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Chapter 1

Introduction

1.1 TUnsteadiness in turbomachinery

There are four principal sources of unsteadiness in a single stage of a turbomachine
in which there is one row of stationary blades (stators) and one row of moving blades
(rotors). As shown in Fig. 1.1, wake/rotor interaction causes unsteadiness because the
stator wakes, which one can assume to be approximately steady in the stator frame
of reference, are unsteady in the rotor frame of reference since the rotor is moving
through the wakes and chopping them into pieces. This causes unsteady forces on the
rotor blades and generates unsteady pressure waves. Although the stator wakes are
generated by viscosity, the subsequent interaction with the rotor blades is primarily
an inviscid process and so can be modelled by the inviscid equations of motion. This
allows two different approaches in numerical modelling. The first is to perform a full
unsteady Navier-Stokes calculation of the stator and rotor blades. The second is to
perform an unsteady inviscid calculation for just the rotor blade row, with the wakes
being somehow specified as unsteady inflow boundary conditions. This latter approach
is computationally much more efficient, but assumes that one is not concerned about

the unsteady heat transfer and other viscous effects on the rotor blades.

Potential stator/rotor interaction causes unsteadiness due to the fact that the pres-
sure in the region between the stator and rotor blade rows can be decomposed approx-
imately into a part that is steady and uniform, a part that is non-uniform but steady
in the rotor frame (due to the lift on the rotor blades) and a part that is non-uniform
but steady in the stator frame (due to the lift on the stator blades). As the rotor blades
move, the stator trailing edges experience an unsteady pressure due to the non-uniform
part that is locked to the rotors, and the rotor leading edges experience an unsteady
pressure due to the non-uniform part that is locked to the stators. This is a purely
inviscid interaction which is why it is labelled a “potential” interaction. There are
again two approaches to modelling this interaction. The first is an unsteady, inviscid
calculation of the stator and rotor blade rows. The second is an unsteady, inviscid cal-
culation of just one of the blade rows, either the stator or the rotor, with the unsteady
pressure being specified as a boundary condition. The latter approach is more efficient,

but unfortunately the situation in which the potential stator/rotor interaction becomes
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Figure 1.1: Sources of unsteadiness in turbomachinery flow

important is when the spacing between the stator and rotor rows is extremely small,
and/or there are shock waves moving in the region between them. Consequently, one

does not usually know what values to specify as unsteady boundary conditions.

The first two sources of unsteadiness were both due to the relative motion of the
stator and rotor rows. The remaining two sources are not. The viscous flow past a blunt
turbine trailing edge results in vortex shedding, very similar to the Karman vortex street
shed behind a cylinder. In fact real wakes lie somewhere between the two idealized limits
of a Karman vortex street and a turbulent wake with steady mean velocity profile. It is
believed that provided the integrated loss is identical the choice of model does not affect
the subsequent interaction with the downstream rotor blade row. However, this is an
assumption which needs to be investigated sometime in the future. The importance of
vortex shedding lies in the calculation of the average pressure around the blunt trailing
edge, which determines the base pressure loss, a significant component of the overall
loss. There is also experimental evidence to suggest that the vortex shedding can be

greatly amplified under some conditions by the potential stator/rotor interaction.

Finally, there can be unsteadiness due to the motion of the stator or rotor blades.
The primary concern here is the avoidance of flutter. This is a condition in which a
small oscillation of the blade produces an unsteady force and moment on the blade which
due to its phase relationship to the motion does work on the blade and so increases the
amplitude of the blade’s unsteady motion. This can rapidly lead to very large amplitude

blade vibrations, and ultimately blade failure.



1.2 A brief review

In the last few years an increasing amount of attention has been devoted to the
caluclation of unsteady flow in turbomachinery. The first significant piece of work was
by Erdos in 1977 [4]. In his paper he presented a calculation of unsteady flow in a fan
stage, including the use of an algorithm to treat unequal pitches. Unfortunately, this
method has some limitations which will be discussed later.

In 1984, Hodson modified a program written by Denton, and used Erdos’ technique,
to calculate wake/rotor interactions in a low speed turbine [13]. The incoming wakes
were specified as unsteady boundary conditions. The results show that the wake seg-
ments cut by the turbine rotors roll up into two counter-rotating passage vortices, and
the wake fluid migrates to the suction surface.

In 1985, Rai presented a paper showing stator/rotor interaction calculated using a
Navier-Stokes algorithm [22]. This paper generated considerable interest and is partly
responsible for the recent surge in activity. The other motivation has been problems

with the SSME (Space Shuttle Main Engine) and the availability of research funds to
investigate them.

Also in 1985, Koya extended Erdos’ work to three dimensions [15]. However, Rai,
and all other researchers since, have assumed that stator/rotor pitch ratio is 1:1 or some
simple ratio such as 2:3 or 3:4. This assumption allows them to perform calculations
with simple periodic boundary conditions, but requires modifications to the geometry

when applied to real turbomachinery stages.

In the last two years there have been several papers: Fourmaux [5] and Lewis [16],
inviscid, two-dimensional stator/rotor interaction; Jorgensen [14] viscous, quasi-three-
dimensional stator/rotor interaction; Ni [20], inviscid three-dimensional stator/rotor
interaction; Rai [23] and Chen [1], three-dimensional, viscous stator/rotor interaction.
In general, these papers have concentrated on numerical algorithm issues, and proof-
of-concept demonstrations. In the future, the emphasis will turn to applications and

mathematical modelling issues such as transition and turbulence modelling.



1.3 Overview of report and UNSFLO

The computer program UNSFLO which has been developed over the last two years is
at present able to analyze both the wake/rotor interaction and the potential stator/rotor
interaction. In both cases it achieves this by solving the unsteady, inviscid equations
of motion. In addition to doing unsteady calculations it can also, of course, perform
steady calculations of either a single blade row or a combined stator/rotor stage. One
of the novel features of the current program is its ability to handle arbitrary wake/rotor
and stator/rotor pitch ratios, which in extreme cases requires the computation to be
performed on multiple rotor passages. Another is the incorporation of highly accurate
non-reflecting boundary conditions which minimize non-physical reflections at inflow
and outflow boundaries. The extension of UNSFLO to calculate viscous flows is near

completion, and the extension to oscillating blades is also planned for the future.

This report describes in detail the numerical method used in UNSFLO. Other reports
present the mathematical derivation of the non-reflecting boundary conditions [9]; the
use of UNSFLO and its associated pre- and post-processing programs [11]; wake/rotor
test cases validating the ability to handle arbitrary pitch ratios [6]; examples of the use of
the steady non-reflecting boundary conditions and the unsteady stator/rotor interaction
[7,10]; and the use of “time-inclined” computational planes for convergence acceleration
(8].

Chapter 2 derives the explicit, Lax-Wendroff algorithm which is used to calculate
the unsteady, inviscid flow. It also discusses the use of an unstructured, pointered grid
system, and the formulation of the numerical smoothing which is critical to the accu-
racy of the method. Chapter 3 introduces the concept of “time-inclined” computational
planes to handle unsteady calculations with arbitrary stator/rotor pitch ratios. Full
details are presented on how this changes the basic Lax-Wendroff algorithm. Chaper 4
shows how stator /rotor calculations are performed by calculating on two separate stator
and rotor grids using relative flow variables. The two are coupled together through an
interface region with moving cells. Chapter 5 presents the steady inflow and outflow
boundary conditions, using non-reflecting boundary condition theory to achieve accu-
rate results on very small domains. Chapter 6 concludes by presenting the unsteady
boundary conditions, which allow for the specification of incoming wakes and potential
disturbances, and again use the non-reflecting theory to prevent artificial reflections of

outgoing waves.



Chapter 2

Lax-Wendroff Algorithm on

Unstructured Meshes

2.1 Unsteady Euler equations

The unsteady Euler equations, describing the motion of an inviscid, compressible

gas in two dimensions, are

ou oF oG
=42 2.1
at (8:: t 6y> ’ (2.1)
where U, F and G are four component vectors given by,
p pu pv
2
v=| , F= puttp , G= p;w (2.2)
pY puv pvi+p
pE puH pvH

The pressure p, and total enthalpy H, are related to the density p, velocity compo-
nents u and v, and total energy per unit mass E by the following two equations which

assume a perfect gas with a constant specific heat ratio ~.

p=(v-1)p (E - %(uz + vz)) (2.3)
- 4
H=E+ . (2.4)

Additional equations which will be required are the definitions of the speed of sound,

Mach number, stagnation pressure and stagnation density.

¢ = \/7’2 (2.5)

M = ——”“:" (2.6)
-1 1/(y-1)

Po = 10(1+7—2 M’) (2.7)
- 1/(v-1)

pPo = p(1+7—2—1M2) . (2.8)



The flow variables are non-dimensionalized using the upstream stagnation density
and stagnation speed of sound which leaves the equations unchanged and gives the

following inlet stagnation quantities.

1

H=’7:-1—,

1
Po=1, po= ol (2.9)
An extremely useful extension to the two-dimensional Euler equations, is the in-

clusion of a varying streamtube thickness in the third dimension. The resultant quasi-

three-dimensional equations are

aUu d(hF) a(hG))
Frie (ax + 3y + S, (2.10)
where
0
ah
s=| Po= | (2.11)
P3y
0

and h is the streamtube thickness which in general varies only in the axial z-direction.
This is the most important three-dimensional effect in axial turbomachinery, but in
radial turbomachinery the radius change is also very important and one should include

Coriolis and centrifugal body forces [2].

These equations also apply in a rotating frame of reference at constant radius if
relative velocities, total energy and total enthalpy are used.



2.2 TUnstructured meshes

Before beginning to present the numerical algorithm used to solve the unsteady Euler
equations, it is necessary to first discuss the organization of the computational data.
Historically, most algorithms and programs in computational fluid dynamics have been
developed on structured meshes, which means that the computational grid is usually
composed of quadrilateral cells which are arranged in a logically rectangular manner
and so each grid coordinate has an (i,7) index. Each flow variable is then defined
at a particular point in a two-dimensional array, and neighboring points in the array

structure are also neighboring points in the physical computational domain.

The alternative approach of using unstructured meshes, is the one which has com-
monly been adopted in structural and thermal finite element analysis. Increasingly this
approach is also being used in computational fluid dynamics [18], and it is the approach
used here with UNSFLO. Each grid coordinate (and its associated flow variables) is
associated with a particular index in a one-dimensional array. There are also one-
dimensional arrays of cell-related variables, with one set of cell variables being pointers
given the indices of the grid nodes which form the corners of the cell. As will be described
in the next section, the flow algorithm is arranged to be implemented in a cell-by-cell
manner, sweeping through the list of cells gathering the values from their corner nodes
performing the necessary calculations and then distributing the appropriate changes in
the flow variables back to the corner nodes.

There are several reasons for choosing to use unstructured meshes. They offer great
flexibility in grid generation for complex geometries, and effectively separate the process
of grid generation from the flow solver, since any structured mesh can always be turned
into an unstructured mesh. For added flexibility, the mesh used in UNSFLO can be
a mixture of quadrilateral and triangular cells. Another related advantage lies in the
technique of adaptive meshes in which grids are locally refined through the addition
of extra grid points to resolve high-gradient features such as shocks and slip surfaces.
This is relatively easily done for unstructured meshes [18,3], but can only be done in
a very limited and inefficient way on structured meshes. Proponents and opponents
of unstructured meshes disagree on both the relative ease of programming and the
vector /parallel efficiency of the flow solvers. The first depends on the complexity of the
geometry, since structured programs are simple for ducts, but get extremely complicated
when dealing with entire aircraft, whereas the unstructured flow solvers do not change.
The second point depends on the trade-off between the cost of gather/scatter operations

required to address the flow variables at the corners of the computational cells, versus



the increased efficiency of DO-loops which span the total number of cells rather than
the number in any one particular direction. The only drawback of unstructured meshes
is that they are generally unsuitable in applications where ADI algorithm are required,
since those algorithms require connection lists of nodes along implicit inversion lines.
Even in this case, however, it is possible to construct an appropriate partially structured
mesh [21].



