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A Source Wake Model for Cascades
of Axial Flow Turbomachines

This work presents a computational model for the viscous flow through rectilinear
cascades of axial turbomachinery. The model is based on modifications of the classical
Hess & Smith panel method. The viscous effect of the attached flow portion is introduced
by means of normal transpiration velocities obtained from the boundary layer
calculations on the airfoil contour. At the separated flow portion, fictitious velocities
semi-empirical normal velocities are introduced assuming a constant pressure in the
wake. When the separation is not detected, it is possible to simulate the effect of the small
wake near the trailing edge by using an injected flow on a distance based on the
Gostelow (1974) fairing-in procedure. The numerical model presents two iteration
cycles: the first one to find the separation point, and the second one to accomplish the
viscous-inviscid interaction, in which the transpiration velocities and the flow injection
are submitted to a relaxation process in order to guarantee the convergence of the
method. Results for the pressure distributions, flow turning angles and lift coefficients
are compared with experimental data for the model validation.

Keywords. Method of the panels, separation of boundary layer, linear cascades,

interaction inviscid -viscous

Introduction

In the design of turbomachinery cascades it isnaftecessary to
define some basic parameters such as the flownyiiamigle and the
lift coefficient of the blade. These parameters teshigh enough
to guarantee the highest pressure rise througmtehine without
compromising its efficiency with aerodynamic loagkntypical of
stall. The result is that axial flow turbomachinesially operate at
nominal conditions with significant areas of bouryddayer
separation. This fact has been observed by soreareers such as
Lieblein (1959) and Schlichting (1959), and hasnbeenfirmed
theoretically by boundary layer analysis and experitally in
tunnels of cascades and axial compressor rig. Tdrersituations of
flow separation must be necessarily considerechénpreliminary
design.

Recent researches in the aeronautical field haweelojeed
computational fluid dynamics models (CFD) basedfudh Navier
Stokes equations solution with the purpose of aimgea solution
for a wide range of fluid-flow problems. One recqnitblication
related to separated flow situations in airfoil waesented by
Rogers et al (2000). In such work an analysis falidation of
computed high lift flows with significant wind tueh effects in
multiple elements of wing was presented, in ordecdlculate the
viscous fluid flow over high-lift configurations allenging CFD. In
that work the accordance between the computatioaatl
experimental lift, drag, and pressures distributamer surfaces is
very good at lower angles of attack and reasongbbd at higher

As can be observed, full Navier Stokes flow sohames actually
more utilized because they represent physic prablema more
accurate way. Nevertheless it is necessary to empgloper
computers with very fast execution time to obtagsuits with high
accuracy and reduced time.

On the other hand, some other works, based on lsirities
distribution techniques, have been reported foem! fluid field
determination in isolated or cascaded airfoilsesehviscous effects
are quantified through transpiration normal velesitobtained from
developed boundary layer (Lighthill, 1958), knowns a
“inviscid/viscous interaction”. These techniques offer satisfactory
results, especially in situations where boundamgedaseparation
hasn't been detected in the proximity of the trgliedge, like in
Bizarro and Girardi's work, (1998) based on the $Hasad Smith
(1996) potencial model produce technique. For viscanodel,
transpiration velocities distribution on body sweda determined
through boundary layer integral solution calculatiovas used.
Other classical work employing boundary elementhn&ues is
Barnett's et al (1991) who presents a viscous-gidisnteraction
technique for a quasi three-dimensional analysiscompressor
cascades. In this work, the potential flow caldotatwas obtained
through the solution of Euler's differential eqgoat and the
viscous calculation was realized through an invenseel based on
finite-differences. The analysis has been used itedigt the
performance of a transonic compressor cascadetiogentire range
of incidence angles. Other works also based on leduviscid-
viscous interaction were presented by He and Defi®&®4) for
unsteady flows through vibrating blades. An effitiecoupled

angles of attack up to 33 To model both wing and tunnel 14.4 approach between inviscid Euler and integral boondayer

million grid points were used. The computational delo was
developed utilizing the upwind-differencing scheafeRoe (1981),
implemented with the van Leer monotone upstreanteced
scheme, for conservation laws third-order apprdactderson, et al
1986). For turbulent flow the Spalart-Allmaras 929 model was
used. Between 3000 and 6000 program cycles, ¢astiout 1500
hours on a dual-processor Silicon Graphics Octaoriistation, was
necessary to converge the solution. Recently, otloeks on high-
lift CFD three-dimensional simulations like Mathias al. (1995)
and Jones et al. (1995) were presented. In allheba works
validation was limited to comparisons with expenita forces and
pressure coefficients in aerodynamic bodies.
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solutions has been developed for quasi-3-D unstéads induced

