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1. INTRODUCTION

Progress of the design process in turbomachinery demands a
maximization of the power recovery while at the same time a
minimization of the enerqgy losses. The ability to respond to
this kind of requirements is related to the availability of
appropriate analysis tools.In this context the prediction of the

physics inside a blade passage is crucial.

The objective of this report is to present a numerical

procedure to solve time—dependent incompressible Navier—Stokes
equations through a cascade of blades. The proposed method is
based on the primitive—-variable formulation using a control

volume approach. The main difficulties associated with the solution
of this type of problem are: the treatment of the boundary
conditions o©on the geometries that bounds the domain,the choice ot
a proper storage location for the dependent variables and the lack of

an explicit equation for the pressure.

In the present effort the problem of the complex boundaries is

treated by formulating and solving the conservation equations on

a curvilinear coordinate system that matches the boundary
domain.This procedure is straitghforward and universal because the
boundary nodes always coincide with the domain boundary g and no

particular procedure is required at these locations.

Among the techniques that can be used to numerically create a

curvilinear mesh,the body-fitted method has been adopted.Such system



proposed by Thompsonfll and incorporated on a software package devised

by Garonl2l is used for the mesh generation.

An effective cell structure to deal with incompressible fluid
flows is the staggered gridi3]1 formulation.This technigque avoids
a checkerboard pattern +or velocity and pressure fields,but

increases the complexity by requiring a different location together
with a different computational cell for each velocity component and
the pressure. In the development presented here,only one
computational cell is needed, and velocity components and pressure
are computed at the same location.Furthermore the good qualities of
the staggered mesh formulation are preserved by using an opossed

difference scheme for pressure and fluxes.

A pressure equation for a curvilinear system was derived on
the basis of the SIMPLEL4] wmethod and applied to obtain a
satisfactory pressure field that meets the mass constraint

reqguirement.

2.60VERNING EQUATIONS

When solving the egquations of motion on a curvilinear
coordinate system,it seems natural to use as dependent variables
velocity the components along these coordinates. In doing so the
scalar equations( as continuity and energy) are in consevation law
form,but not the momentun equation{a vectorial one) due to source like
terms appearing as Christoffel Symbols[Sl.These terms correct the

momentum components of a fluid that is "constrained" to move along



a path defined by a coordinate which is not a straight linelél.However
as every mesh point belongs to a different vector bhasis,if the
change in angle and vector basis length from grid point to grid
point is severe, despite the correction, the numerical calculation

could suffer.

A way to solve this problem is to keep the cartesian
velocity components as the dependent variables.In this case all
properties will be in the conservation law form (momentum is
conserved on a straight line).The resulting system is hybrid where
both cartesian and contravariant components coexist,but these
equations are not significantly more complex than their cartesian

counterpart,and the discrete approximations can be easily handled.

Following this approach ,the time dependent Navier—-Stokes

equations can be written in strong conservative form asi71:

?g + OE + OF =R +Js§ ‘i
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and p represents the viscosity.

The contravariant velocity components U,V along the
curvilinear coordinates and the cartesian velocity components u,v are

related by:

U = ut,, + vi,,
(2)

V = une + v,
The metric terms EsBysNsTyy the jacobian J and the
contravariant metric tensor components g*?*,g*=,g®*,and g=2= are

obtained from:

Eae Ynid, L, =—Xqn/d

The = _Y'Efas Ty = Xx/J

J=XeYn~ XnY=

g**= ¥3F + L2 g*== L.l + Eymy

g=t= g1= g®2= 2 + 12



3. GRID LAYOUT

The most frequent grid structure used in the numerical
splution of incompressible fluid flow problems was initially
introduced for cartesian geometries by Harlow and Welch E3l;and is
known as the staggered grid.In this arrangement the pressure is
stored at the center of the cell,while the different velocity
components are stored at the wvertical and horizontal faces
respectively.Although this disposition has demonstrated the ability
to avoid a checkerboard pattern for velocity and pressure fields
its implementation for a curvilinear system where more than a

velocity component has to be stored on each face lead to some

difficulties. As a result of this,in the present wor k it is
proposed a different scheme and grid arrangement that preserves the
good properties of the staggered mesh,while alleviating the
geometric complications and computer implementation generally

encountered when using curvilinear coordinates.

The proposed structure stores pressure and cartesian
velocity components at the center (i+1/2,j) of a computational
element made up of one width in the "streamwise" coordinate direction
and two wnits in the other.The grid cell is shown on fig.1.This
computational cell is used for both mass and momentum calculations.It
has to be noted that while the momentum equations involve the
curvilinear and cartesian velocity components, the mass
conservation depends  only on the contravariant velocity

components U and V,located at the center of the faces izi+1 and



i—1,3i+1 of the element shown on fig. (1) respectively.

