  P(TyYr — 1Y) 0
0 T 0 0 %(y,,zr—y,.zn)
0 0 71 0 —--}—,(:c,,z.r—azfz,,) ,
0 0 0 7'1 L(@nyr—2ryn)
0 Yp(Ynzr —Yrzn) —VP(Tnzr—272) YP(2To¥r—27Yn) r1 )
re —p(Yezr—Y-2¢)  p(Tezr—2r2)  —p(Teyr —2rY¢) 0 \
0 79 0 0 —%(yfz.,.—~yrz5)
0 0 Ty 0 %(2}52—,-—21-25) )
0 0 0 ) —-};(zfyT —Z,y¢)
\ 0 —P(¥ezr—yrze) vP(2ez-—2r2) —vP(2eyr—2-ye) 72 ]
(75 P(Yezn—ynze) —p(Tezn—2nze)  P(ZeYn—2nYe) 0
0 T3 0 0 %(ygz,, —YnZ¢)
= 0 0 T3 0 —%(azfz,,—znq)
0 0 0 73 7(2e¥n—2q3¢)
\ 0 7P(Yezn—nz) —VP(Zezn—2nze) YP(2eYn—2nYe) 73 )

(C.23)



1 1
pe(Uplie = 5((Up)ivsin+ Up)i_gin)s  Ha(Up)iik = 5((Up)ijiar + (Up)is—14),

pr(Up)ise = %((Up)i5k+§+(Up)ijk—%)- (C.24)

Stability analysis is performed upon the linearized discretized equations and comnsiders
wave-like solutions of the form Up = ﬁ;ei(i‘f’l“’/’”k‘f’i‘), where 1,14, 93 are the wave

numbers in the three computational directions (£, 7, 7). The amplification matrix is

G(P1,2,%3) = I — 24 cos % cos % cos ﬂM + 2At2 M2, (C.25)
where
M=A sin%lcos-%%cos%—i-B sin%E 121 cos£§-+0 i %cos%cos— (C.26)
Let
D = At (81A + SzB + 330)
s = \/(sm— cos = cos —)2-|—(cos1—/)l sm‘—l’3 cos )2+(cos ¥ cos %2— sin %31)2
sin %—1— cos '—/’52— cos %’~ cos '%1 sin % cos ’1’—23 cos =+ 'h cos 2% ¢2 sin 2 '1’3
$1 = 5 sy S22 = s s S3 = S

Then noticing that s? + s2 + s2 = 1, the amplification matrix G can be written as

G(¢1,¥2,¥3) =1 — 21 s cos —1%— cos lbl cos ﬁ D -2 s? D2 (C.27)

If Ap is an eigenvalue of D, the corresponding eigenvector is also an eigenvector of G

with an associated eigenvalue

Ag=1-2is cos -113-1- cos % cos -1’[)—3 —2s%Ap2. (C.28)

If Ap is real and |Ap| < 1, then

2 2
Ael? = 1-4s20} (l —522% — cos ﬁ cos 1’2 cos %— )

IN

2 2 2
1 —4s5%)% (1—32—0,05% cos-%E cos%?- )
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2 2 2 2 2 2 2 2
= 1-4s°X} (sin% sin%2 cos—dg %—cos—%l si.n%z— sin% —I—sinib-zl cos% s

< 1

Thus the condition Ap < 1 is sufficient (but may be not necessary) for stability. Let

T = 7181 + T35y + 7383 (C.29)
a = (Ynzr—Yrzn)s1 — (Yezr —yrzg)sz + (Ye2n—Yn2¢)ss (C.30)
b = —(pzr—zr2n)s1 + (2ezr—2r2¢)s2 — (Tezg—Tpnze)ss (C.31)
d = (Tq¥r—2z,y¢)s1 — (2eyr—279¢)s2 + (Teyn—2nYe)ss (C.32)