2.3 Quadrilateral Lax-Wendroff algorithm

The quadrilateral Lax-Wendroff scheme is very similar to that used by Ni [19] and
Hall [12], but differs in precise detail for non-uniform grids. The algorithm will first be
described for the two-dimensional Euler equations, and then the modified version for

the quasi-three-dimensional equations will be given.

The second-order Taylor series expansion for U™*! = U((n + 1)At) can be written

a‘s’
au\" aru\"
ntl _ rn 1A42
yrtli=yry +At(at> + 5At (atz) . (2.12)

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

dF J9G\" At /9 0 "
n+l _ rn _ bl huhnll — = —_—
untl =y At(az+ay) . (axAF+ayAG) , (2.13)
where oF 3G
AF™ = At E, AG™ = At '—a't— (214)
5 4 3
B A

d™ T T T T

|
6 ei 1 a' 2
|
[ I
f-T g TR
C D
7 8 9

Figure 2.1: Control volume for quadrilateral Lax-Wendroff scheme

Now consider the cells shown in Fig. 2.1. The grid nodes are numbered, and the
letters correspond to other points which will be used in explaining the method. a,c,e,g

are located at the center of their respective faces, and b,d,f,h are located at the center of



their respective cells. Integrating Eq. (2.13) over the cell a-b-c-d-e-f-g-h-a, and applying

Green’s theorem, gives
sUy = -3 (f(pdy - Gdz)+} f(aFdy - Ade)). (2.15)
1

The first term can be split into four separate contour integrals around 1-a-b-c-1 etc.,
and each of these can be approximated as a quarter of the contour integral around the
larger cells 1-2-3-4-1 etc., which are labelled A,B,C,D for convenience. In this manner

6U; can be split into four parts,

0U, = 6Uyp + 68U + 86U ¢ + 6Uip (2.16)
where,
i/ Aijf At 1 \
U = (-7 ¢ (Fdy-cd)-5 AFdy - AGds))
. Al 4 cellA( y z) 2 a—b—c( y )
1
allyw (AAAU4 — At (AF4 (ya—y2) — AG 4 (z4—172))) (2.17)

and the other terms are defined similarly.

AU, is obtained by a simple trapezoidal integration around cell A. Defining the
following face lengths in a counterclockwise direction,

Azyy = 73— 7
Az = z3— 13
Azys = z4— 123 (2.18)
Azyy = 11—-124

Ay = p2—-un
Aysz = ys— %
Ayss = ya—ys (2.19)
Ay = y1— s
the equation for AU, is

At
AUy = — (—%(Fl + F2)Ays + 3(G1+ G2)Azyy

Ap
—3(F; + F3)Aysz + 3(G2 + Gs)Azs,
~L(Fs + F)Ayss + 1(Gs + Ga)Azys
—%(F4 + Fl)Ay14 + %(G4 + GI)A:CM) . (2.20)

10



The cell area A4 is obtained from

Apx= % ((zs — 21)(ya — y2) — (x4 — 22)(y3 — 11) ), (2.21)

and the area A; associated with node 1 is simply an average of the four cells A4,Ap,Ac
and Ap.
AF,4 and AG 4 are obtained from

oF oG

AF, = (EE)AAUA, AG, = (ﬁ)AAUA, (2.22)

with the Jacobians being evaluated using U4, the cell average of the four 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.

Au = (A(pu)—ulp)/p
Av = (A(pv) —vAp)/p (2.23)

ap = (1-1) (A(eE) - uA(pu) ~ vA(pv) + }(u? +0?)Ap)
AF; = A(pu)
AF; = ulA(pu)+ pulAu+ Ap
AF3 = uA(pv)+ pvAu (2.24)

AFy = u(A(pE)+ Ap)+ pHAu

AGl = A(pv)
AG; = vA(pu)+ pulv
AGs = vA(pv)+ prAv+ Ap (2.25)

AG, = v(A(pE)+ Ap)+ pHAv.

By construction, the Lax-Wendroff scheme as formulated here is ideally suited for
calculations on an unstructured grid. In the program the algorithm is accomplished in
three passes. The first pass calculates F and G at all nodes. The second pass calculates
for each cell the AU,AF,AG and then the contributions to the changes at each of
its nodes. The third pass adds the changes onto the flow variables at each node and

evaluates the convergence checks.

The algorithm is also very suitable for calculations on a computer with either vector

pipelines or multi-processors. In this case the middle pass is split into several passes.

11



The cells are “colored” such that there are no two cells of the same color touching. Then
each pass calculates the update contributions from one color of cell. In this manner there
are no conflicts from two cells sending their contributions to the same node at the same
time. The coloring algorithm need not be too sophisticated. If there are 10,000 cells

then using ten colors is not much less efficient than using four.

Several modifications are needed to convert the basic two-dimensional algorithm into

the quasi-three-dimensional form. The first is that all cell areas become volumes.
Aly = F(h1+ha+hs+hg) ((zs—21)(va—y2) — (za—22)(y3-11) ) - (2.26)
It is also helpful to define the following face area terms.

Az, = .:-.(h1+hg)Ax21
Azy, = 3(ha+hs)Azs,
Azys = J(hsthe)Azys (2.27)
Az}, = %(h4+h1)Aa:14

Ayy = 3(hithz)Ayn
Ayzs = 3(ha+hs)Ays
Ayis = J(hs+he)Ayas (2.28)
Ayie = 3(hathi)Ay

Azy, = 3(Azh + Azl — Azly — Azy,)
Azy = }(Azhy + Azy; — Azy — Azys) (2.29)
Aysy = L(Ayh + Ayl — Ayls — Ayag)
Ay, = %(A!I:'n + Ayyy — Ayl — Ayys). (2.30)

Next, in the definition of AU 4, there are two changes, one due to the multiplication
of the fluxes F and G by the average streamtube thickness at the centers of the faces,
and the other due to the inclusion of the source term S. This latter term can be

approximated as

0
ah
//Sdzdy > pA/f g dz dy
dy
0
12



§ hdy

PAl _$hde

0
Ayhy+Ays+ Ayl + Ayl

—(Azh +Azs, +Aziz+Azyy,)
0

s i(p1tp2tpstp) - (2:81)

Inserting these two changes into the flux residual equation (2.20) gives, after some
tedious algebra,

Vuﬂ + Vzpz + Vsps + ‘741’4
_at Vi(pu)1 + Va(pu)2 + Va(pu)s + Va(pu)a — (ps—p1) Ayl — (pa—p2) Aysy
245 | Vi(pv)1 + Va(pv)z + Va(pv)s + Va(pv)s + (ps—p1) Azl + (psa—p2) Azl
Vi(pH)1+Va(pH)2+Vs(o H)s+Va(pH)4

AUy =

(2.32)
where the V terms are volume fluxes defined by

Vi = wi(Ayyt+Ayy) - vi(Azy+ATY)
Va = uz(Ays+Ayy) — vo(Azs,+ATy)
Vs = us(Aygst+Ays,) — vs(AzigtAxs,) (2.33)
Vi = uy(Ayt+Aygs) — va(Azi+ATY).

AF and AG are calculated in exactly the same manner as before, but the second

order flux terms are slightly modified, so that the distributed changes to the nodes are

At A
8Uya = (Z'—>1 (% ('A—t'>AAUA+ %AFA Ay;'4 - %AGA A:z:g4)

At Al
§Uza = (—) (% (—) AU4 + }AF4 Aygy — §AG4 Ax's'l)
A/, At) 4
— At 1 A' _1 " 1 "
6Usa = -] 3 AUp — SAF4 Aygy + $AG 4 Ay, (2.34)
A)g At) 4
8Ugs = (—At) (l (—“-‘i) AUL — LAF, Ayl + 1AG,4 Ax").
Al 4 4 At A 4 31 4 31

Note the rearrangement of the At terms. Expressed in this way the numerical scheme
remains conservative for steady-state calculations which use spatially varying timesteps

to achieve faster convergence.

13



2.4 Triangular Lax-Wendroff algorithm

AV4 AV4
7\ 7\
Figure 2.2: Control volume for triangular Lax-Wendroff scheme

The quadrilateral Lax-Wendroff algorithm has been extended by Lindquist [17] for
triangular cells. The algorithm is very similar to the quadrilateral method. Fig. 2.2
shows the triangular control volume for a situation in which six triangles meet at node
1. a,c,e,g,i,k are located at the center of their respective faces and b,d,f,h, j,I are at the
centers of their respective triangular cells. The counter-clockwise lengths of the faces of
cell A are defined by

Az = z3—-13
Azaz = X3 — T2 (2.35)
Azyi3 = z;— 123

Ayn = y2—-wun
Ayszs = ys—y2 (2.36)
Ayis = y1—ys.

The volume and face areas of cell A are defined by
Ay = F(h1+ha+hs) (Azs1Ay3s — AzsaAyz), (2.37)
and

A:l:'zl = %(hl-{-hz)szl

14



Azsz = %(hz‘l‘hs)Axsz
Az'ls = %(h3+h1)A:1:13

Ayyy = Hhit+hs)Ayn
Ays; = j(ha+hs)Ayse
Ayis = j(hs+hi)Ayss

Azi, = -Azy + 3(Azh;+Azy,+Ars)
Azyy = —Azy + 3(Azh +Azy,+AT)
Azg, = -Azig+ §(Azy+Azy+ALY)
Ayly = ~Ayz + §(Aya+Ays+Ays)
Ayjs = —Ayss + 3(Ayh+Ays+Ays)
Ays; = —Ays+ 3(Ayn+Ays+Aygs).

The change AU4 in cell A is given by

Vip1 + Vapz + Vsps
AU, = - Bt ‘:’1 (pu)1+ ‘:’2(40“)2 + ‘?3(17")3 + p1Ay3s + p2Ays; + psAyl,
244 | Vi(pv)1+Va(pv)2 + Vs(pv)s — prAzls — prAzhy — psAzi,
Vi(pH)14+Va(pH)2+Vs(pH)s

where the V terms are volume fluxes defined by

Vi = ui(Ayy+Aygs) — vi(Azy +Axls)
Va = uz(Aysy+Ayy,) — va(Azgy+Axy)
Vs = us(Ayis+Ays,) — vs(Azis+ATs,).

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

AF and AG are calculated as before, but the first order term in the distributed
changes is slightly different since the flux residual has to be distributed in equal thirds

to the three corner nodes, and the second order term is different because of the geometric

differences between quadrilaterals and triangles.
At 1 (A
6Ura = (7)1 (s (E)AAUA + $AF4 Ayys — $AG 4 Ax§3)

At Al
i = (5), (&) 2vax 1ar o - facs ash)

At A
§Usa = <_AT)3 (;7 (E>AAUA + 1AF4 Ayf, - 1AG4 Aa:'l'z) )

15

(2.44)



2.5 Wall boundary conditions

At solid walls the analytic boundary condition is that there is no flow normal to
the wall. Computationally this is implemented easily by setting to zero the mass flux
through wall faces when calculating the change AU in any cell which has a solid wall
face. To maintain vector efficiency, the node-numbering of cells with wall faces is altered
if necessary to ensure that the wall face is the face between nodes 1 and 2. Also the
cell-coloring algorithm discussed earlier is modified to ensure that all cells of a particular
color either do have wall faces, or do not have wall faces. Then, when looping over cells

of a color with wall faces, the definitions of the volume fluxes Vi and V; are changed to

ffl = ulAyi4 - lea:'u

Vz = u;Ay§2 - vaz'M (2.45)
for quadrilateral cells, and

i = u1Ay s — v1Az]g

V: = upAyh, — v2Azh, (2.46)

for triangular cells.

In addition to setting the normal mass flux to zero in the residual evaluation, at the
end of each timestep the velocity is also made tangent to the wall at each surface grid

node by eliminating the component of the momentum normal to the surface.

r—=—r — "7
| |

6 | I | [p—_ 2
Y4

Figure 2.3: Cells at a wall
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2.6 Periodic boundary condition

The periodic condition for steady flows, and unsteady flows with equal stator and
rotor pitches, is implemented by adding the update contributions that one periodic node
1 obtains from its contributing cells A and B, see Figure 2.4, to the contributions that
the corresponding upper periodic node 2 obtains from its cells C and D, and using the
sum to update the flow variables at 1 and 2.