4.DISCRETIZATION

Based on the above grid pattern, the equations are

discretized to obtain a system of algebraic equations.

Second order differences are used to evaluate mass and
pressure gradients in the n direction. The velocity values at the
j+1 and ji-1 faces (fig.1l) are calculated by overlapping elements in
that directioniwhile the pressure is obtained by a simple average of

two neighbours points in the same direction.

In the T direction no overlapping or averaging is used, this
time the treatment is done in a different manner. Mass gradients
are obtained by upwind differencing, so the flux through the downwind
face i+l is controlled by the velocity at the center i+1/2,3 of the
element. Pressure gradients on the other hand, are calculated via
downwind differences, that is to say,that the pressure located at

the cell center 1 + 1/2,j acts on the upstream face i.



A similar treatment for the solution of the compressible
Euler equations can be Ffound in [81 ,and an interesting analysis
of the opposed difference idea , is given in [%1. Recently Fuchs
and Zhaoll10]l have also presented a combination of forward and
backwad differences coupled with the multigrid method.References [9]

and [10] solve the steady viscous equations.

The scheme is explicit and in compact form can be written as:

AQ + At(Ex + F,)" = At (Re + S0 (3)

where A denotes the forward time difference operator and n the time

level.

4a) Continuity Equation

From this form, and from the definition of equation (1) the discrete

approximation of the continuity equation with the superscript n

dropped is written as:

(JU) s o3, 3=(IU) 4 4 + (JV),,-.-:,/gl_’-o-:._(JV)1-.-1/2_‘_;_:;_ = 0 (4)
AE 240
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This equation involves the contravariant velocities U and V
at the cell faces ( that is not the case of the cartesian components
located at the cell center), and it is noted that only one
component is required to calculate the mass flow through each
face.For a better understanding of the way that these components
are cumputea,some details concerning the scheme and variables storage

are given.

The cartesian velocity components are calculated and stored at
the center (i+1/2,3j) of the computational cell with corners (i,3—13
i+l,35-13 i+l, j+1; i,j+1) (fig.l).However due to the overlapping in
the 3j direction these properties are also known at the center of
the face i+1/2,j+1,because they corrrespond to values the values of
the cell center with corners  (i,Jdzi+l,J5i+1,3i+2;1,3i+2) (fig.2).The

same reasoning applies for the j—1 level.

With the known cartesian velocities at all j levels{ due to
the overlapping grid),the V components at j *+ 1 faces are obtained

from(2) as:

V1+1/2.sz = u 1+1/2,J¢l(nx)i*l/2.Jtt + V1+1/2,4=1(ny)1+1/2.Jxx {3

As mentionned earlier,the cartesian velocity componets obtained
from the momentum equations are computed at the center i+1/72,i of

the computational cell,and are not known at the required locations



i1

i,3 and i+l,j. To calculate the required U components at such
levels upwinding is used for the mass flow;and they are obtained +from

equation (2) as:

Ug 5 = Wiz, 3(8da, * Va—a,z, 3¢5,
(&)
Uswa,9 = Uswarz, 38 dava g + Vierrz,3€E 201,
4b) Momentum Egquations
The discrete form of the momentum equations requires the knowledge

of the convected momentum fluxes and diffusion terms at the cell
faces. These terms are evaluated by adopting the weighted upstream
difference scheme of Raithby and Torrancell11ll; for example the
convected property u and the diffussion term g**du/dE at the upstream

face are calculated by:

e o3 = (1/2 +OC’,,_’)U’,—1/2 + (1/2_0(1,_,)111...1/2'_-’ (7}

and

Ca,s = grrdu/dily, s = gitsBa a3y — W3, 2) (8)
A% '

where o« and g are coefficients depending on the Peclet number[121.



With these terms known the momentum equation written for example

for the u compaonent becomes:

J:I.+1/2'J (Ll“""""'u“),,...,_/zl_,
At

(Jubl) g oy ea—CJuld) 23

+
AF
+ (JuVM)s sz, 302~ (duM) s ea 25—
240
+ El+3/2,J(JEu)i*i,J—Ei+1/2LJ(JEN)i,J
AL
+ P1+1/2,J+1(Jﬂu)1+1/2LJ+1_P1+1/2,4~1(Jﬂx)a+1/213—1
240
+ Ci,9 Csex,49 + C:+1/§11+1_C1+1/2,3—1 = 0 (9)

AY, 2an

S.S0LUTION PROCEDURE

The algorithm starts by guessed pressure and velocity
fields,from which the cartesian momentum equations are
solved.Denoted by u* and v* the resulting velocity components that do
not cnﬁserve mass, are then substitued into equations (5 ) and (&) to

compute the contravariant velocity components U* and V*.