With these definitions, the matrix D becomes

(r pa pb pd O \
0 » 0 0 a/p
D=0 o0 » 0 b/p |- (C.33)
0 o0 0 r dfp

\ 0 Ypa ypb ypd r |

The eigenvalues of D are

At (r, 7, 7y 7+ cVa2+b2+d2, r — cV az+b2+d2) , (C.34)

J

where ¢ is the speed of sound, ¢ = /yp/p. A conservative estimate for the maximum

eigenvalue is

At
ADpo. < v (,/r%+r§+r§ + C\/a2+b2+d2) , (C.35)

where the value of 7 has been maximized by (/r? + rZ + 72 since s + s + s3 = 1. Thus

a sufficient criterion for stability is

J
r2+ritr2tc prE

At <

(C.36)

From the implementation point of view, it turns out that the Jacobian represents
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the volume of the cell and all quantities in Eq. (C.36) are cell-averaged defined. Hence,
the time-step is defined locally on a cell-by-cell basis. For steady-state calculations,

local time-steps are used to accelerate the convergence, i.e.

J
Atpmez = CFL —, (C.37)
/2472475 4+ eVai + b2+ d?
where CFL is a ‘safety’ factor typically taken to be 0.9.
For unsteady calculations, the uniform global time-step is defined as
At = min (Atmaz)gi celts - (C.38)

The volume/time-step ratio associated with a grid node surrounded by its eight

neighboring cells is defined by

Vv 1 8cells v
(8 =5 & (), (C.39)
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Appendix D

Implementation of the Non-Reflecting

Boundary Conditions

The numerical implementation of the quasi-3-D non-reflecting boundary conditions
presented in Chapter 5 is described in this appendix. This implementation procedure

is an extension of the one used for 2-D steady-state flows in Reference [34].

The boundary conditions are implemented at the point in the overall numerical
scheme at which the Lax-Wendroff algorithm has distributed changes 6U to all of the
nodes, including nodes on the boundaries, but the nodal values have not yet been
updated. The characteristic variables are used to define the changes in the boundary
values from the time level n to the time level n + 1. In doing so, the characteristics
are defined in terms of perturbations to the average inflow or outflow field at the time
level n. The one-dimensional characteristic variables are related to the perturbations in
the primitive variables according to Equations (5.5) and (5.6). For the changes §U, the

transformation from conservation variables to primitive variables is given by Eq. (3.16).

At an inflow and an outflow boundary node, the changes in the outgoing characteris-
tics are obtained from the changes distributed by the Lax-Wendroff algorithm according
to the direction of propagation of the characteristic waves. Assuming the axial Mach
number is subsonic, the only exiting mode at an inflow is the upstream running pressure

wave. Thus, only the change in the fifth characteristic variable is extrapolated from the
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flow field according to

op
du
(6¢s)ew=(0 —pc 0 0 1)]| 6v : (D.1)

bw

5p LW

At an outflow, the first four characteristic variables representing the linearized entropy,
the two vorticity and the downstream running pressure waves are outgoing and so are

obtained from the interior flow field.

(6p\
8¢ - 0 0 0 1
6o 0 0 0 bu

0 pc

2 = Sv . (D.2)
83 0 0 0 pc o0

dw
s 0 pc 0 0 1

LW
\ %P ) 1w

Indeed, the Lax-Wendroff algorithm should accurately model the outgoing charac-
teristic waves, and thus correctly distribute the changes associated with those modes.
However, for incoming modes, the Lax-Wendroff changes in the incoming characteris-
tic variables are discarded, since these are the changes which are to be defined by the
user-specified average flow quantities and the non-reflecting theory. This is discussed
in Sections D.1 and D.2 for inflows and in Sections D.3 and D.4 for outflows. Once the
changes for ingoing and outgoing waves have all been specified, the combined changes
in the five characteristic variables at the boundary nodes can be converted back into

changes in the primitive variables according to

(60 | 200 0 L L) (64)
Su 0 0 0 %% % 52
v [=] 0 % 0 0 0 53 | - (D.3)
Sw 0 0 zla 0 o 0y
ép L0 0 0o 1 1 )\
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These can then easily be transformed into changes in the conservation variables using

the following relation and the entire flow field can be updated.