Figure 2.4: Grid nodes in periodic boundary condition
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2.7 Numerical smoothing

Two types of numerical smoothing are added to the basic Lax-Wendroff algorithm.
To stabilize shock calculations and prevent large overshoots a carefully tailored second-
difference shock smoothing is used. Also, unwanted high-frequency waves in smooth

flow regions are suppressed by adding a form of fourth-difference damping.

2.7.1 Shock smoothing

The shock smoothing is based upon an idea of von Neumann and Richtmeyer [24].
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. This suggests modifying the
Euler equations, Eq. (2.1), into the following form,

oUu _ A(F-FY) a(G—G"))
T ( 32 + 3y , (2.47)
where FY and G are
0 0
u 0
=] "V, gv= . (2.48)
0 kV.4
0 0

The shock width is proportional to the bulk viscosity x divided by the magnitude
of the velocity jump across the shock. For this reason von Neumann and Richtmeyer
proposed the following formula for x.

I2|V. V.i<0

oo PIVE Ve (2.49)

0 ,Vu>0

Making the viscosity zero when the flow divergence is positive prevents smoothing of
expansion regions. The variable ! is the desired shock width which is chosen to be

proportional to the local mesh spacing.

The shock smoothing in UNSFLO is based upon this concept, and is implemented
by modifying AF and AG used in the second order flux evaluation. In other words,
the pseudo-viscous term is treated as a first order flux on the same control volume that

is used for the second order inviscid fluxes. Firstly, a scaled flow divergence in a cell is
defined by

div(@) = (u1—u3)Ayag — (v1—vs)Azzq + (uz—ug) Ays1 — (v2—v4) AT
VAzAys; — Azz1Ayzg

(2.50)
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for quadrilateral cells, and

le(ﬁ') = ulAyzs — V1473 + uszSl — v2Az3 + u3Ay12 — v3Azy2
VAT13Ay23 — Aza3Ay12

for triangular cells. These definitions mean that in smooth regions div(#) is approxi-

(2.51)

mately 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.

Next, x is defined by

(2) o M2 min(ldiv(&)|. () i
n={ v %) pM? min(|div(@)|,d'®¢) ,div(¥) <0 (2.52)

0 ,div(@) > 0

The coefficient v(?) has a value of 0.2, and the variable d(*) (introduced to limit the
amount of smoothing at strong shocks to prevent a numerical parabolic instability) has
a value of 0.25. These values were chosen from a limited amount of numerical testing,
but may be altered in the future. The Mach number is introduced to prevent excessive

smoothing of decelerating flow near stagnation points.

The final step is to modify the definitions of AF and AG.

0o )
k div(¥)

0

0 )

o )
AG = (AG)invisci 0 (2.54)
tnuiscid xdiv ( 11) . .
o )
Note that in smooth flow regions div(#%) is proportional to the local cell dimension

and so the shock smoothing is second order in magnitude and does not alter the global

order of accuracy.

AF = (AF)inviacid - (2.53)
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2.7.2 Fourth difference smoothing

Conceptually, the fourth difference smoothing corresponds to adding a term of the

form
-v. (iIv(*v?))

to the right-hand-side of Eq. (2.1) or Eq. (2.10). The variable [ is a length which is
comparable to the local cell length, and so the error produced by this smoothing will be
second-order at worst. As stated earlier, the function of this smoothing is to suppress

certain highly oscillatory steady-state modes which are otherwise allowed by the basic

Lax-Wendroff scheme.

The first step in formulating the fourth difference smoothing is to calculate a discrete

approximation to a Laplacian of the state vector U at each node. The average gradients
of U in a triangular cell can be found by an application of Green’s theorem.

aU) 1
_— = — Ud
(327 A Ay Jeetna y

= “2TA(U1A!/32 + UsAyis + UsAyzy) (2.55)
0y /a Ap Jeenia
1
= m(U]Aétsz + U Azy3 + UsA:L‘zl). (2.56)

Having obtained the cell gradients, a second difference of U at node 1 can be defined
by

U ou ) : (2.57)

2 = 2 bl -~ d
(D U)1 2A1V U1N2f(az dy ay z

The line integral is around the same control volume used to assemble the second order
flux terms in the Lax-Wendroff algorithm. In fully discrete form (D2U); is composed
of contributions from all of the cells bordering node 1, and the contribution from cell A
(as defined in Fig. 2.2) is

1
(D*U)1a = —m[ (U1Aysz + U Ayis + UsAyzr)Aysz +
(UlAﬂ:sz + U;Azi3 + UsAZn)Axsz ] (2.58)
Similarly the contributions from cell A to D*U at nodes 2 and 3 are
1
(D*U)24 = —m[ (U1Aysz + U Ayis + UsAyz1)Ayis +

(U1A232 + U Az + U3A:€21)A113 ] (2.59)
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1
(D*W)34 = —m[ (UrAysz + UzAyis + UsAyz1) Ay +
(U1Az3y + Uz Az + UsAzzy ) Az ]. (2.60)

A noteworthy feature of this second difference operator D? is that when applied
to a linear function U on an irregular grid, it returns a value of zero. The proof is
simple: if U is linear then VU must be uniform and so the line integral of the gradients
around the node’s control volume must give zero. For this to remain true at solid wall
boundaries, the distribution formulae must be modified to include the contribution due
to the control volume face lying on the wall surface. For example, in the case of cell A
in Fig. 2.3, the modified distributions to nodes 1 and 2 are

1
(D )14 = YW (U1Aysz + UzAyss + UsAya1)Ayis +
(UlA:Esz + UAzi3 + U3A2:21)A213 ] (2.61)

1
(D*U)z4 = T (U1Aysz + UzAyis + UsAyay)Ayss  +

(U1A$32 + U2A2313 + U3A$21)A:B32 ] (2.62)

Figure 2.5: Division of quadrilateral cell into triangles
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The discussion so far has been for triangular cells. The natural extension to quadri-
lateral cells would involve computing the flux of VU in each cell through the usual
control volume. However, this leads to a very poor smoothing operator because an
odd-even sawtooth error mode (positive at nodes 1 and 3, and negative at nodes 2 and
4) would give a VU at the cell center which is zero. Thus this error mode would not be

suppressed by the smoothing.

Instead, the approach for quadrilateral cells is to use the triangular algorithm by
dividing each quadrilateral cell into four different triangles (as shown in Fig. 2.5) when
calculating the distributions to each of the nodes, i.e (D?U); 4 is based upon triangle Al,
(D?U)34 is based upon triangle A2, (D?U)s4 is based upon triangle A3 and (D2U)44
is based upon triangle A4.

In UNSFLO, the second difference function is evaluated by a preliminary sweep
over all of the cells before beginning the Lax-Wendroff algorithm. The fourth difference
smoothing is then built in as part of the Lax-Wendroff sweep. This part of the smoothing
is very similar to Ni’s original smoothing [19], except that we smooth D2U instead of U
itself. In each cell the average value of D2U is calculated and then an extra distribution
is sent to each node based upon the difference from the average value. For node 1 in
either a quadrilateral or a triangular cell this addition is

(D dlamoorins =79 () () [0°00-(0?0)],  (269)

with (4) being a smoothing coefficient whose value is typically taken to be 0.001.
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2.7.3 Alternative smoothing

This section describes an alternative smoothing, which was used for quadrilateral
cells before the development of the fourth difference smoothing presented in the last
section. This smoothing is still available as an option in UNSFLO, but is not usually
used. Generally it gives good results for subsonic flows, but in supersonic flows it fails to

eliminate small amplitude short-wavelength pressure oscillations generated by shocks.

This alternative smoothing is itself composed of three parts. The first is a very simple
smoothing designed to suppress “double-sawtooth” oscillations. Using the standard

numbering convention, the corrections distributed from cell A are

At A
[(6U)14lumoothing = v (_)1 (—)A( — Uy + Uy — Us + Uy)

A At
At A
[(5U)2A]amootht'ng = V(4) (2—)2 (E)A ( +Uy - U+ Us — U4)

At A
[(6U)3A]amoothing = V“) ('X)s (E)A( -U1+U;-Us+ U4) (2‘64)

At A
[(6U)4Alumoothing = ¥ (7)4 (—)A(+ Up—Uz+Us—Uy).

At
. . . . . . . Az2Ay? HiUy
On a regular cartesian mesh, this smoothing is a discrete approximation to T 322047

It is third-order accurate and very effective at eliminating oscillations which have a +/—
variation in both coordinate directions.

The second part of the smoothing is designed to smooth entropy variations in the
flow. It can be shown that small oscillations in density, keeping the velocity and pressure
unchanged, generate entropy waves but do not generate vorticity or pressure waves. The
idea, therefore, is to smooth the entropy variation within each cell by transferring mass
(and associated momentum and energy in a manner that keeps the velocity and pressure
fixed) between nodes in proportion to the difference between the nodal entropy and the

cell-averaged entropy. The equations which are used to obtain the distributed changes

[(5U)14lsmocthing = ¥ (%E)l (%) 4 (1= 54) (?9_[;{) A

are

[(6U)24) smoothing = ¥ (é,{t')z (% a (52 = Sa) <%£{) A
[(6U)sAlsmoothing = ¥ © (_Af)s (%) 4 (S5 — 54) (%) A
[(6U)4Alsmoothing = v (%)4 (ZA—t)A (S — 54) (?S_Z)A

(2.65)



S is an entropy-related function defined by

S = log(1p) — vlog p, (2.66)

and S4 is the cell average. The derivative %’:— must be evaluated keeping the velocity

and pressure fixed.
1

(a_U) = * . (2.67)
ap Jized u,u,p v

(u?+v?)
This entropy smoothing is first order accurate in non-isentropic flows, but in flows that
should be isentropic it actually reduces errors due to the local truncation error of the
basic Lax-Wendroff algorithm.

Finally, the third part is designed to smooth variations in vorticity. This smoothing
is based on the observation that
V x (wk) = -V?@ + V(V-8) (2.68)

k is the unit vector in the third dimension. Thus, the addition to the momentum
equations of a term proportional to V x (wk) should smooth the flow when there are

vorticity variations, but not corrupt irrotational flow.

The average vorticity in a cell is simply the circulation divided by the cell area
1
. Zfa- ds, (2.69)

and the average value of V x (wE) at a node can be evaluated using the auxiliary control
volume as

V x (wF) = ’l,i f wdg. (2.70)
Based upon these observations, the final form of the vorticity smoothing is achieved by

modifying the second order fluxes AF and AG. This is very similar to the way in which

the bulk-viscosity shock smoothing was implemented.

([ o )
0
v(¥) pe curl (i)

0 )
0 \

v(¥) pe curl ()
0

o)

AF = ‘(AF)s'nuiscid - (2~71)

AG = (AG)inviscid + (2.72)
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The variable curl(%) is a scaled flow circulation.

curl(@) = (u1—us)Azaq + (vi—vs)Ayag + (u2—u4)Azz; + (v2—v4)Ayss (2.73)
VAZ24Ays) — Azs1Aysy
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2.8 Timestep

A conservative estimate for the maximum stable timestep in each cell is given by

Atl:,,,, = |uAyn—vlAzn| + C\/m +

|uAysz—vAzsa| + c\/Ayd,+Az3, +

|uAyss—vAzgs| + cm +
+ ¢/Ayl+Az], (2.74)

|UAyl4_UA$14I

for quadrilateral cells, and

A — I . , A2 -

= Julyzn— fu’-\--"b'zﬂ
Atmaz

..{_
[y
<
L
S
-+
>
8
s ~n
-+

|uAysz —vAzs,|

+
luAyis—vAzis| + c\/Ayls+Azl (2.75)

for triangular cells. All terms are as defined earlier in this chapter, with u,v,c based

upon the cell-averaged flow quantities.

For unsteady calculations the uniform global timestep is taken to be the minimum
over all of the cells of the local maximum timestep, multiplied by a CFL number which

is typically taken to be 0.9.