The next step, and probably the most difficult when
solving incompressible flow problems is to correct the U* and V=
velocities in such a manner to vyield a pressure field ‘which drives

velocities that satisfy mass conservation.

The approach followed to handle the velocity-pressure coupling



problem is based on the principle of the SIMPLEL4] method.
According to this technique the momentum equations are used to
obtain relations between corrections to the velocity and presssure

fields which violate the continuity condition.

The momentum equations are wrritten twice,once for
velocity and presssure fields that do not verify the continuity

constraint ,and then for fields that satisfy mass conservation.

For example the discretized x momentum equation is written for

a u* and p*’'s that violate mass conservation as:

u*erri.=.s = UPea,=,y tat { P svar2, 3080 )a .3 P"aas,2, 3 (JE ) sws,

Jisvrrz, 3 AL

Pr+1/2,4+1(Jﬂx)1+1/2.J+1“Pr+1/2.4—1(Jﬂx)1+1/2.3—1

24m

=FLUX +VISC} (1)

where FLUX and VISC represents the resulting convected and viscous

terms over the element respectively.

In the same manner the equation for a velocity u and a pressure

p=p*+dp that meets the mass constranit requirement is written as:
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U ez, = U Prrr=,s ot { p 1+1,2, 300804 3P semsz, (B ) s wa .

Jiswa,z, 3 AT,

P1+1/2.J+1(Jﬂu)1+1/z,3+1—P1+1/2,J—1(Jﬂx)1+1/2.4—1

2471

—FLUX +VISCH (11)

substracting (10) from (11) one obtains:

du = (u~u*)pit. = .y = at {pswarz, s (JE ) s 5 0Ps w2, 3 (T8, ) s w3
Jawarz, 3 AT

5P1+1/2.J+1(Jﬂu)1+1/2.J+1—5P1+1/2.J—1(Jﬂx)1+1/2,3—1}

24N

{12)

Following the same procedure a similar equation for the v

component can be found.

With this cartesian velocity corrections du=uy—u* and
dv=v-=v* known,the corresponding expressions for the curvilinear
velocity corrections &V=U-U* and aV=y-y= are found by using

analogous expressions to relations(2),that is:



15

dU=38u%,, + avi,

dV=8umn. + Svi,

Equations (13) depends on the pressure corrections dp,s0 a
relation to obtain these correction is needed.This is achieved by
using the continuity equation written in terms of velocity
caomponents U,V and U*,V* that do and do not satisfy mass
conservation respectively,the diécrete form of the latter is written

a5

(JU®Yy 3.4 — (JU"), 4 + (JV*) 4 s, 541 — (IV*) g s/, g—a
AY 240

= D

(14)

where D depends represents a mass source term.Substraction of (14)

from (4) gives:

(JGU*)1+11, - (JGU“)1_4 + (J6V~)1+1/Elj+1 - (J5V“)1+1/2LJ—1

AF 2471 =-D

(15)
This equation involves 9 pressure points,however if only the
pressure correction at the center i+1/2,i of the element is

retained,while the effect of the neighbouring pressures is neglected



ié

one obtains a definitive equation for the pressure change

Prwrsm, 3 = e {aU, 8V, D)

In the present approach the pressure adjustement is done cell

by cell as in the MAC method[13].

Once d&p is evaluated at the cell center, the curvilinear
velocity corrections U and &V are calculated,then all corrections
combined with the inexact velocity and pressure fields in

order to verify the mass constraintithat is:

U= u* + &y

Vo= VU= + gV (16}

To modify the variables over the entire computational domain
the grid is swept point—by—-point in the inlet-putlet
direction. Improved values are inmediately used as the procedure
advances.This procedure is repeated until all cells have D values less

than a desired level of accuracy.

When the above step is completed,only one curvilinear
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velocity component that meets the mass constranint requirement is
known on each face(U and ¥V on the n and ¥ faces respectively). To
obtain the “missing" component averaging of surrounding velocities
that satisfy continuity is usedl[i2].Then the cartesian velocity

components are decoded an the boundary conditions applied.

Finally the time level is advanced and the cycle repeated

until the steady state is reached.

6. APPLICATIONS

6.1 Cascade Analysis

In order to analyse the predictions features of the present
model ,a first application to turbomachinery was carried out by
computing the flow on a NACAL1431 cascade . The discretisation
employed 90x27 grid points and several tests up to Re=20,000 were

conducted and for an angle of attack of 30°.

The computational grid for this case is given in fig.3 where the

blade—to-blade passage is shown to illustrate the grid distribution.

Figure 4. illustrates the velocity field obtained for Re=2000,
while fig.5 shows the calculated S coefficient(defined as § = 1-Cx)
compared with the experimental values (Ref.14) The over all agreement

is good,in particular the peak pressure at the leading edge is
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well captured together with a good simulation of the diffusion
flow on the suction side.However the trailing edge prediction shows

some discrepancy.