(o \ | 1 o 0 0 o )[4 )
§(pu) 4 p 0 0 0 bu
§(pv) | = 7 0 p O 0 v |- (D.4)
§(pw) (7] 0 0 »p 0 dw
(72152122 _Q2R2Y 75 55 5D 1
§(pE) \ 1@t +92+ w2 — Q2R?) pu pv pw =1/ \ % )

D.1 Subsonic inflow

As explained in Chapter 5, for a given radius, the changes in the incoming characteristic
variables at each point along the circumferential direction on the inflow boundary is split
into two components. The first part represents an average change along the boundary,
which is defined to achieve certain physical quantities. The second part is due to the
harmonic variations in the characteristic variables along the boundary, which is designed
to achieve non-reflecting boundary conditions. These are then added to the average

changes to give the global changes.

The average characteristic changes in the incoming four characteristics are calculated
from the requirement that the average entropy, radial and tangential flow angles, and
stagnation enthalpy have the values specified by the user at the inlet, see Equations (5.9).
An equivalent specification of the average inlet conditions is to drive to zero the following

four residuals.

Rt = p'(3" - 5im),

Ry = 5 (ufp — |VF| sin(asim) sin(arint) )

R = pe (whp — VRl cos(anim)) ,

Ry = (R - hyim)- (D.5)
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g, Wpp and |V are the tangential, the radial and the absolute value of the average
flow velocity. The inlet tangential and radial flow angles ay;, and ag;, are defined
in Section 2.3 and the remaining quantities in Section 5.3. Notice that in defining
R%? and RY the flux-averaged values of the velocities have been used, see Section 5.5.
The required average changes in the incoming characteristic variables are obtained by
linearizing the residuals from the current time level, and by using a one-step Newton-

Raphson procedure.

n+1 n ry
Rl Rl 6¢1
R R " 99
. B (0(9(R1,R2,R3,R4)> 2 1_0 (D6
R3 R3 (¢1, ¢2) ¢33 ¢4) g 5(]53
R4 R4 6(;_54

Dropping the n, the Jacobian matrix is obtained as the product of two other matrices.

J = , D.7
a(¢17 ¢2a ¢3a ¢4) a(l-’7 ﬁa "_), ’LT), _) a(¢17 ¢25 ¢3: ¢4) ( )
where
( _& 0 0 o0 1
O(R1, Ry, R3, Ry) 0 —pe tan(og int) pc 0 0 (0.5)
(p,u,%,w,p) B pc _ ’ :
(o P) 0 ~ermes@mmy © PE 0
_c 5 50 Bup -
¥-1 pu pu9 puR -1
and
1 1 \
( -2 0 0 L
0 0 0 1
25520 _| o 1 2—(&: (D.9)
(¢, b2, ¢3, ¢4)’ pc )
0 o0 7015 0
\ 0 0 0 3 }
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Thus,

1 0 0 0
O(R1, R2, R3, R4) _ 0 1 0 __tan( O;e int) D10)
a(¢ls ¢2> ¢3, ¢4) 0 0 1 _ 1
_ 2 cos(ag int) tan(a g int)
= ¢ E 1(1+)

In forming the Jacobian matrix several terms which are proportional to the residuals
have been neglected since these are zero in the converged limit. The elements J;;! of

the inverted Jacobian matrix denoted J~! are found according to

J-1 = (—1)*edet(J.)
le det(J)

I=1,...,4, c=1,...,4, (D.11)

where the determinant det(J,) is formed by crossing the /** line and the ¢** column of