For steady calculations, local time steps are used to march to steady-state conver-
gence as quickly as possible, so one used the local maximum timestep multiplied again
by a CFL number which is typically 0.9. The area/timestep ratio associated with a grid
node is then defined by

()i (B)..

cells

where the sum is over all of the neighboring cells and f.; is % for quadrilateral cells

and 31- for triangular cells.
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2.9 Conservation

In earlier sections it has been stated that the Lax-Wendroff algorithm, as imple-
mented here, is conservative in the solution of the nonlinear Euler equations. It is
appropriate now to discuss what this statement means for both steady and unsteady

flows, and to outline the proof of conservation for the given algorithm.

Steady-state solutions of the two-dimensional Euler equations satisfy the following

integral equation, evaluated by a counter-clockwise integration around the domain.
f (Fdy-Gdz) =0 (2.77)

A steady, discrete solution is said to be conservative if, for any domain composed of
a group of cells, there is a corresponding discrete equation which approximates this
integral equation, and becomes equal to it in the limit of infinite grid resolution. The
importance of conservation is due to the fact that this property guarantees the correct
Rankine-Hugoniot jump relations across a shock and the correct treatment of other
discontinuities such as slip lines (assuming the solution is sufficiently smooth away from
the discontinuity). Thus conservation for nonlinear discontinuous solutions is similar to
consistency for nonlinear smooth solutions as a requirement in order to obtain a discrete

solution which will approach the analytic solution as the mesh is refined.

Similarly, unsteady analytic solutions satisfy the following equation.

d
(—it-/‘/Udzdy+f(de—de)=0 (2.78)
Discrete solutions are conservative if they satisfy an equivalent discrete solution.

To prove that the Lax-Wendroff scheme is conservative we must show that
; (% 6U)i =Y _(boundary fluxes). (2.79)
The change §U; is equal to a sum of the contributions from all of the cells of which node

¢ is a corner. The order of summation can then be interchanged to obtain

> (Zét_ U ) = ) (sum of contributions to corner nodes) (2.80)
| § cells

The second order inviscid flux terms and both the shock and fourth-difference smoothing
terms, were written in such a way that the sum of their contributions to the corner nodes
of a cell is zero. This leaves only the first order inviscid flux terms, and hence
A A
— U = — AU
(&), - L&)
s cells

= Z (inviscid fluxes out of cell) (2.81)

cells
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The final step is the observation that the flux out of a particular cell across a particular
face is equal and opposite to the flux out of the neighboring cell across the same face.

Thus all interior fluxes cancel leaving the desired result, Eq. (2.79).

For quasi-three-dimensional flows the theory is modified slightly by the presence of
the pressure source term in the momentum equations, and so the anayltic and discrete
conservation relations have an additional area integral/summation of the source term.

The basic concept remains the same, however, and so does the proof.
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Chapter 3

Time-Inclined Computational Planes

3.1 Lagged periodic condition

When the stator/rotor pitch ratio is unity the periodic boundary condition is simply,
U(z,y,t) =U(z,y+P,t), (3.1)

meaning that what is happening on the lower periodic line is exactly the same as is
happening on the upper periodic line at exactly the same time. When the stator pitch is
different from the rotor pitch this has to be changed. Considering the case of wake/rotor
interaction, in which the stator pitch is larger than the rotor pitch, then an incoming
wake (moving downwards in the rotor frame) crosses the inlet boundary /upper periodic
boundary junction a small time AT after the neighboring wake crosses the inlet/lower

periodic junction.

t+AT

Figure 3.1: Origin of lagged periodic boundary condition
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Thus the inlet boundary conditions satisfy the lagged periodic condition,
U(z,y,t) = U(z,y+ P, t+AT), (3.2)

where the time lag, AT, is equal to the difference in pitches divided by the rotor wheel
speed.

AT = (P,- P,)/V (3.3)

The next step is to apply this lagged periodic condition to the upper and lower
periodic lines. Strictly speaking this is an assumption about the nature of the flow
produced by the wake rotor interaction. There are many examples in mathematics
(including some fairly simple examples in dynamics) in which periodic terms (either
as forcing terms or time-varying coefficients) produce solutions with a subharmonic

component, a component whose period is a multiple of the original period.

As an example, consider vortex shedding from a turbine row. Imposition of spa-
tially periodic boundary conditions forces the solution to exhibit synchronous shedding,
in which each blade sheds vortices of the same sign at the same time. However it may
be true that in actuality the blades shed at the same time, but shed vortices of alter-
nating sign, with one blade shedding a vortex of positive sign at the same time that
its two neighbors shed vortices of negative sign. This would be an example of a spatial
subharmonic whose period is 2P,. Mathematically, the spatially periodic solution pro-
duced by the program would be a valid solution to the unsteady Euler equations, but
it would have a linear, subharmonic instability which would grow into the fully nonlin-
ear, subharmonic shedding. In this case to compute the true solution would require a

computational domain spanning two blade passages.
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3.2 Erdos method

Erdos [4] was the first researcher to develop a solution to the problem of the lagged
periodic boundary condition. As illustrated in Figure 3.2, his procedure involves setting
values at dummy points along each periodic line from stored values at points along the
other periodic line at earlier times. The value at the dummy point on the upper periodic
line is obtained from the equation

U(z,y,t) =U(z,y — P,,t — AT). (3.4)

To obtain the value on the lower periodic line, it must be assumed that the flow is
periodic in time, with period equal to the blade passing period T = P,/V. With this
assumption, it follows that

U(z,y,t) = U(z,y+ Pr,t + AT) = U(z,y + P, t — (T—AT)), (3.5)

¢ dummy
o node

[ ] [ ]

[} [ ]

t—AT | o .
[ ] [ ]

® [ ]

[ J [ ]

t - (T - AT) [ ] °
[ 4 [ ]

[ J [ ]

[ [

0o P, y

Figure 3.2: Erdos’ periodic boundary treatment

The implementation of this requires storing the full solution along the periodic lines
for a whole period. This can involve a considerable amount of storage. However, the
primary drawback of this method is the assumption of periodicity in time. This is
probably valid only when calculating inviscid flows. In viscous flows there are physical
instabilities and oscillations, such as vortex shedding at the trailing edge, in which the
frequency is not a multiple of the blade-passing frequency. In these situations Erdos’
method would fail to converge to a consistent periodic solution. The new computational

method using inclined computational planes avoids this assumption.
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3.3 New computational method

Computationally it is very easy to enforce the spatial periodicity for steady flows, as
described in an earlier section. For unsteady flows with the lagged periodicity condition
it was desired to have as simple an implementation. This led to the following idea:
suppose that instead of a computational “time level” being at a fixed time, it is sloped
in time such that if a node at y =0 is at time t, then the corresponding periodic node
at y="F; is at time t+ AT, and so once again one has simple spatial periodicity in this

inclined computational plane. Fig. 3.3 illustrates this concept.

T

Figure 3.3: Concept of inclined computational plane

Mathematically this corresponds to the following coordinate transformation.

r = I

v =y (3-8)
g t_(AT)
= P' y

In this new coordinate system each computational plane corresponds to t' =constant.

When one transforms the unsteady Euler equations the resultant equations are,

2] 0F 9G

—(U -2+ —+—=0 3.7

3t Vtaztay S
with A = AT/P,. Thus, the conservation state variables have changed from U to U-AG.
An alternative way of arriving at the same conclusion is to consider the conservation

cell shown in Fig. 3.4 in the original (y,t) plane. The flux through the “time-like” face
is UAy — GAt = (U—AG)Ay.
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-

Figure 3.4: Inclined conservation cell

The change in the conservation variables requires just minor changes to the Lax-
Wendroff algorithm, because fortunately one can calculate U from Q = U-AG in closed
form for a perfect gas.

G o= p—Apv (3.8)
g2 = pu—Apuv
= qu (3.9)

gs = pv—A(pv’+p)

= qv-Ap (3.10)
_ 1 1.2, .2y _ ( ol 1 9 2)
9 = 7_1p+2p(u +v¥) = v 7_1p+2p(u + v%)
1, 4 2) 1 o
_ 1 RS e A 3.11
q1(2(u +v7) oA (3.11)

Eliminating u and v using the last three equations gives a quadratic equation for p.

Ap*-2Bp+C =0 (3.12)
where,
A = (7+1)A?
B = q1—MAgs (3.13)
C = (v-1)(2qng% - - ¢)
This has solutions, c
p= BrVB_AC (3.14)
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The positive root is chosen because this gives the correct value in the limit A=0.

u,v and p are then obtained from

q2

u = — 3.15
o (3.15)
v = gstAp (3.16)

q1

q1
= . 3.17
P T (8.17)

Egs. (3.14)-(3.17) can also be linearized to obtain the following equations.

(v=1) (3(w*+9%)q1 Ay + 01 Aqu — 02803 — g3Ags) + Ap(Ags — Y0Aq)

A =
P p(1=Av)? = A2qp
. Ag; — ulAqy
Au =
Qi
Av — AQS - qu1 -+ AAP (3.18)
N
Agq1 + ApAv
Ap = ——m M
P 1-2v

The fact that the independent variable is now Q instead of U requires two changes
to the basic Lax-Wendroff algorithm. The flow variables that are stored are still the
standard conservation variables U. These are used as before to calculate the fluxes F
and G, and the cell residual on both quadrilateral and triangular cells. However, these
cell residuals, which before defined the change AU, now give the change AQ. The
linearized equations Eqs. (3.18)-(3.19) are then used to evaluate AF and AG in the
cell. The distribution equations now give changes in @ at the nodes. For example, the
equations for quadrilateral cells are

s@ia = (5) (1(5), AQa+1aks Al §AGA asty)
s@a = (), (
s = (), (
au - (3.

The smoothing terms are handled exactly as before. The final step is to take the
old variables U™, calculate Q", add the change §Q" to obtain Q"*! and then use
Egs. (3.14)-(3.17) to convert back to U™*!. The additional work involved in these
steps is approximately 15% of the cost of the basic algorithm.

T

(RF) 8@+ 1AFs Ay - 18G4 adty)

™

AI

t

Al 1 n 1 "

Z—t)AAQA ~ 1AF, Ayl + 1AG4 Az, (3.19)
AI

o[-

(£5) 8Qa- 2AFs A+ 1AGA Ad)
t/a
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3.4 Multiple blade passages

The need for multiple blade passages in some calculations arises from a fundamental

limit on the magnitude of A\. Re-examining Egs. (3.8)-(3.14), and defining ry =Av and
r.=Ac, it can be shown that,

B

1
p ((1—r.,)2 + ;rf) (3.20)
PP (2(1_"0)2 - 7;173) ) (3.21)
and hence that Eq. (3.14) reduces to

(2(1-—1’,,)2 - 3;—11'3) p
O L Y (e LR

c

P (3.22)

When A = 0 the positive root reduces to p, while the negative root is infinite, and
so, as stated earlier, the positive root is chosen for all values of A. This remains correct
at non-zero values of A provided (1—r,)? > rZ. Assuming that the flow is subsonic in

the y-direction this condition can be re-expressed as,

- L (3.23)
c—v ct+v

As shown in Fig. 3.5 this condition means that the slope of the computational plane
may be increased or decreased up to the point at which it is coincident with one of
the three physical characteristics of the Euler equations. This is clearly a fundamental
physical limitation because beyond this point a signal which propagates forward in time

in the physical coordinates would be propagating backward in time in the computational

a _ _ 1 at _ 1 gt _ 1
dy c—v dy ~ v dy = ctv
t
permissible
computational
planes

y

Figure 3.5: Physical characteristics and permissible values of A
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coordinates, which is clearly inconsistent with the numerical procedure which marches
forward in time.

Substituting the definition of A gives the corresponding limits on the stator/rotor
pitch ratio.
Mr P 8 Mf

- < —=x1

M, =v/c is the Mach number in the y-direction, and M, =V/c is the Mach number

associated with the rotor speed V. The range of possible pitch ratios clearly depends

1

(3.24)

most strongly on M,. In most practical turbomachinery applications M, lies in the
range 0.3-0.6, allowing pitch ratios in the range 0.6-1.5. Unfortunately many detailed

experiments are performed for good experimental reasons on large scale, low speed

rigs for which M, is substantially lower (0.05-0.2) producing a much smaller range of
possible pitch ratios. In either case there are plenty of examples of situations in which
the geometry to be analyzed lies outside the range of pitch ratios which can be analyzed

by the current method as described so far.