A comparison of the computed aerodynamics parameters,such as
lift and drag coefficients, outlet angle and losses,; has been carried
out with the experimental data of Ref [14]1 and the results are
presented on table 1.It can be appreciated that the outlet angle and
the lift coefficient are reasonably well predicted for all Reynolds
numbers ,however the dirag coefficient is much higher than the
experimental value.This can be attributed to the intrinsic numerical
viscosity arising from the discretization process; a similar
phenomenon was also found in a finite element solution on the same

geometry [15].

A second cascade test was done on a blade passage reported by
Langston et al.[1&1. The experimental data presented by these
authors is for a three-dimensional experience,however due to the
constant cross section it is reasonable to attempt a comparison with

the data reported at the midspan of the channel.

Figure 6 shows the calculated (using 48x19 mesh points
and for Re=1000) and experimental static pressure coefficient on
the blade surface.The pressure side shows a good agreement of values
and the overall trend is well predicted.On the suction side the
pressure distribution presents some quantitative disagreement
near the minimun.This can be attributed to the absence of the

secandaiy $low movement perceived in the three—dimensional
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fldw[l?];in spite of that the trailing edge pressure distribution is

well predicted

Table 2. shows the calculated aerodynamic parameters for Re=1000
and Re=5000, and the available experimental data.As in the previous
case and for the same reason,the numerical value of the aerodynamic
loss is greater than the experimental,in spite of that,the computed

outlet angle conforms very well the measured value given in [143.

After these basic verifications completed a more complex
application to turbomachinery was attempted by studying the flow
through +two blade passages one after the other.This kind of
configuration found on the spiral casing of the hydraulics turbines
is formed by the stay vane and the wicket gate.The first passage is
static while the second is of variable angle.A general view of the

forementionned geometry is given in fig.7.

A representative illustration of the passage form is shown on
fig.8, and a typical body-fitted mesh used to predict the flow on this

sort of problem is depicted on fig.9.

The flow through these two cascades in series was fully tested
for differents angles of attack of the wicket gate and for different

Reynolds numbers,this latter defined in terms of the throat radius.

Figure 10 presents the velocity field ocbtained on a
characteristic channel.For this example the Reynolds number is of

10,000, the stay vane angle is of 34.5°,the wicket angle of 33.°%,and



the inlet and outlet flow angles of 20° and 37.96regpectively.

This general representation allows to visualize particular
regions of interest, such as the zone nearby the trailing edge of the
stay vane and the leading edge of the wicket gate, where the flow

undergoes rapid changes.

The skin friction coefficient calculated on the surfaces of the
blades is displayed as function of the noramalized cord{Fig.11) The
full line is used to indicate the wicket gate and the dotted for the
stay vane,arrows represent the suction side. This kind of information
is quite useful in the design process; in particular it is noted that
when the skin friction coefficient becomes negative reverse flow and

separation occurs.

In the same way that in the previous diagram, fig.12 represents
the § coefficient as function of the cord.Because the purpose of the
forementionned blades is not to produce l1ift but to induce the flow,
the kowlowedge of this variable is useful to minimize the area between

the pressure and suction side curves.

As mentionned earlier several tests for different attack angles
of the wicket gate were conducted in the diffuser passage. The
information obtained from these tests was then used to build a plot
where isocontours of energy losses are displayed as function of wicket
gate opening and attack angle.This information is illustrated on
fig.13 from which it can be appreciated for example, that +for the

first ten degrees of variation of the attack angle (from 20° o 30°),



the energy losses change is considerable; while that for the last ten

degrees (between 50° and &0°) this variation is minimal.

A further study was done by pertorming a quasi-3d analysis on a
Kaplan turbine. On fig.14 a representation on the ZI-R plane of the
mesh and the potential flow path, including the intake,runner and
diraft tube is presented. Figure 15 shows a partial view of the set of
blades (for sake of clarity only some of them are drawn) where the
numbers are to indicate the sections that are developed to work out

2-D investigations.

Figures 16 and 17 illustrate the resulting developed blade
profile on sections 2 and 5. Computations were done for these and far
the remaining sections (3 and 4) using 90x27 grid points for Re=10,000
and where differents angles of attack are imposed on each
blade-to-blade portion. The obtained velocity fields for the levels
of figs. 16 and 17 are drawn on figs. 18 and 19. The corresponding
calculated pressure coefficient is depicted as a function of the

nondimensional cord on figs. 20 and 21.

A comparison of the results ocbtained from the quasi-3D analysis
with the available experimental data has been done and is illustrated
on fig. 22 .In this picture the tangential velocity components for
the different levels are drawn as function of the radius and the
nondimensional speed ratio # (= Uaee/V2gH ,where Uase represents the
absolute tangential velocity,g the gravity constant and H the
head).The concordance of numerical and experimental values is very

goad for the inner sections,however some disparity is observed for the
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outer levels.