J. Thus, the following average changes in the incoming characteristics are found.

6(}—51 Rl
éd R
Sl R (D.12)
o3 R;
604 R,

The local changes in the characteristic variables at each circumferential point on
the inflow due to the variation in the characteristic variables along the boundary are
found as follows. Firstly, a discrete Fourier transform of the outgoing characteristic b5
is performed which enables the steady-state amplitude of the Fourier transform of the
desired incoming characteristics to be calculated according to Egs. (5.56). The fifth
characteristic variable is evaluated at each point, and its discrete Fourier transform is
calculated for a range of values of k from ~N/2+1 to +N/2—1, where N is the number
of nodes in the circumferential direction, including the periodic node only once.

i27rjk)

- 1 X
Psk = ’]Vj2=2¢4j exp (-— N (D.13)

According to the quasi-3-D non-reflecting boundary condition theory presented in Sec-

tion 5.4.5, the steady-state amplitude of the Fourier transform of the second character-
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istic is

P2ks = P D5k, (D.14)

where

B = isign(k)\/2—(a2+92), (@+%) <. (D.15)

The steady-state amplitude of the local second incoming characteristic in the physical
domain is recovered using the inverse discrete Fourier transform

N/21

) .
b= S Fueem (L) (D.16)

k=-N/241

Because terms corresponding to £k form complex conjugate pairs, this expression can
be rewritten as

N/21

- 27k
b2js = 2&&{ ;; Paks €XP (2 ;] )} , (D.17)

reducing the amount of computational required. Since the characteristic variables are

defined as perturbations from the current average state, the Fourier components $2k,

and @y, are zero for k = 0.

For each node j along the boundary, the ideal (in a 2-D sense) steady-state correction
to the local second characteristic variable is the difference between the correct steady-

state value and the current value.

6¢2js = P2js — P2j- (D.18)

Since the harmonics of the incoming third characteristic variable are zero, the cor-

rection to the local third characteristic variable is simply

0¢3js = P3js — P3; = —3;. (D.19)

As mentioned in [34] by Giles, a straightforward implementation of the non-reflecting
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boundary condition theory would result in a flow field which to first-order would have
uniform entropy and stagnation enthalpy at each radius. However, the neglected second-
order effects would introduce variations in entropy and total enthalpy. The standard
implementation of the 1-D boundary conditions can be found in References [29] and [74].
To avoid this, the steady-state corrections to the local first and fourth characteristic vari-
ables are obtained from the conditions that the local entropy and stagnation enthalpy
should match the average values. This is achieved by the same Newton-Raphson pro-
cedure used earlier to obtain the average changes. This time, the residuals are given by

perturbations from the average entropy and stagnation enthalpy values.

Ri; = B(S;—-8), (D.20)

R4j ﬁ(htj — ilt) (D.21)

Thus the Newton-Raphson equation becomes

6¢1js
n
Ry, 1 0 0 0 8Pass
i [ o _ s | (D.22)
Re; 7 R 0+d 3
6¢’4js
The solution is given by
6¢1j3 = _le
2 1 Ug UR
0dajs = _1+17,/5 Edﬁbljs + ?6¢2js + ?59533'3 + Ryj ) - (D.23)

Now that the local changes in the characteristic variables have been established,

these are added to the average changes, and multiplied by an under-relaxation factor,

.
61; = o(6¢1 + 6¢1;5,)
8d2j = o(8¢s+ 6¢2j5)

6ds; = 0o(8¢s + 8¢s3;,)
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6pa; = 0(6¢s+ §dajs) (D.24)

The change in the outgoing fifth characteristic variable is given by the Lax-Wendroff
algorithm,

bd¢ps; = 6¢s;Lw - (D.25)

The combined five characteristic changes calculated in physical space are then trans-
formed into changes in the primitive variables, and hence in conservation variables.
This is done for all nodes along the circumferential direction of the boundary, i.e.
j =1,...,N. This procedure is then repeated for another radius until all radii have
been treated and the flow field can be updated.