The solution to this problem is to perform calculations on multiple blade passages.
If, for example, the stator/rotor pitch ratio is exactly 2.0, then this case could be
calculated on a grid covering two rotor passages, without requiring any time inclination
of the computational plane, i.e. with A=0. At the other extreme, if the ratio is exactly
0.5 then this case could be calculated on a single rotor passage, but with two wakes

specified at the inlet plane.

In the most general case the calculation is performed on m rotor passages, with n
wakes (or potential disturbances) specified at the inlet (or outlet) plane. The ratio m/n
is chosen to be approximately equal to the pitch ratio. If it is exactly equal then no
time inclination is required. If it is not exactly equal then A “makes up the difference”

in the same way as before.

)= AT 1 nP,-mP,
" mP.  mP, Vv

1 /P, m )
= (27 3.25
|4 (P,. n 1 ( )

In operation, the user of UNSFLO specifies m, which controls the size of the compu-

tational grid and the corresponding computational cost, and the program calcuates the
value of n which minimizes the magnitude of A\. Clearly the larger the value of m, the
closer the fraction m/n will be to the pitch ratio P,/P,, and so the smaller A will be.
Thus for any pitch ratio and any values of M, and M, it is possible to find a value for

m such that A will not violate the domain of dependence restrictions discussed earlier.
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Chapter 4

Stator/Rotor Interface Region

This section describes the computational algorithm used for calculations in which
there are two blade rows moving relative to each other. The algorithm for the case
in which the blade rows have equal pitches is presented first, because it is relatively
easy to visualize and it contains all of the essential new algorithm components. Then,
the algorithm for the general case of unequal pitches is presented. This uses the time-
inclined computational planes described in the last section, and viewed from a purely
mathematical viewpoint it is a straightforward extension of the equal pitch method.

However, it becomes extremely difficult to visualize the shearing, inclined computational
cells which are involved. !

4.1 Algorithm for equal pitches

7~
/ eCTUUNUN USSR S
e ~ I 4
eTUTU U S
Stator grid // > Rotor grid
/ e SR
A

Figure 4.1: Shearing cells at unsteady stator/rotor interface

The basic geometric approach is shown in Fig. 4.1. The computational grid is
composed of two parts, one part fixed to the stator blade row (which in this discussion
will be assumed to the upstream blade row) and the other part fixed to, and moving
with, the rotor blade row. The two parts are separated by a cell width at the interface,
with equal grid node spacing along the interface on either side. To span the gap between

the two halves, a set of quadrilateral cells are defined by connecting each stator grid

n fact, in my experience trying to visualize and understand it can quickly cause a severe headache
which can only be relieved by taking a long walk!
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node to the nearest rotor grid node. This requires there to be an equal number of grid
nodes on both sides of the interface, but a future possibility is the use of triangles to
overcome this restriction. As time progresses, the rotor moves and the cells change from
State 1 (with solid lines) to State 2 (with dotted lines) to State 3 (with dashed lines). At
that time the connecting lines are redefined to maintain nearest neighbor connections,
and the cells revert to State 1.

As shown in Fig. 4.2, spatial periodicity is used to extend the rotor grid as needed
as the rotor grid moves. The solid lines denote the actual position of the rotor grid and
the dotted lines show the position of the rotor grid shifted by one pitch. The open and
closed circles denote matching pairs of rotor nodes, so that when the computation is
performed on cell A, the distributions really go to nodes 1, 2, 3 and 4.

i

1 2
-
ey

///// b

P B g B - S S S SO SO SO
A
11 R
/ [ R Cemeebcnce

Figure 4.2: Periodic extension of rotor grid

On each half of the grid the flow solution is calculated using local grid-relative flow
variables. This allows one to use the Lax-Wendroff algorithm described in Section 2
without modification. At the interface cells the basic algorithm has to be modified for

two reasons.

Firstly, all flow variables have to be converted into some chosen frame of reference
and when the flow change are calculated they must be converted back into the local
frame of reference. In the analysis presented, and in the implementation in UNSFLO,
the chosen frame of reference is the absolute stator frame. It can be verified (and has
been both on paper and by programming) that using another frame of reference will

produce the same final results.

The rotor-relative and stator-relative flow variables are related by
Ps = Pr
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U, = U,
v, = v,+V (41)
Ps = Pr,

where V is the rotor wheel speed, and the subscript s denotes stator-relative values and

the subscript r denotes rotor-relative values. Hence

( Url \
U, = Ura (42)
Urs + VUrl

\ Ut +VU,3 + %VzUrl J

( Ua \

U
U=\ % , (4.3)
ch - VUrl
\ Usg = VU, + %VzUal J
and
5U.1
: 8U,
U, = *2 . (4.4)
5U83 + V5Ual

5Ua4 + VsUaS + %V25U,1

Eq. (4.2) is needed at the beginning of the cell calculation to convert the rotor-
relative values on the rotor side of the interface into stator-relative values. Eq. (4.4) is
needed at the end of the cell calculation because the flow variable changes distributed
to the nodes on the rotor side of the interface are changes in stator-relative quantities

that have to be converted into changes in rotor-relative quantities.

The second modification to the basic Lax-Wendroff algorithm is due to the move-
ment of the computational cell. The change is best understood by considering the
following integral form of the two-dimensional Euler equations on a control volume

whose boundary has a unit normal vector 7 and is moving with velocity V = (Va, V)T

%//dedy = //‘;—Itjdxdwa(Vﬁ)ds
= - }{(de—cd:c)Jr f(UVzdy—UV,,dx) (4.5)
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Figure 4.3: Shearing interface cell

Considering the computational cell shown in Fig. 4.3, the extra flux term across face

1-2 is approximated by treating U as being linear.
z2 1
/ UVydz = Ay /0 (Us + E(Ua=T1)) €V dE
z,
= Azy (-IG-UI + %Uz) |4 (4.6)

Including the corresponding term on face 3-4, the modified equation for the cell
change AUy, is
AU, = —ﬁ-‘:( (Fi+ F2) Ay — (G1+G2)Aza1 + (3U1 + 3Uz)V Az
+ (F2+ F3)Aysz — (G2+Gs)Azs,
+ (F3+Fg)Ayas — (G3+G4)Azys + (3Us + §UL)V Azys
+ (Fy+ F1)Ay1s — (G4+G1)Azyy ). (4.7)

The second order terms in the distribution formulae also change because of the

motion of the control volume.
At A |4
5U1A = % (7> ((—)AAUA - AFA (y4—y2) + AGA (14—::2) - AUAZ(2:4—2:2))
1
3V

§U2a = % K;)AAUA — AFs(y1-y3) + AGa(z1—23) — AUAT(zl—xs))
A v
yX AAUA + AF4(ya—y2) — AGA (z4—22) + AUA—4—(-’54-32)

(
0Uzq = 1—(
(

§Usa = §

R[>
;‘\/

14
AUg+ AF4(y1—ys) — AGa(z1—73) + AUAz(zl—-’Ba)) .
(4.8)

As explained earlier, the distributions to nodes 2 and 3 must be converted into

rotor-relative changes using Eq. (4.4).
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4.2 Algorithm for unequal pitches

When the pitches of the stator and rotor are unequal, the conceptual approach
remains the same, but the details become much more complicated. Time-inclined com-
putational planes are used to calculate the flow in both the stator and rotor halves of
the computational grid, but the time-step and inclination parameter A are different in

the two halves. In the stator frame of reference the blade-passing period is
T, = Pr/V: (4'9)

whereas in the rotor frame it is
T, = PR,/V, (4.10)

The calculation has the same number of time-steps per period on each half, so the

time-steps on the two halves are related by

2:: = -}};-:-. (4.11)
Similarly, the lagged period boundary condition in the stator frame is
U(z,y,t) =U(z,y + P,,t + AT), (4.12)
and in the rotor frame it is
U(z,y,t) =U(z,y+ Pt + AT), (4.13)
with the time lag AT given by
AT = 5—;—})' =T, -T,. (4.14)
Consequently, the time-inclination parameters in the two frames of reference are
n=F=2E (4.15)
and
A = ‘;ir = P’V;f'. (4.16)

The differing values of At and X in the two frames of reference are extremely con-
fusing; it is hard to understand how this can be consistent at the stator/rotor interface.
Fig. 4.4 attempts to explain this by showing both the stator and rotor inclined compu-

tational grids in the stator frame of reference.
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Figure 4.4: Inclined computational planes at stator/rotor interface

42

‘2P,

2P,

Y



The figure shows a case in which the the stator pitch P, is greater than the rotor
pitch P,, and, for simplicity, there are only six timesteps per period, and only five cells
spanning one pitch. The stator and rotor nodes are aligned so that they coincide at
the beginning of a computational period. There are several important things to note
in the diagram. At each time-level, the stator and rotor grids lie on the same inclined
computational plane, but the rotor grid is displaced relative to the stator grid. The
circles denote three points which are defined to be equal through the lagged periodic
boundary condition, and so computationally correspond to the same two points (one on
the stator side of the interface, the other on the rotor side). The diagram shows that
the stator node spacing Ay, is greater than the rotor node spacing Ay, at fixed time ¢,
but that on the inclined computational plane the rotor node spacing becomes equal to
Ay,. Thus, viewed on the inclined stator computational plane, the shearing cell in the
interface region is a parallelogram, exactly the same as in the case of equal stator and
rotor pitches. The diagram also shows that the stator timestep At, is not equal to the
rotor timestep At,, even though both grids are consistently at the same computational
time level. This is because the spatial shift of the moving rotor grid produces a temporal
shift on the inclined computational grid. One final observation is that the velocity of
the rotor changes when viewed in the stator inclined computational plane. It travels
one pitch P, in an apparent time of P,/V, the time between the first and last time-level
in a stator period, and so its apparent speed is

P,
Vo=V —. 4.17
8 P,. ( )
Similarly, in the inclined rotor frame of reference the apparent speed is
P,
Ve=V—. 4.18
r P‘ ( 1 )

The algorithm for the interface region follows the same approach as for equal pitches.
The first step is to form a set of shearing parallelograms in the stator inclined compu-
tational plane, by connecting stator nodes to rotor nodes, using spatial periodicity as
needed. The second step is to convert the rotor-relative flow variables at the rotor nodes

to stator-relative flow variables using Eq. (4.2).

The modified equation for AQ,4 at the center of the shearing cell is similar to
Eq. (4.7). However the apparent rotor speed V, and the modified conservation variable

Q must be used instead of V' and U respectively. Also introducing the quasi-three-
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dimensional terms gives the following equation.

Vier + Vape + Vips + Vips
At | Vi(pu)1 + Va(pu)z + Va(pu)s + Va(pu)s — (p3—p1) Avls — (pa—p2) Aufy
24% | V1(pv)1 + Va(pv)z + Vs(pv)s + Va(pv)a + (ps—p1) Azl + (pa—p2) Azfy
Vi(pH)1+Va(pH)2+Vs(pH)s+Va(pH)4

AQa=~—

At
~ a7 (101+ 1Qa)Valeh + (305 + JQu)V.als) (4.19)
The geometric and V variables are as defined in Section 2.

AU,AF and AG are calculated from AQ in the usual manner, and then the distri-

bution formulae are

5Qia = 41 (%)1 ((%)AAQA + AF4 Ayl - AGAAZ! + AQ A%Ax'zg)

6Qaa = 41 (%f)z ((%)AAQ A+ AFAAY, — AGAAZ! + AQ A3Z'Aa:g1)
5Qsa = 41 (%)3 ((%)AAQ A—AF Ay, + AGA ALY, — AQa %Az',’,)
5Qun = i (%)4 ((%)AAQA — AF4 Ayl + AG4 AzZll, — AQ A%Azgl) .

(4.20)

The smoothing terms are calculated and distributed as normal. The final step is the
conversion of the distributed changes to nodes 2 and 3 from stator-relative changes to
rotor-relative changes. There are two components to this. One is due to the different

At and Ay in the two frames of reference (as discussed earlier).