A procedure to solve incompressible flows on arbitrary chapes
without wusing a staggered formulation has been developed.This is
accomplished by the use of an opposed-difference scheme. Applications
to compute the flow through cascades have been done. The repoir-ted
results are satisfactory and show that the proposed method is a

plausible tool for turbomachinery analysis.
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TABLE 1

Comparison of experimental (Ref. 14) and computed values

Re= 30 Re= 1000 Re=20,000 Experimemtal
1.33 .38 0.23 0.04

1.46 1.41 1.346 1.6

125% 42% 28% —_—

43.2 41.3 38 42. 46



Co

Co

Losses

outlet

angle

TABLE 2
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CARACTERISTIQUES DU PROFIL
PROF . = (858.PRO
CORDE = ). 8B8
NOHBRE DE PIS = 32

CARACTERISTICUES DE LA CASCADE

NOMBRE. OE RAMNGEE = 27
NO. TOTAL COLONNE = 08
NO. COL. ENTREE = 32
NO. COL. SORTIE = 3 '

LONG. INTERAULBE =
LONG. ENTREE = 1.283
LONG. SORVIE =

ANGLE ENTREE (DEGl= 33.88

ANGLE PROFIL (DEG)= -25,388
ANGLE SORTIE IDEG)= -48.808
CONC. RANGEES = @.6280

CONC. COL. ENTREE =
CONC. COL. SORTIE = B.3808

Fig. 3 Body-Fitted Grid for the Cascade of Ref. (14)



ANALYSE DIF - NACASS

SOLUTION R2886.856

ECOULEMENT VISOUEUX
REYNOLODS = 2880 .8

ANGLE PROFIL = -25.68
ANGLE ATTAQUE = 32.88
s

ANGLE FUITE -30.098
COEF. CO = @.3168

COEF. CL = 1.397

COEF.. CA .= B.4371}

COEF. €T = 1.364
TOPOUE Ch = -1 385
CARACTERISTIOQUES DU PROFJL
PROF f1 = (58.PRO
CORDE = |.808
NOHBRE DE PT1S = 38

CARACTERISTIOUES DE LA CASCACE

CASCADE = B56 CAS
NOMBRE DE RANGEE = 27
NO. TOTAL COLONNE = 86
NO. COL. ENTREE = 28
NO. COL. SORTIE = 28
LONG. INTERAUBE = B.6668
LONG. ENTREE = | .BB0
LONG. SORTIE = 1.800

ANGLE ENTREE (DEG)=" 32.8@
ANGLE PROFIL (DEG)= -25.B8
ANGLE SORTIE (DEC)= -4@.90

CONC. RANGEES = B.69280
CONC. COL. ENTREE = ©.30002
CONC. COL. SORTIE = D.3000

COHPOSANT UX MAX = 1.456 -
{RANG= 6 ,COL.=33 )

COMPOSANT UX MIN = -8.1132E-8!
(RANG= 2 ,COL.=57 )
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Fig. 4 Velocity field for Re = 2000
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SARACTERISTIQUES DE LA CASCADE .

SASCADE @ A3833.048 y

VOMBRE DE RANGEE = @7 ,
0. TOTAL COLOMNE = 143 _

RAYON DE GORGE °  78.6@ €1.6@)
RNGLE PERIODIGUE = 18.66 (DEG)
LOC.RAD. DU PIVOT = 88.60 £1.41)

aNG., DU PIVOT = ?.85 (DEG)

Loc.
(PsR BORD FUITE 1)
SROFILL = 87V.PRO

LOC.RAD.BORD ATTRG®  121.8  (1.54)
LOC.RAD.BORD FUITEs  184.3  (1.32)
SORDE 27.22 (9.34)
GNGLE PROFIL 1 o 34.56  (DEG)
SOMBRE DE PTS  « 35

ROFIL2 o UXG.PRO

LOC.RAD.BORD ATTAG®  1€1.0  (1.28)
{0C.RAD.BORD FUITE 80.85  (1.02)
:ORDE @ 33.66 (®.42)
MNGLE PROFIL 2 = 33.60  (DEG)
ONBRE DE PTS = 41

LO¥G. ENTREE o £5.00  (9.32) |
SNGLE ENTREE = 35.60  (DEQ) ;
LONG. SORTIE s 35.88  (0.44) |
ANGLE SORTIE « 45.80  (DEG) ;
0. COL. ENTREE =« 25 :
0. COL. INTER = &