D.2 Supersonic inflow

The boundary conditions for a supersonic inflow, but still axially subsonic, are imple-
mented similarly to the subsonic inflow case. The difference lies in the definition of the

parameter 3, which is

= —sign(?)y/(82+32) -, (@’+73%) > . (D.26)

For this case, it is not necessary to perform the discrete Fourier transforms since 3 is
now independent of the Fourier mode k. Hence, the correct steady-state values for the
local incoming second characteristic are given by

B+7v
c+u

¢2js - - &5, i=1, ey N (D-27)

The remainder of the boundary condition treatment is exactly the same as for sub-

sonic inflow.
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D.3 Subsonic outflow

The implementation of the non-reflecting boundary conditions at outflow is easier than
at inflow because only one characteristic needs to be set. As for the inlet this is done

in two parts.

The first part allows the user to specify an average exit pressure at a certain radius.

Using the residual R? = p* — p,,, and linearizing from the current time level gives

0Rs _ -
RY + —6¢s = 0. D.29
5 a¢5 ¢5 ( )

As mentioned in Section 5.3, the first four characteristics for a subsonic outflow represent
outgoing waves, so only the fifth characteristic variable representing the upstream run-
ning pressure wave needs to be set. The derivative of pressure with respect to variations

in the fifth characteristic is

a1

=_, D.30
96s ~ 2 (D-30)

and so the equation for the average change in the fifth characteristic variable is
665 = —2(PF — Pout)- (D.31)

pr is the current flow field flux-averaged pressure, and 7, is given by the radial equi-

librium relation

apout — __’l?té

together with the specification of $,,, at some particular radius. Notice that radial
equilibrium of the flow is not required, but this condition usually represents a good

physical assumption outside the blade row.

The second part consists of calculating the local changes. This is accomplished by

first evaluating the outgoing local second and fourth characteristic variables, and then
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calculating their discrete Fourier transforms.

- R i2mik

ok = N ; P2 €xp (— N ) (D.33)
N .

~ 1 . 27j k)

bk = ; $4; exp (— ~ ) (D.34)

According to Section 5.4.5, the correct steady-state amplitude of the Fourier transform

of the incoming fifth characteristic variable is

Psks = (%) bok — (Zf:) Pak- (D.35)

Using the simplification due to the complex conjugate pairs allows the non-reflecting

steady-state values for the incoming fifth characteristic variables to be rewritten as

i i2mjk
Psjs = 2R Q Y sk exp ( ) . (D.36)
k=1 N
The ideal local change is then
6¢5:is = ¢5js - ¢5j3 .7 = 1a ey N (D-37)

where ¢s; is the current flow field value of the characteristic amplitude. As before, the
global change in the incoming characteristics is formed by summing the average change

to the local change and under-relaxing it to ensure well-posedness.
0¢s; = o(8¢s + 6¢sjs)- (D.38)
The changes in the outgoing remaining four characteristics are again taken from the
Lax-Wendroff algorithm.
6¢1; = ddw
0¢2; = ddo1w

Od3; = ddsiiw
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6(]54]’ = 6¢45LW (D39)

As for the inflow boundary condition, the above procedure is repeated for all radii
before updating the flow field.

D.4 Supersonic outflow

The supersonic outflow boundary condition (but still axially subsonic) is identical to

the subsonic outflow condition, except for the definition of 8 which is

B = —sign(v)y/(a2+52)-¢2, (@®+79%) > &. (D.40)

Since S is again independent of the Fourier mode k, the computation can be simplified
by not performing the discrete Fourier transforms of the second and fourth characteristic

variables. The steady-state values for the amplitude of the incoming fifth characteristic

variables is given by

Psjs = <ﬂi:—%> P25s — (-g%:) Dajs- (D.41)

The remainder of the boundary condition treatment is exactly the same as for sub-

sonic outflow.