2
(&), () (&), (420
At/, P, At),
The other is similar to the conversion from §U, to §U,, except that the conversion

is now from §Q, to 6Q,, making the algebra considerably more complicated although

the final result is almost identical.

p— Apy

pu — Apuv

pv — A(pv?+p)
PE — MpE+p)v

Qr':

rotor
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P._Pr \
Pa_ r
A G
r
- P,
E-= ~(pE+p)v
\P VPr (P p) }rotor
Pr P.‘—'Pr \
( pr= Ty A
P, g'pu-— ’VP, Zpu(v-V)
= P P, - P,
Bl ev=v) = 5L (o(o-V)+9)
Ijr ’ Pa“Pr 1y2
Lo E-vV+LVY) - L _L(p(E-vV+LiV)4p)(v-V
L P V') = (ol VI)+A(-V) |
( P‘_Pr \
P=~yp, P
Pc"’Pr
P, | - —ppu
pu— — 8
- P, - P,
Bl plv=v) = S5 (ov(v-V) +p)
p(E—vV+1V?) - ﬂ(p(E—vV+ WhH+pv-pV)
k V.P, } stator
(p—-Apv
I pu — Apuv
Fr | p(v=V) = Mev(v—V)+p)

P(E-vV+1V2) = A(p(E-vV+1V2)+p)v — pV)

stator

Q1

Pc QZ
- - 4.22
Pl Qs-VQ, (4.22)

Qi—VQs+3ViQy

stator

Thus, the equation to convert the distributed changes into rotor-relative changes is
6Q1

A _B(A) | 6@ .
(At),sq' P, (At). 5Qs — V6Q, ' (4.23)
6Q4 - VEQs + FVI6Q,
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Chapter &

Steady Boundary Conditions

5.1 Overall approach

This section describes the numerical inflow and outflow boundary conditions which
are used for calculations of steady flow. They are an implementation of a theoretical
development in non-reflecting boundary conditions which is presented in Ref. [9]. The
objective of non-reflecting boundary conditions for steady flows is to be able to bring the
far-field boundary location relatively close to the blades without affecting the flow field
in the neighborhood of the blades. The smaller computational domain leads to much
more efficient calculations. It is also very important when doing steady stator/rotor

calculations since the spacing between the blade rows can be quite small.

The approach is based upon a characteristic analysis of the linearized Euler equa-
tions. At each inflow or outflow boundary there is a certain number of incoming modes
and a certain number of outgoing ones. The changes in the outgoing characteristic
values are taken from the changes distributed by the Lax-Wendroff algorithm. The
average changes in the incoming characteristics are determined to satisfy a number of
user-specified average quantities. At the inflow these are flow angle, stagnation den-
ity and stagnation enthalpy. At the outflow it is the average static pressure. The
remaining changes, the spatial harmonics of the incoming characteristics are specified
by the non-reflecting boundary condition theory based upon the the amplitudes of the

corresponding spatial harmonics of the outgoing characteristics.
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5.2 Average flow definitions

The computational grid is constructed so that the grid nodes are equally spaced

along the inflow and outflow boundaries. The average values of any flow quantity ¢ can
be defined by

5= %;m (5.1

where the sum is over the N nodes at the boundary, including the periodic grid node

only once.

If the Euler equations were linear then this definition would be all that was required.
However, because of non-linearities, the average value of a variable will not in general

be equal to its value based upon averages of other variables. For example,
p# (1-1)5 (E - }(a*+3?)) (5.2)

Hence, this raises the question of what is the correct way in which to perform the
averaging procedure. The only rigorous definition is based upon the ‘mixed-out’ flow-
field. This approach starts from the two-dimensional Euler equations, integrated in the

y-direction over one pitch.

d [?P PoF
E/(; de— o-a-:t_dy

i
o~
]
|
Q
&
<&

= G(0)-G(P)
=0 (5.3)
Thus, if one assumes that sufficiently far upstream or downstream the flow is uniform,

then the flux F based upon this uniform value U, must be equal to the average flux F

at the boundary under consideration. This gives the following set of equations for Up.

ppup = By

PpUt+p = P
PplipVp = Fs (5.4)

ppupHy = Fy

Together with the equation
_ Y P 12 .2
Hp = _1—+5(“F+”F) (5:5)
T~ 1Pp
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these can be solved to obtain

1 - - p — p—
e = T3 (Fz + \/17"22 + (y2-1)(F} + F? - 2F1F4))

Fy —
u — 2 _ pF
F Fl
Py
= Is 5.6
_ A
pF - uF

Based on these values, ‘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 a higher entropy level. Hence, when applied to flow at the outflow
boundary this averaging procedure will tend to produce higher ‘measured’ losses than

other averaging methods, such as averaging the outgoing entropy.

The same flux-averaging method can also be used to determine losses in an unsteady
flow. In this case the flux components must be averaged in time as well as in space,
over a time interval which for periodic flows is the period, and for non-periodic flows is

large compared to any other time-scales in the flow.
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5.3 Characteristic variables

When calculating the change in the boundary values from time level n to time
level n+1, the characteristic variables are defined in terms of perturbations to the
average inflow or outflow flow field at time level n. As shown in Reference [9], the one-
dimensional characteristic variables are related to the perturbations in the primitive

variables by the following two equations.

c1 -2 0 o0

1 pP—p
ez | _ 0 0 pc O u—1 (5.7)
c3 0 pc 0 1 v—9
c4 0 —pc 0 1 p—p
p—p & 0 3 | [a
— 1 1
u—u _ 0 0 m —m C2 (5.8)
1
v—1v 0 2 0 0 cs
p—p 0 0 % % Cq

The first characteristic variable is the linearized perturbation in entropy, the second
variable is the tangential velocity at the boundary and is associated with the vorticity,
and the remaining two variables are downstream and upstream running pressure waves,
assuming that the axial Mach number is subsonic. At the inflow boundary the first three
characteristics are incoming and so must be specified. The fourth is outgoing and so
must be extrapolated or obtained in some other manner from the interior flow field. At

the outflow boundary the roles are reversed and it is the fourth characteristic variable
which must be set.

The boundary conditions are implemented at the point in the overall algorithm
at which the Lax-Wendroff algorithm has distributed changes U to all of the nodes,
including nodes on the boundaries, but the nodal values have not yet been updated.
The Lax-Wendroff changes at the boundary nodes can be used to define changes in the

characteristic variables at each boundary node.

bey -2 0 0 1 op

dca _ 0 0 pc O bu (5.9)
dcs 0 pc 01 bv

bcy w 0 —pc 0 1 6p w

These Lax-Wendroff changes in the characteristic variables are used for the out-

going characteristic variables, since the Law-Wendroff algorithm should correctly cal-
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culate and distribute the changes due to the outgoing characteristic waves. The Lax-
Wendroff changes in the incoming characteristic variables are discarded, since these are
the changes which are to be specified by the non-reflecting theory and the user-specified
average flow quantities. Once these have all been specified in the manner shown in the
next sections, the changes in the characteristic variables at the boundary nodes can be
converted back into changes in the primitive variables.

ép % 0 sx gx bey
1 1
du _ 0 0 T " 3pc bcy (5.10)
Sv 0 ’% 0 0 bcs
ép o 0 3 3 by

These can then be converted into changes in the conservation variables and the entire
flow field can be updated.

The remaining sections in this chapter describe how the changes in the incoming

characteristic variables are determined in the various different inflow and outflow cases.
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5.4 Subsonic inflow

The subsonic inflow boundary conditions are the most complicated. The reason for
this is that a straightforward implementation of the non-reflecting boundary condition
theory would produce a flow field which to first order would have uniform entropy and
stagnation enthalpy. However, due to second order effects neglected in the linear theory,
there would be small variations in the entropy and stagnation enthalpy, which might
be comparable in magnitude to the small losses produced in a viscous calculation. To
avoid this problem, the boundary conditions which are used are a combination of the
non-reflecting theory together with the requirement that the entropy and stagnation

enthalpy are perfectly uniform across the inflow.
The changes in the incoming characteristic variables at each point on the inflow
boundary can be split into two components, one part which is an average change along

the boundary, and a second which is due to the harmonic variations in the characteristic

variables along the boundary.

The average characteristic changes are calculated from the requirement that the
average entropy, flow angle and stagnation enthalpy have certain values. This is achieved

by driving to zero the following three residuals.
R, = pS ,
R, = pc ("F - tan(a,-,.;)uF) (5.11)
m = o(a-h)

S is an entropy-related function defined by

S = log(vp) — 71og p, (5.12)

and because of the non-dimensionalization chosen earlier, the correct inflow values for
S and the stagnation enthalpy H are O and _,—}f respectively. a;n is the user-specified

average inflow angle, and note that in defining R, the flux-averaged values of the velocity
have been used.

The average changes in the incoming characteristic variables, which are required to
drive the residuals to zero, are obtained by one step of a Newton-Raphson procedure.

n

B o(Ru By, Ba) | 22

R O(Ry, Bo, Bs) | oo | =0 (5.13)
d(cy,c2, ¢3)

R3 6¢3
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The Jacobian matrix is obtained as the product of two other matrices.

a(RI)RZ,RS) - 6(R1,R2)R3) a(p’u’)v)p)
3(31:02503) a(p’uav,p) 3(01;02163)
~% 0
—c? 0 0 1 s o x
= 0 —pctan(aim) pc O 0 1 28 ¢
—_1_.2 - pe
o pu PV 33 0 0 %
1 0 0
= 0 1 -—1tan(aym) (5.14)

713 M, (1+M,)

In forming the matrix ‘lg%’f—:’j:)s—)- several terms which are proportional to the residuals
were neglected since these are zero in the converged limit. Inverting the Jacobian matrix

gives the following equation for the average changes.

6, 1 1+ M, + M, tan(ain) 0 0 Ry

sa | = 14+ M, + M, tan(a;n) - '7%_1_ ten(on) LM tan(ain) &

523 ! - —2M, 2 Ry
(5.15)

The next step is to calculate the local changes in the characteristic variables at each
point on the inflow boundary due to the variation in the characteristic variables along
the boundary. Firstly, the outgoing fourth characteristic variable is evaluated at each

point, and its discrete Fourier transform is calculated for a range of values of k from
~N/2+1to+N/2-1. LN o

Cap = I jglcq exp ('—2—1%&) (5.16)
Because of the definition of the characteristic variables as perturbations from the current

uniform state, the Fourier component corresponding to k=0 is zero.

According to the steady-state non-reflecting theory presented in Ref. [9], the correct
steady-state amplitude of the Fourier transform of the second characteristic is

B+M, .
5.17
1+ M, 4% (5.17)

é2k s = —
where

B = isign(k) V1-M?2. (5.18)

Transforming back into the physical domain gives

Nj2-1 o
C25s = Z 82k s €XP (—_—'—"’ﬁ"Lk) (5.19)
k=-N/2+1
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Because terms corresponding to +k form complex conjugate pairs, this expression
can be rewritten as

N/2-1

. —12n 5k
c2;s =2Re Z czk,exp< NJ ) , (5.20)
k=1

reducing the amount of computation required.

The ideal steady-state correction to the local second characteristic variable is the

difference between the correct steady-state value and the current value.
8cajs = C255 — Ca5 (5.21)

The ideal steady-state corrections to the local first and third characteristic variables
should

416321043 L3 ¥

are obtained from the condition that the local entropy an enthalp

<

match the average values. This is achieved by the same Newton-Raphson procedure used
earlier to obtain the average changes. This time, the residuals are given by perturbations

from the average entropy and stagnation enthalpy values.

Ry = p(s;-8)
Ry, = p(H;-H) (5.22)

The Newton-Raphson equation is

Ry \ 1 o0 0 bets
Y+l . Sca; | =0, (5.23)
Rs; A M, H1+M,)

LLZY

and the solution is

bc1;. = —Ryj
2
5C3J', ——lm: (;%i- 6c1_,,-, + M, 562j, + R3j) . (5.24)

Now that the ideal local non-reflecting corrections have been calculated, these are

added to the average global changes, and multiplied by an under-relaxation factor, o.

6c1j = 0(561 + 501]',)
502J‘ = 0(552 + 5021‘,) (5.25)
Scs; = o(6cs+ bcsjs)

Ref. [9] discusses the need for this under-relaxation to guarantee the wellposedness of

the mathematical formulation. The value of ¢ which has been found to work well is

53



1/N. This corresponds to a relaxation time which is similar in magnitude to the blade

pitch divided by the speed of sound.