%0, COL. SORTIE = 35

JONC. RANGEES  «  0.60

3OMC. COL. ENTREE = .30

e N

SONC, COL. SORTIE

Fig. 8 Consecutive Cascades
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JGRACTERISTIGUES DE LA CASCADE

mim RONGEE - ag*_a;sa.cas
. TOTAL COLOMNME - 341

AYON DE GOReE e 78.60 {
seGLE PERIODIGUE  1B.80 (DE
(1
¢

LOC.RAD. DU PIuGT 88.60
LOC.ANG. DU PIVOT .
(P/R BORD FUITE 1)

PROFILL e §TV.PRO

LOC.RAD.BORD ATTAQs  121.8  (1.54)
LOC.RAD.BORD FUITE»  104.3  (1.32)
S0RDE «  g7.22  (0.34)
WNGLE PROFIL 4 = 34,5¢  (DEG)
YOHBRE DE PTS = 35

SROFILE °  WKG,PRO

LOC.RAD.BORD ATTAQs  101.0  (1.28)
LOC.RAD.BORD FUITEe 80.85  (1.02)
SORDE = 33.06 (0.42)
WGLE PROFIL @ = 33,00 - (DEG)
YORERE DE PTS = 41

LONG. ENTREE * 25.00  (0.32)
WGLE ENTREE s 36.66  (DEG)

LONG. SORTIE °  35.60  (0.44)
WGLE SORTIE © 45.60 - (DEG)

%0. COL. ENTREE o 25

%0. COL. INTER =« §

0. COL. SORTIE = 35 !
JONC, RANGEES = .60 !
SONC, COL. ENTREE = .30 !
ONC. COL. INTER =  @.10

JONC. COL. SORTIE «  ©.30

Fig. 9 Body-Fitted Mesh for Two
Consecutive Cascades



OLUTION  F3%33.A30

COULEMENT VISQUEUX
EVNOLDS = 166006.

NGLE ATTRQUE « 38.90
NGLE FUITE - 27.82

ARACTERISTIQUES DE LA CASCADE
ASCADE a  F3533.CAS
ar

OMBRE DE RANGEE =
0.TOTAL COLONNE = 343

AYON DE GORGE e 79.60
NGLE PERIODIGUE =  1B.8@
0C.RAD. DU PIVOT =  8B.8@

QC.ANG. DU PIVOT = 7.85
#/R BORD FUITE 1)

ROFILY s S§TU.PRO
0C.RAD.BORD ATTAQ= 121.8
OC.RAD.BORD FUITE= 164.3
ORDE = g7.2a
NGLE PROFIL 1 = 34,50
ORBRE DE PTS e 35
ROFILE =  WKGLPR.FPRO
0C.RAD.BORD ATTAQ: 96.70
OC.RAD.BORD FULTE=. 81.05
ORDE = 28,88
NGLE PROFIL 2 = 33.6¢
OHBRE DE PTS e 491
ONG. ENTREE = 25.89
NGLE ENTREE e 35.08
ONG. SORTIE = 49.00
NGLE SORTIE = 45.00
0. COL. ENTREE = 25
0. COL. INTER ® ?
0. COL. SORTIE = 35
ONC. RANGEES = .66
ONC. COL. ENTREE » 0.30
ONC. COL. INTER = 0.18
~ ONC. COL. SORTIE - 6.30
OMPOSANT UX MAX =  3.3897

RANG= 2 ,COL.=2142 )
IMPOSANT UX MIN = -0.4660
RANGs 3 ,C0L.e 60 )

(9.32)
(DEG)

(9.51)
(DEG)

Vorg,

7z
777
» 527
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Fig. 10

Velocity Field for Two
Successive Cascades




ISLE RALIGNE ~ SYH.
F3833.430

OLUTION
COULERENT VISQUEUX

¥aT

EYNOLDS = 10009,
HGLE ATTRQUE = 3.6
NGLE FUITE s 27.82

- QEF. CD =~ @.3911
OEF. CL = @.4984E-01
ORQUE CHM » 8.1421
OEF., CD = =8.1849
OEF. CL = -3.811
ORQUE CH = ©.2519
ARACTERISTIQUES DE LA CASCA
ASCADE = F3533.C
ORBRE DE RAMGEE - av
0. TOTAL COLOMME - 143
AVON DE GORGE s 79.06
MNCLE PERIODIGUE = 18.06
OC.RAD. DU PIUOT = 88.80
OC.ANG. DU PIVOT - Te
PsR BORD FUITE 1)
ROFILI = STU.PRO
OC.RAD.BORD ATTAQS i21.8
OC.RAD.BORD FUITE- 164.3
ORDE = 27.22
NGLE PROFIL 1 2 34.50
OHBRE DE PTS s 35
ROFIL2 s WKGLPR
0C.RAD.BORD ATTAQe 96.78
0C.RAD.BORD FUITE= 8i.85
ORDE - = £8.88
NGLE PROFIL 2 ° 33.90
ORBRE DE PTS = 4%
ONG. ENTREE = 25.60
NGLE ENTREE ® 35.08
ONG. SORTIE s 40,00
NGLE SORTIE e 45.060
0. COL. ENTREE s a5
0. COL. INTER e 7
0. COL. SORTIE s 35
ONC. RANGEES a @.6@
ONC. COL. ENTREE = ®.30
ONC. COL. INTER = 9.18
ONC. COL. SORTIE = @.3¢