D.5 Stator/rotor interface

To a large extend the steady-state stator/rotor interface boundary conditions formu-
lation has been discussed in Section 5.5. Both the stator and the rotor flow fields are
calculated simultaneously but with boundary conditions implemented to couple the two

domains together.
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As mentioned in Section 5.5, the objectives of the steady stator/rotor interface treat-
ment is to conserve fluxes of mass momentum and energy according to the definition

given by Egs. (5.60) and (5.61). Their discrete counterparts are

F(U;) = F(Ur), (D-42)
and
_ 1 Y 1 &
F= -ﬁ;Fj = NgF(Uj), (D.43)

where N is the number of nodes in the circumferential direction, the periodic node taken

into account only once.

At each radius along the span, the average characteristic changes at the stator out-
flow and the rotor inflow are set to eliminate the characteristic jumps defined by Equa-

tion (5.66). Assuming that the stator is upstream of the rotor, the stator outflow

characteristic change is

b¢s = —aAgs, (D.44)

while at the rotor inlet the average changes are

§61 = oA
§¢y = oA,
s = oAds
§6s = oAgs. (D.45)

Again the under-relaxation parameter o is introduced to ensure well-posedness and
convergence. Now that the average characteristic changes have been calculated for both
sides of the interface, the local changes are treated exactly in the same manner as for
inflow and outflow boundary. Also the outgoing characteristic changes are taken from

the Lax-Wendroff algorithm.

In the case of non-equal number of nodes along the span a simple algorithm for
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transferring flux-averaged quantities from one row to another has been developed. The
tangential nodes distribution on either side of the interface does not matter because
for steady-state calculations only circumferentially averaged quantities are interpolated
across the mixing plane. The interpolation procedure is divided into two similar parts.
One part consists of interpolating flux-averaged quantities from the stator frame to the
rotor frame, while the other does just the opposite. The stator to rotor interpolation
scheme is sketched in Figure D.1. A rotor relative flux-averaged quantity is linearly

interpolated from the two radially closest stator nodes.

The rotor interpolated fluxes, subscripted ,, are given by the following formulae.

AR, R; R}

Fio = (RREF +(- ) GHF
Fr = (AR +0 - R Fy
B = GENEE +0- 2GR (D.46)
e = GEIEDR +0- 2GR
e = GRIEDE +0- SEIGDR:

With reference to Figure D.1, the meaning of AR,, AR,, R,, R} and R are self-
explanatory. The reason for introducing radius dependency in Eqs. (D.46) is that for-

mally one wishes to balance the integrated fluxes across the interface, i.e.

Rtip _ Rt'-P -
/ F.RdE= [ " F RdR. (D.47)

Rpup Rpup
Note that when converting the interpolated flux-averaged values into primitive values
needed for the non-reflecting part of the boundary condition, the rotor wheel speed has

to be added to the tangential velocity.
Stator-relative interpolated fluxes are calculated using the same procedure as above.

Once this is accomplished for all radii on both sides of the interface, the interpolated
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stator rotor

Figure D.1: Interpolation procedure for spanwise non-equal number of nodes at sta-
tor/rotor interface. The circled area is enlarged on the right.

flux-averaged values are plugged into Equation (5.66) to calculate the characteristic
jumps, and the remainder of the boundary condition treatment is exactly the same as

for inflow and outflow.

Finally note that this interpolation procedure is second-order accurate and thus

consistent with the interior scheme.
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Appendix E

Steady-State Transonic Results and Effect of

Rotor Scaling

The features of the steady-state transonic flow in the turbine stage represented in
Figures 7.2 and 7.3 are discussed in this appendix. In addition, the effects of an axial
and a tangential direction scaling of the rotor geometry in order to get a stator-to-
rotor pitch ratio equal to 1 are assessed with respect to the original configuration of 36
stators and 61 rotors. The steady-state results presented in this chapter were computed
by using uniform inlet conditions and by imposing a radial equilibrium of the pressure

at the rotor exit.