Together with the change in the outgoing fourth characteristic given by the Lax-
Wendroff algorithm,

-

5C4j =6 (5.26)

45w
this completes the calculation of the characteristic changes, and the final step is to

convert the changes into the conservation variables before updating the flow field.
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5.5 Supersonic inflow

The treatment of the inflow boundary conditions when the flow is supersonic, but
still axially subsonic, is almost the same as for subsonic flow. The only difference is in
the definition of 8.

B = —sign(v) VMZI-1 (5.27)

Because g is now independent of the Fourier mode k, it is no longer necessary to perform
the discrete Fourier transforms. Instead, the ideal steady-state values for the incoming

second characteristic variables are given by

B+My
1+Mz

C2js = — C4j - (5.28)

The remainder of the boundary condition implementation is exactly the same as
for subsonic flow. There is a physical significance in the fact that the discrete Fourier
transforms are not needed for supersonic flow. The linear steady-state non-reflecting
boundary conditions for supersonic flow specify that the incoming linearized supersonic
Reimann invariant is uniform along the inflow boundary. The Riemann variables are
locally defined quantities and so it is natural that this leads to a local boundary condi-

tion.
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5.6 Subsonic outflow

The subsonic outflow boundary conditions are a straightforward implementation
of the non-reflecting boundary condition theory. The first three characteristics are

outgoing, so only the fourth characteristic variable needs to be set.

The average change in the characteristic is determined to achieve a user-specified

average exit pressure. The derivative of pressure with respect to variations in the fourth

characteristic is
9p
864
and so the equation for the average change in the fourth characteristic variables is

=1 (5.29)

Pezit i the user-specified exit pressure, and Pp is the flux-averaged pressure of the current
flow field.

The next step is to calculate the local changes. Firstly, the outgoing second and
third characteristic variables are evaluated, and the discrete Fourier transforms are

calculated.

N
o = ichjexp (—J—‘z’r.k)
N im1
1 X ek
8k = Nchjexp (’—"7—) (5.31)
i=1

From Ref. [9], the correct steady-state amplitude of the Fourier transform of the

incoming fourth characteristic variable is

A _ 2Mz A ﬂ+Mv a
Caks — ﬂ—Mg Cok ﬂ—My C3k- (5.32)

Again using the simplification due to the complex conjugate pairs, the ideal non-

reflecting steady-state values for the incoming fourth characteristic variables are

N/2-1

. ik
641“ = 2Re E 54}“ exp ( 127('] ) . (5.33)
k=1 N

The ideal local change is then
6cajs = Cajs — C4j) (5.34)
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and when added to the average change, and under-relaxed as before to ensure well-

posedness, this gives the final change in the incoming characteristic.
Scaj = 0(6C4+ bcajs) (5.35)

The changes in the outgoing characteristics are again taken from the Lax-Wendroff

algorithm.
é C1y = é clj Lw
662j = 562]‘LW (5.36)
é C3; = é 03j LW
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5.7 Supersonic outflow

As with the inflow boundary conditions, the supersonic outflow boundary condition

is identical to the subsonic outflow boundary condition, except in the definition of 8
which is

B = —sign(v) VMZI-1 (5.37)

Because § is again independent of the Fourier mode k, it is again possible to simplify

the computation by not performing the discrete Fourier transforms. Instead, the ideal

steady-state values for the incoming fourth characteristic variables are given by

oM,  B+M,

Cqjs = mczj ﬂ"My €3;. (5.38)

The remainder of the boundary condition implementation is exactly the same as for

subsonic flow.
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5.8 Steady stator/rotor interaction

One interesting application for a steady-state flow analysis is a coupled calculation of
a stator/rotor configuration. In this problem one simultaneously calculates the steady
flow in both a stator and a rotor stage, with boundary conditions implemented to couple
the two calculations together. Assuming that the stator is upstream of the rotor, then
the stator inflow and rotor outflow boundary conditions are treated as usual. Each
blade row is calculated using local relative flow variables, and the user can specify the

stator inflow angle and the rotor exit pressure.

The interesting boundaries are the stator outflow and the rotor inflow, since these
are the two that must be matched together. To a large extent these are treated by
the same methods presented above. The only difference is in the calculation of the
average changes of the three incoming characteristics at the rotor inflow and the one
incoming characteristic at the stator outflow. To conserve mass, momentum and energy,
the objective is to make the flux of these out of the stator equal to the flux into the

rotor. If flux-averaging is used then an equivalent objective is to match the average flow

quantities.
P F stator = 9 F rotor
uF stator = uF rotor »
vF stator = vF rotor +V (5.39)
Ppstator —  PFrotor

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

be introduced into the condition of matching circumferential velocities.

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

can be interpreted as a jump in characteristic values.

Acy -2 0 01 PF stator — PF rotor

Acg | _[ 0 0 pec o0 Yp stator ~ YF rotor (5.40)
Acs 0 pc 01 VF stator — “Frotor — |

Acy 0 —pc 0 1 Pp stator — PF rotor

The average characteristic changes at the stator outflow and rotor inflow are now
set to eliminate each of these characteristic jumps, taking note of the direction of prop-

agation of each characteristic. At the stator outflow the characteristic change is

66y = —0lcy (5.41)
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and at the rotor inflow the changes are

66y = oAcy
8¢ = olAcy (5.42)

663 = oAcs

Again the under-relaxation is used to ensure wellposedness and convergence. Now that
the average characteristic changes have been calculated 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.
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Chapter 6

Unsteady Boundary Conditions

6.1 Overall approach

The unsteady inflow and outflow boundary conditions have to fulfill two distinct
functions. The first is the ability to specify unsteady, incoming disturbances. These
fall into two categories, wakes and potential disturbances. At the inflow boundary
probably the most important unsteady effect is due to wakes shed by the upstream
blade row. These can produce a significant unsteady lift on the subsequent blade row
which can eventually lead to fatigue and blade failure. Thus it is important to be able to
prescribe incoming wakes to calculate their effect. The other type of disturbance is due
to the potential pressure field associated with the blade row upstream or downstream
of the blade row being calculated. Because of the relative motion of the blade rows this
causes an unsteady, isentropic pressure disturbance, which can also produce significant

unsteady forces if the spacing between the blade rows is small.

The first three sections in this chapter present the mathematical models of the
wakes and potential disturbances which can be specified in UNSFLO, and the combined
specified flow field at the inflow and outflow boundaries. These incoming disturbances
are only used in UNSFLO when it is being used to calculate a single blade row. In the
stator/rotor interaction mode it is assumed that there are no unsteady incoming waves,
and so the prescribed inflow and outflow are steady, and uniform except for small non-
uniformities taken from a previous steady calculation. Also, in presenting the details of
the wake and potential disturbances, it is written as if the blade row being calculated
is the rotor, and so the wake has been shed by an upstream stator row. Thus the wake
pitch is equal to the stator pitch P,, and the wake frame of reference is moving with
velocity (0, —V)7 relative to the rotor blade row. Of course, UNSFLO also handles the
case in which there is a rotor wake being swept into a stator blade row, by changing the

sign of V and interchanging the roles of the stator and rotor pitches.

The second function of the boundary conditions is to be transparent to outgoing
waves, particularly pressure waves, so that they are not artificially reflected when they
reach the boundary. This is achieved by implementing the non-reflecting boundary
condition theory presented in Ref. [9]. The last two sections of this chapter show how

this is done for both the inflow and the outflow boundaries.
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6.2 Prescribed wake models

The wake models, describing the form of incoming wakes at the inflow boundary,
assume that in the wake’s frame of reference the flow is parallel, with uniform static

pressure, uniform total enthalpy, and a prescribed velocity defect.

Pw = pFw

uy = (1-Dd(n)) v

wo = (1-Dd(n))v,, 6.1)
p,

Pw = 2 Fuw

7-1 (HN ~ 12 + u?,,))

The subscript ,, denotes the wake flow values and the flow variables with the subscript
o 8T€ flux-averaged values. These are obtained from a prior calculation of a steady flow,
but have to be modified since the wake frame is assumed to be moving with velocity
(0,—V)T relative to the blade row being calculated.

Prw = Pp
qu = uF
Voo = YtV (6.2)
Ppy, = Pp
v
tan(ay,) = -f2
qu

D is the fractional velocity defect, d(n) is a shape function describing the form of the

velocity defect, and 5 is defined as
y — tan(ay,) z

= —, 6.3

n P, (6.3)

Three different shape functions have been implemented in UNSFLO. The first is a

simple sinusoidal function, which has been used to validate the program and the concept

of time-inclined planes [6]. The second is a Gaussian velocity defect, and the third is a

very similar shape function used by Hodson [13].
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Figure 6.1: Definition of sawtooth function N(n)

di(n) = cos(27n)

) = oxp (5007 (64)

(max {o,l _ (.Nvg,_w)%})’

W is the wake width (expressed as a fraction of the wake pitch) and N(n) is a periodic

ds(n)

sawtooth function, shown in Fig. 6.1, which can be expressed as,

1 1
N(n)=n-n, n—§<r)<n+§ (6.5)

The assumption that the total enthalpy is uniform is a good approximation for
wakes shed from adiabatic blades. One could also specify a periodic variation in the

total enthalpy to model the effects of hot streaks, injected film cooling or cooled blades.
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6.3 Prescribed potential disturbances

The potential disturbances are derived as linear, isentropic, irrotational perturba-
tions to a uniform flow. The steady, linear potential equation is

3’¢ o%¢ o’¢

~2
MM, 5 Nyt

(1- M’) +(1-M: = 0. (6.6)

M, and M, are the axial and circumferential Mach numbers in the stator frame of
reference, in which the flow is steady. Consider a steady disturbance which is periodic
in the circumferential direction and has some form of exponential behavior in the axial
direction.

¢(z,y) = A exp(iky + Az) (6.7)
This is a solution of Eq. (6.6) provided that
(1-M2A? — 2iM, Mk — (1- M2)K?* = 0. (6.8)

Solution of this quadratic equation for A yields

tkM; M, £ kv/1- M?
1 - M?

A= (6.9)
Clearly the qualitative behavior of this perturbation depends on whether the flow is

subsonic or supersonic, and so these two possibilities will now be considered separately.

6.3.1 Subsonic case

If M < 1 then X has both a real and an imaginary component. If one is interested
in perturbations at the inlet boundary then it is not physical to have a perturbation
growing exponentially downstream, and so we choose the negative root in Eq. (6.9).
The rate of decay depends linearly on k the wavenumber of the Fourier mode in the
y-direction, which must be some multiple of 2x /P, to satisfy the periodicity condition.
As a consequence the most important mode is the fundamental mode k=27 /P, and so

the model which is used assumes that only this mode is present.

2r /1-M? .27
#(z,y) = A exp ( B, 1= M2 z) exp (t E(y—tan(ap) :c)> (6.10)
where,
M. M,
tan(ap) = —i_——'_AT:é (611)
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Differentiating ¢ gives the perturbation velocities with the understanding that the
physical velocity is the real part of the following expressions.

27
v = 1'E¢ (612)
2x 2r V1-
Su = —zF-tan(ap)cﬁ P 1o M2 ¢

vi-M ) bv (6.13)

= (-— ta,n(ap) + t—m

Since the complex potential amplitude A has no simple physical meaning it is more
convenient to define Av, to be the maximum v perturbation at z;,, the nominal location
of the trailing edge of the upstream stator blade row. With this definition the final forms
for éu and év are,

2r V1-M? .
v = —Avpexp( P, 1M —(z- xu)) sin(27 (e+ Ae)) (6.14)
1-M? 27 V1-—
bu = — mg—Av;p exp( B, 1-M3 (:z: xte)) cos(27 (e+Ac))
— tan(ap) 6v (6.15)

where
’ y — tan(op) z

€= P,

(6.16)

and Ac is a phase constant.

The corresponding density and pressure perturbations are obtained from the condi-

tions that there are no variations in either the entropy or the total enthalpy.

fB-—'y‘s—p=0 (6.17)
p P
L(@—&>+u6u+vﬁv— (6.18)
v=1\p p?