bE
AS

PRO

2 MMOO

¢.100

$.875

8.056

L~

8.025

6.000

S N

-8.025

1.0

Fig. 11

Skin Friction Coefficient as
Function of the Normalized Length



ISLE WALIGNE - SYM.UGT
WOLUTION F3533.A36

COULERENT UISQUEUX
EYNOLDS = 1@200.

WNGLE ATTRQUE =  30.00
WGLE FUITE = &7.82

ARACTERISTIQUES DE LA CASCADE
JASCADE = F3533.CAS
27

{ONBRE DE RANGEE =
t0.TOTAL COLONNE =« 143

YAYON DE GORGE e 79.€0
WGLE PERIODIQUE -  1B.€0
.OC.RAD. DU PIUVOT = 88.060
" .0C.ANG. DU PIVOT = 7.85

Ps/R BORD FUITE 1)

ROFILL = STU.PRO
OC.RAD.BORD ATTRG=  121.8
:OC.RRD.BORD FUITE= 184.3

‘ORDE = . 27.282
WNGLE PROFIL 1 = 34.59
IORBRE DE PTS = 35
ROFIL2 = UKGLPR.PRO

0C.RAD.BORD ATTAG®  96.79
0C.RAD.BORD FUITE= 81.6S5
:ORDE - « 2B8.88
MNGLE PROFIL 2 = 33.00
IOHBRE DE PYS = 4]

ONG. ENTREE s 25.06
NGLE ENTREE = 35.00
ONG. SORTIE s 40.86
NGLE SORTIE 45,00
0. COL. ENTREE = 25

0. COL. INTER . 7

‘0. COL. SORTIE =« 35

ONC. RANGEES @ 0.60
ONC. COL. ENTREE = 0.30
ONC. COL. INTER = 8'58

ONC. COL. SORTIE

(8.32)
(DEG)

(8.51)
(DEG)

N Moo

8.2 0.4 0.6 0.8 1.9

Fig. 12 S Coefficient as Function of the
Normalized Length
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K~349 A=3.0
THROUGHFLOW
SURFACE 1
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—

i

1
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Fig. 14 Throughflow Grid for a Kaplan
Runner on the Z-R Plane
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Fig. 15 3-D View of Kaplan Blades




ARACTERISTIGUES BY & .o l

ORDE ° i.0e
ONBRE DE POIKT

XTRADOS ° X
NTRADOS @ B ]

ACTEUR CONC. = 8.t @

NGLE ROTATION - JO
9.343393% -9 .30 7%

HTERPOLATION LInERESE

Fig. 16 Developped Profile of Section 2



CRRACTERISTIGUES DU PROFIL

JORDE = 1.00
¢MIBRE DE PUINT
INTRADOS ®
INTRADOS s 39

TACTEUR CONC. = 8,50

WGLE ROTATION » 9.0
©.8562680 =6.3826444

[NTERPOLATION LINERIRE

INTERPOLATION DU PROFIL
=2(FIN)
=2(INI)TIALISATION

= (LIRIE

-2 (ECRIIRE
=>(INT)ERPOLATION

-2 (GRAPHISHE

=->( )=ABREVIATION
iN;RER UNE OPTION, ...
i€

icrire le mom du fichier

3£C5.PRO .
INTERPOLATION DU PROFIL
=2{FIN) .
=>(INI)TIARLISATION
=2(LIR)E

=>(ECR)IRE

=>{INT JERPOLATION

=3 (GRA)PHISHRE

-3¢ I=ABREVIATION
HTRER UNE OPTION, ...

Fig. 17 Developped Profile of Section 5




AL CE ¥ 349-8EC2

WCLUTION  SEC2.RES

‘COULENENT 1*ESOUEUX
EVROLDS 10000,

INGLE PROFIL = -47.88
NGLE ATTAQUE = -32.93
NGLE FUITE = -51.68

0EF. €D = ©0.1135

0EF. CL = 1.432

0EF. €A = §.8461

OEF. €T =+ @.7648

‘ORGUE CR = -8.6707
'ARACTERISTIGUES DU PROFIL
‘ROFIL = SEC2,PRO
‘ORDE s 1.000

IOMBRE DE PTS = 30
‘ARACTERISTIGUES DE LA CASCADE
‘ASCADE SEC2.CAS

IORBRE DE RANGEE
10, TOTAL COLONNE

0. COL. ENTREE
0. COL. SORTIE

ONG .
LONG .
ONG .