The pressure fields at the hub and at midspan for the actual configuration are shown
in Figures 7.8 and 7.9, respectively, and ought to be compared to the pressure contours
of Figures E.1 and E.2 for the scaled geometry. The tip pressure contours for the scaled
version are displayed in Figure E.3. The flow parameters can be compared from Ta-
bles 7.1 (‘cold’ case column) and 9.1. Some of the flow features are identical, for instance
both flows are choked at the stator throat and have trailing edge shocks. However, as
discussed later on significant differences appear in the rotor flow field. Notice that in
these steady-state results the flux-averaged pressure matches at the stator/rotor inter-
face, while the local values are allowed to evolve to values which are consistent with the

existence of an infinite annular duct upstream and downstream, see Chapter 5.

Figures E.1, E.2 and E.3 display the steady-state pressure field at the hub, at a
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constant radius close to midheight and at the tip, respectively. The stator outlet and
part of the rotor outflows are supersonic, producing weak oblique shocks at the trailing

edges, which can be seen in Figures E.1, E.2 and E.3.

Figure E.4 is a schematic representing the variation of the streamtube height ob-
tained from the streamline curvature analysis and used to design the 3-D turbine stage.
The streamtube thickness decreases linearly through the stator and then increases lin-
early from the rotor leading edge to the trailing edge, while it is constant upstream,

downstream and between the blade rows.

From the conservation of mass for a one-dimensional flow and using perfect gas
relations, the mass flow 71, stagnation temperature T}, stagnation pressure p; and area

S are related to the Mach number M by the following equation.

Ty
o D(y, M), (E.1)

where

5 M
D(y,M)=,[-L : (E.2)
Rg (14'7—1M2)R%$ '
2

R, represents the gas constant.

Equation (E.1) which represents the corrected flow per unit area can be used, to-

gether with Figure E.4, to explain some of the flow features occurring in the stage.

Given 1, T; and p;, the area ratio between the inlet and the choked throat (denoted

*) is

Sinl D(7’1)
= > 1. . E.3
S* D(‘)’, Minl) ( )

From this it follows that the decrease of the streamtube height through the stator
together with the contraction of the blade-to-blade passage, decreases the inlet Mach
number by increasing the ratio of the inlet area to the throat area. Hence, a large

pressure drop and a high exit Mach number are expected in the stator row, see Figs. E.1,
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E.2, E.b3 and E.5. Similarly, the large increase in the streamtube thickness through the
rotor produces the large rotor-relative inflow Mach number, and the high Mach numbers

along almost the entire suction surface, see Fig. E.6.

A cusp has been used to close the finite thickness trailing edge of both the stator and
the rotor blade. This produces sharp pressure rises at the trailing edges, see Figs. E.7
and E.8. On the stator suction side, the drop in pressure and rise in Mach number at
z/L =~ 0.75 is due to t%le supersonic expansion wave leaving the trailing edge on the

pressure side.

One important consequence of scaling the rotor geometry is to increase the effective
throat area. Indeed in the scaled configuration, as seen in Figure 9.1 and sketched in
Fig. E.4, the rotor trailing edge is located farther down the annulus, where the height
is constant. For equal mass flows in the real and the scaled geometry, the rotor-relative
stagnation temperature and stagnation pressure are related by

(Tt)scaled (pt)rea.l — (S*)acaled
(Tt)real (Pt)scaled (S*)real

This leads to a lower rotor-relative stagnation pressure in the computation of the scaled

> 1. (E.4)

configuration. For instance at the rotor inlet,

((pt)real - (pt)scaled)rotor inl midspan
DPtinl

~ 0.024. (E.5)

In particular, the stator/rotor interface pressure is decreased. This means that relative
to the flow in the real geometry, higher stator exit velocities and Mach numbers occur.
Figures E.7 and E.5 show the pressure and the Mach number distribution around the
stator blade at midspan for the two configurations, respectively. Note that the two
solutions coincide ahead of the choked throat because the upstream conditions are the
same. The flow behavior after the throat towards the stator exit is similar for the two

configurations. However, the reduced exit pressure in the scaled version produces higher

Mach numbers.