Combining these two equations gives

§p = —p(ubu+vbv)
6p = 6bp/c?, (6.19)
and substituting for §u and §v gives the following expression for the pressure variation
at z=ux,.
V1-M? M M M\ .
§p = pulv, ( vy cos(2r(e+ Ae)) + 1 M2) sin(27 (e+ A¢))
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_ pulY (\/ 1— M2 cos(2r(e+A€)) + %sin(Zx(e+Ae))>
1—M? M,
A
= M%A_;f cos (21r(e+Ae) - tan‘l<m—;l£—a—§);)) (6.20)

Thus the maximum pressure disturbance, Ap;p, is related to the maximum velocity dis-

turbance by

pcM Avyy
_ 6.21
Pp 1- M2 ’ ( )
and the phase constant Aec is chosen to be
1 _1f tan(ay,) ) (tan(ap) — tan(ow)) ze.
Ae= —tan™! P 6.22
€T gpten ( 1-M? P, (6.22)

so that the pressure maximum from the poteniial disturbance is located on the wake

centerline at the position corresponding to the stator trailing edge.
So far the discussion has dealt solely with the incoming potential disturbance at the

inflow boundary. The corresponding formulae for the outflow boundary are only slightly

different due to the different choice of root discussed earlier.

6.3.2 Supersonic case

If M > 1, but M; < 1 so that the flow is still axially subsonic, then A has only an

imaginary component and ¢ can be written as,

é(z,y) = A exp (ii)—t(y—tan(ap)x)) (6.23)

where,

~M, M, +/M?—1

1- M?

tan(ap) = (6.24)

Combining all the Fourier modes, since now there is no spatial decay of any mode,

the most general form of ¢ is,

¢(z,y) = A f(y—tan(ap)z) (6.25)
where f is some periodic function.

To determine which root should be chosen in Eq. (6.24), note that using the usual su-

personic characteristic theory the angle of the incoming supersonic characteristic should
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be equal to the flow angle, a,, minus 8=vM?2—1 if a,, >0, and plus g8 if a,, <0. Using
standard trigonometric results the following identity is derived.

tan(ay) F tan(B)
1+ tan(ay,) tan(B)

tan(ay F B)

M,
_ MFyy
1+ 32 L
My\/Mz—leMzM,\/Mz—liMy
M,\/MZ—I?FM,,M,\/MZ—IIFM,,
ME(M2-1) — M?
1- M2

(6.26)

Thus the positive root in Eq. (6.24) should be chosen if o, > 0, and the negative
root if ay, <O0.

The model used for the incoming perturbation represents a weak oblique shock
generated at the trailing edge of the stator. As in the subsonic case it is easier to deal

directly with the velocities rather than the potential and so the chosen form is

fv = 2Av, N(e+Ae) (6.27)
fu = —tan(ap)dv, (6.28)
where

y — tan(ap) z

€= P,

(6.29)

The function N(e) is the same sawtooth function used in the wake definition. ép

and §p are obtained again from Eq. (6.19). The maximum pressure disturbance Ap, is
App = pulvy (tan(ay) — tan(oyp)) (6.30)

and the phase constant Aec is chosen to be

(tan(ap) — tan(oy)) e
P,

Ae =

DOt

+ (6.31)

so that the shock crosses the centerline of the wake at the stator trailing edge.
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6.4 Combined flow field specification

The prescribed inlet flow in the rotor frame is a combination of the nonlinear wake
model, plus the linear potential disturbance, plus the steady nonuniformity across the
rotor inflow boundary which comes from a previous steady calculation. In addition the
rotor wheel speed must be subtracted from the circumferential velocity because of the

shift from the stator frame to the rotor frame.

pint(2,9,t) = puw(n)+bpp(z,€) + 6p;
Uinl (:C, Y, t) = Uy (’7) + 5“?(3:: E) + 6“5
vini(z,9,t) = vy(n) + bvp(z,€) +6v; -V (6.32)

pint(2,4,t) = pu(n)+6py(z,€) + bp;

where,

y+Vt—tan(ay)z
P,
y+ Vit —tan(ap) z

= 6.33
€ P‘ ’ ( )

and the flow variables with subscript ; are the difference between local values and

average values coming from a steady rotor blade row calculation.

bp;i = pj—pp
u; = uj— U
&)j = vj— v, (6.34)

;i = pi— P

The point of including the steady state nonuniformity in the prescribed flow defi-
nition is that when no incoming wake or potential disturbance is specified the steady

state flow solution should be the correct solution to the unsteady flow problem.

With the coordinate transformation from the physical coordinates to the inclined
computational coordinates, the equations above remain the same except for the defini-

tions of 1 and € which become

! th —t !
n = vy, an(ay)z
P, P,
PV —t z'
€ = ]yT+ ;n(“") : (6.35)
r s



The effect of the time-tilting in solving the problem of unequal pitches is clear in that
both n and € are increased by 1 when y' is increased by one blade pitch P,, and so the

inclined inflow specification is spatially periodic, with period P,.

The outflow specification is simpler because there is no wake flow, and so it is

simply the flux-averaged flow field plus the potential disturbance and the steady state
nonuniformity.

Pout(Z,Y,t) = pp+ 6pp(z,€) +6p;
Yout(Z,9,8) = up + Sup(z,€) + bu;
Yout(Z,4,t) = v + vp(z,€) + bv; (6.36)
Pout(2,¥,t) = pp +8py(z,€) + 6p;

where,
¢= YVt —tan(op)z (6.37)
P,
In the inclined computational plane ¢ becomes
! ' _ '
_y Vit' — tan(ap) z . (6.38)
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6.5 Inflow boundary

At the inflow boundary the characteristic variables are defined in terms of pertur-

bations of the flow from the prescribed inlet flow.

c1 -2 0 o0

1 P — Pini
ez | _ 0 0 pc O U — Uiny (6.39)
c3 0 pc 0 1 v — Yinl
€4 0 —pc 0 1 P — Pinl

The objective now is to construct boundary conditions for these perturbations so
that the boundary is transparent to outgoing waves and does not produce significant
spurious reflections. Ref. {9] shows that this is achieved analytically by setting the first
characteristic variable to zero,

c1=0, (6.40)

and letting the second and third characteristics satisfy a first order partial differential

equation along the inflow boundary.

o (e v Herw) He-w ) o [ 7]
a(cs)+(%(c-—u) 2 v 2 0 )a_y e ] =0 (6.41)

Cq

When transformed into the inclined computational coordinates, the last equation be-

comes
1 1 ( c2 \
1-dv —3X(e+u) —3A(c—u) | 3
1 A C3 +
—3Mec-u)  1-dv 0 ot
\ o )
c
v 3(c+u) He—v) 3 ( )
1 a7 c3 = 0 (6.42)
3(c—u) v 0 dy
\ e )
Premultiplying by the correct matrix inverse converts this into the following form.
3 3 o |7
Cc2 Cq
= £ — =0 6.43
ot (c3) TGy T gy | (6.43)

C4

B is a 2x 1 vector and B; is a 2 X 3 matrix.
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The numerical implementation of these boundary conditions begins by calculating
UR, and Um' 1 the prescribed inlet flow at the beginning and end of the time step.
The next step is to evaluate the four characteristic variables at the beginning of the
time-step, using Eq. (6.39). At the new time level n+1 the first characteristic variable is

zero, but the other three are evaluated by calculating their changes over the timestep.

The change in the outgoing fourth characteristic is obtained from the distributed
Lax-Wendroff changes at the boundary node minus the change due to the unsteady
prescribed flow. Thus,

beg =06p,,, . —pcbu, ., (6.44)
where
0w i = Uyw — 8Utim
Sy i = (Vs = 6U2imt = ubppy )/ p
80 i = (6Uspyy = 8Usimt —vpy )/ P (6.45)
0w i = (1= 1)(BU,pp —8Ukima—pubuyy,  —pvbuyy, o —3(u*+0")opy, )

The changes in the second and third characteristics are obtained by integrating in
time Eq. (6.43) using a one-dimensional Lax-Wendroff algorithm. The changes at the
center of the j** face are given by

Ac4j+% = %(504,’ + 5C4j+1), (646)
and
C2 C2
Acy At
= — L] — — - 6.47
(Acs) e R R | B e (6-47)
It+3 C4 j+1 C4 j

The changes distributed to the two boundary nodes from the face are

bezj = %(A°2j+§ - A925+§)

besj = %(A°3j+% - A93j+§)
czje1 = 3(Acy; st A0541) (6.48)
besjpr = %(Acsj+% +Ags511),

where the second order fluxes, Ag, are defined by

A At Aca
(Agz) S vl () () o
93 J jr1 Acy )i \BJ;



The second term in the Ag definition is a numerical smoothing term. A typical
value for the coefficient o is 0.05. Distributing the changes from all of the boundary

faces gives the characteristic changes at the nodes.

One final modification must be made. Eq. (6.43) can be integrated over one pitch to

obtain the following ordinary differential equation for the pitch-averaged characteristic

d €2
— Bié4 Y = .50
dt'{(53)+ 104} 0 (65)

When integrated in time, there is an arbitrary constant of integration. To ensure that

variables.

the final solution does not depend on the initial conditions, this constant is set equal to

zero by subtracting the average values from the local values.

5 new 5 old _
°z =% —-|°]-Be (6.51)
bc3 bcg C3

Using these corrected changes, the new characteristic variables are obtained. The
new perturbations to the prescribed inlet flow are then calculated and added to get the

new flow solution on the inflow boundary.
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6.6 Outflow boundary

The unsteady outflow boundary conditions are similar to the inflow conditions, but
are slightly simpler since there is only one incoming characteristic. The characteristic
variables are defined by

51 - 0 0 1 P — Pout
ez | _ 0 0 pc O U — Uout (6.52)
cs 0 pc 0 1 vV — Uout
cy 0 —pc 0 1 P — Pout

and Ref. [9] shows that the best non-reflecting outflow boundary condition is
304 d c2
—-— — =0 6.53
(o o) m(2) (659
When transformed into the inclined computational coordinates, this equation becomes
aJ C2 0 Cc2
- - —_ —_ = .54
( AulAv)at,(c4)+(u v)ay,(c4) 0, (6.54)
which can be rearranged into

ea _ Av Ocp v e, u Ocz_
' 1-Xv 3t'  1-dv dy'  1-Xv dy

(6.55)

The numerical implementation begins again by calculating the prescribed outlet flow

Un, and U™, and the characteristic variables at the beginning of the time-step.

The changes in the three outgoing characteristics are obtained from the distributed
Lax-Wendroff changes at the boundary node minus the changes due to the unsteady

prescribed flow.

Ser = Py e~ P _out
bez = pcbuyy, . (6.56)
bes = 8Py _oue T PCOULY _ou
where
501w ot = Usiw — OUtouwt
Stpy e = OUppy = V20w —ubppy,_,)/p
59 e = (8Ugp — 6Usout —v8py,_ )/ P (6.57)
P e = (V= D)(OU, 1y —8Usou—pudupy, ,,—pvvy, ,— 3 (0P +")80, _ou)

73



The change in the fourth characteristic is obtained by integrating Eq. (6.55), again

using a one-dimensional Lax-Wendroff algorithm. The face center changes are

Acgjpi = 3(8caj + beajta), (6.58)
and
Au At v u
Ayjrd = T B2+l ~ A—y(m (eajr1—cas) + 75 (02j+1—02:‘)) (6.59)

The distributed changes to the nodes are

besj = %(A°4j+%_Ag4j+%)

Scajar = F(Aegjpr+Ag45,1), (6.60)

where the second order flux, Agy, is defined by
At v u

Ag4j+%=—A-—y-(i_—AvAc4j+% mAczj+%>—0'(C4j+1—C4j). (6.61)

The numerical smoothing coefficient, o, again has a typical value of 0.05. As with
the inflow boundary conditions, Eq. (6.55) can be integrated to obtain

d Au

— |4 — ——¢C2 ) =0. 6.62

dt' (c‘ 1-v "’) 0 (6.62)

To set the constant of integration to zero, the characteristic changes are modified by

subtracting the corresponding pitch-averaged values.

Au
1-Xv

ey = begd — o4+

y & =0. (6.63)

Using these characteristic changes, the new characteristic variables are obtained,

and hence the new outflow variables.
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