HGLE
WGLE
MGLE
ONC .
ONC.
ONC.

INTERAUBE
ENTREE s
SORTIE @

ENTREE (DEG)=
PROFIL (DEG)e
SORTIE - (DEG)=

RANGEES ®
COL. ENTREE =
COL. SORTIE =

OBPOSANT UX HAX =
RANGs 4 ,C0L.=29 )
OMPOSANT UX AIN =

RANG=

2 ,C0L.*54 )

28 o8 00
o
(-~

8.6000
6.3008
8.3068

1.222

0.4827
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Fig. 18 Velocity Field in Sectijon 2




NALYSE K348-8ECS

OLUTION SECSB.REW

cwu:nenr YISGUEUK
= 16688.

MNGLE PROFIL »~ -~68.60
MGLE ATTAQUE « -~57.34
WGLE FUITE = -61.86

QEF, CB +« ©.5536E-01
QEF., CL = §.4787
OEF. CA = 0.4416
CEF. CT = €.1941

ORQUE CR » -@.9366
ARACTERISTIQUES DU PROFIL
ROFIL = SEC4.PRO
ORDE e 1.600

OFBRE DE PTS = 30
ARACTERISTIGUES DE La CASCADE

#SCADE - s SECS.CAH
ONBRE DE RANGEE 2?

0. TOTAL COLONNE = 89
0. COL. ENTREE = 25
0. COL. SORTIE = 35
ONG. INTERAUBE = 1.138
ORG. ENTREE = ©.8830
OHG. SORTIE = 1.269

NGLE ENTREE (DEG)> -57.50
NGLE PROFEL (DEG)-. -606.69
NGLE SORTIE (DEG). -69.69

ONC. COL. SORTIE = @.3009

OFPOSANT UX faX = ©.7683
RANG= @ ,C0L.=36 )
ORPOSANT. UX MIN e @.28645
RANG= 2 ,COL.»54 )

MR ides &
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Fig.

19 Velocity Field in Section 5




NALYSE K349-SEC2

SLUTION  SEC3.RES

SOULERENT UISQUEUX
EVHOLDS »  16886.

YGLE PROFIL = -47.80
NGLE ATTAQUE = -33.93
YGLE FUITE » -51.68

¥F. CD = 86,1135

¥XF. CL = §.1

YEF. CA = 0.B464

XF. CT = 0.7612

JRGUE CA = ~6.6767
SRACTERISTIQUES DU PROFIL
WFIL = SEC2.PRO

JRDE = 1,800
JABRE DE PTS » 36

SRACTERISTIQUES DE LA CASCADE

ASCADE = SEC2.CAS
JMBRE DE RANGEE = 27

3. TOTAL COLONNE = 90

Jo COL, ENTREE = @5

J. COL. SQRTIE = 35

MG, INTERAUBE - @.8e8e
MG, ENTREE * 0.8660
MG, SORTIE = i.268

NGLE ENTREE (DEG)= -33.€¢
NGLE PROFIL (DEG)= -47.69
NGLE SORTIE (DEG)= -47.69

IC. RANGEES s ©.6860
INC, COL. ENTREE « 6.39¢0
NC., COL. SORTIE = ©.3852

|H TMMAOO

.

i

.2 6.4 - 0.6 6.8

1.0

Fig.

Pressure Coefficient on Section 5



RALYSE K349-S£CS

OLUTION  SECS.REW

COULERENT yIsolsuy
EYNOLDS =  10066.

NGLE PROFIL - -g0.00
NHGLE ATTAQUE o -57,.34
NGLE FUITE = -61.96

OEF. CD = @.5536E~0%
0EF. CL = ©.4787

OEF. €A = 8.4410

OEF. CT = 0.1944

ORQUE CR « -9,9366
ARACTERISTIQUES DU PROFIL
ROFIL » SEC4.PRO

ORDE = 1.689
OHBRE DE PTS = 3¢
ARACTERISTIOUES DE LA CASCADE

ASCADE = SECS.CaH
OfBRE DE RANGEE = @7

0. TOTAL COLONNE » 96

0. COL. ENTREE =« 25

0. COL. SORTEIE = 35.
ONG. INTERAUBE = 1.138
ONG. ENTREE ° 0.8600
ONG. SORTIE e 1.200

NGLE ENTREE (DEG)s -57.58
NGLE PROFIL (DEG)>» -66.89
NGLE SORTIE (DEG)> -60.€8

« RANGEES e 0.6660
ONC. COL. ENTREE = @.32¢9
. COL. SORTIE = ©.306¢0

VS MOH

1.0

©.4

é.a2

N

8.2 @.4 6.6

1.8

Fig. 21

Pressure Coefficient on Section 2
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