Then, by subtracting the rotor wheel speed, higher angles and Mach numbers arise
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at the rotor inlet, see Figs. E.9 and E.10. Notice however, that the tangential angle and

Mach number distributions are similar in shape for the two cases.

The combined effects of higher rotor-relative inflow angle and Mach number produce
a shock at the root of the scaled blade that is not present otherwise, see Figures 7.8,
E.1, E.11 and E.12. Relative to the real geometry calculation, the blade pressure distri-
butions of the scaled version are ‘shifted’ to a lower value, see Figs. E.12, E.8 and E.13
which results in a lower lift. For instance the power delivered is reduced by approxi-
mately 4%. The corresponding Mach number distributions for the real and the scaled
rotor are given in Figures E.11, E.6 and E.14. Notice that almost the entire rotor
suction surface is supersonic due to the high inflow Mach number. Also a significant
difference appears between the two flows at the rotor root. At about 50% chord the
scaled configuration bends back to a constant radius. The curvature of the streamlines
results in ‘circular’ type pressure contours in this area, see Figure E.15. This effect does
not occur in the actual configuration, since in that case the bending occurs after the

trailing edge.

At the rotor tip, a weak oblique shock is present at z/L =~ 0.70 in both the real
and scaled configurations. This corresponds to the impingement on the suction surface
of the oblique shock leaving the trailing edge on the pressure side. In the computation
of the scaled rotor, a very low level of numerical smoothing was used, i.e. v4 = 0.002,
whereas v; was set to 0.005 in the calculation of the actual geometry. This causes the

strength of the trailing edge shocks to be different.

Notice that because of the imposition of the same exit pressure in both cases, the
reduced rotor-relative stagnation pressure in the scaled geometry implies lower Mach

numbers at the rotor exit.
The design of the transonic first turbine stage of Figure 7.2, with an increase of

the rotor frontal area of 20% from the leading to the trailing edge (reference down-

stream cross-section), is fairly general for an axial flow first turbine stage. Hence, the
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conclusions from the scaling study apply to a whole class of engines, and provide an
upper limit for the magnitude of the changes to be expected for turbines with less
three-dimensionality. Compared to the original configuration the scaling of the rotor
geometry produces flow changes that are decomposed into an average and local changes.
The average effects are linked to the alteration of the throat area, which for a given mass
flow and exit pressure modifies the average rotor inlet and outlet flow conditions such
as Mach number and angles (in the present study the rotor-relative inlet incidence is in-
creased by 2°). In a steady-state calculation, circumferentially-averaged flow conditions
are imposed at the boundaries of the domain, with the stator-to-rotor pitch ratio and
the blade number affecting the solution through the blockage factor. However, the axial
and circumferential directions scaling, by forcing a stator-to-rotor pitch ratio of 1, does
not necessarily guaranty the same blockage effect. Consequently, the scaling should also
include the radial direction in a manner that keeps the same throat area. By producing
pressure variations up to 75% of the rotor inlet dynamic head relative to the original
flow (this is three times more than the average change in the rotor inlet stagnation pres-
sure) the local alterations of the geometry can have significant consequences, especially

if shock waves are involved.
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Figure E.2: Steady-state pressure contours at radius R = R4 (scaled rotor).
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Figure E.4: Schematic of streamtube height for scaled and real turbine stage.
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Figure E.5: Stator blade Mach number at midspan.
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Figure E.8: Rotor blade pressure at midspan.
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Figure E.9: Rotor-relative inlet angles.
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Figure E.11: Rotor blade Mach number at the hub.
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Figure E.12: Rotor blade pressure at the hub.
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Figure E.13: Rotor blade pressure at the tip.
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Figure E.15: Rotor blade suction side pressure: a) real and b) scaled.