by vibrating blades. To conduct the coupling bemwéhe inviscid
and viscous solutions for strongly interactive fiowhe unsteady
Euler and integral boundary layer equations areulsémeously
time-marched using a multi-step Runge-Kutta schemige

boundary layer displacement effect is accountedyoa first order
transpiration model. Hansen et al (1980) have pepca method
for calculating flow fields around an arbitraryfail cascade on an
axially symmetric blade-to-blade surface. The métpredicts the
overall fluid turning and total pressure loss ire tbontext of an
inviscid-viscous interaction scheme. The invisdiowf solution is

obtained for a compressible flow through the GHllgfl972)

method, where contours of blades are replaced btewsheets.
Source distributions on the contours in the regibseparation are
used to simulate displacement effects of the ségmhraake. The
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viscous flow is obtained from a differential boundéayer method
which calculates laminar, transitional and turbtilesundary layers.

Works based on coupled inviscid-viscous interactiohere the
potential model is determined through singularitistributions
around airfoils and integral methods of boundapetao determine
the viscous effect, have the vantage of less caomtiputal effort
compared to full Navier-Stokes solution models sts®owed
previously. The potential model based on bound&ynents such
as the panel's technique is more appropriate feisad flow
calculation because it doesn’'t require iterationd acan be
considered as fully accurate at each stage andegoasstly it
requires less computational effort compared toratiethods.

Considering these aspects, the use of alternatetbads with
low computational cost can be attractive in thebdunachinery
preliminary design. Ramirez and Manzanares (20@0% lproposed
a model for the simulation of boundary layer sefianan cascades
of turbomachinery based on the Hess and Smith (1@@inel
technique. The classical impenetrability condition the blade
surface was modified by flow injection in the amgfaseparation,
according to the empirical procedure by Hayashi&& (1977). In
the situation there is no boundary layer separaticanspiration
velocities are introduced according to the Lighthi(1958)
formulation. Results for pressure distributionswilturning angles
and aerodynamic coefficients have been comparezkperimental
data from NACA-65 airfoil cascades. A good agreemesas
observed. This methodology requires less computatidime
compared to the finite differences and finite elatteased models.

In the present work, a more complete model is pteseaiming
to specific application in cascades of axial turbohinery.
Modifications in the impenetrability condition caas by flow
injection in the separation area, and viscous tfface introduced
through transpiration technique (Ramirez et al.99,92000 and
Ramirez 2001). Once again panels technique by lderdsSmith
(1967) is systematically reformulated in order ttova the flow
velocity direction at the cascade inlet to be diyespecified in
magnitude, W1, and angle attack]l. Results are presented for
cascades of NACA-65 profile for a range of anglitack, including
the stall area. This work offers the designer aetdi design” tool
with low computational cost. Another motivation tise possible
extensions to “inverse design” methodology of
turbomachinery blades regarding the presence oératpn and
viscosity.

Nomenclature

i = imaginary unit

Cq4 = drag coefficient

¢ = friction coefficient

C, = section lift coefficient

H = form factor of wake or boundary laye¥, /8
C, = pressure Coefficient

Dot = diffusion factor for potential flow

F = weigth funtion Eq(1)

FR = relaxation factor

G = vortex and sources linear distribution

g = distribution of density source and vortex
kq,k> = coefficients of corretalion

| = chord length

Iy = length of separation

N = panel number

Qe = experimental flow correlation Eq.(12)
Qr = theoretical flow

Re = Reynolds number based on blade chord
s = coordinate of the profile

t = cascade pitch
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W, = transpiration velocity

W, = tangencial velocity distribution

X,y = cartesian coordinates

Via = half the profile thickness at the point of sepian

x/l = dimensionless chord length

[A] = array of coefficient of influence

[B] = array of coefficient in the tangential ditem

{C} = Vector of influence of vortex in the directicnormal
{D} = Vector of influence of vortex in the tangeatidirection.

1 —
{Wr } = normal vector component
{Wén} = tangential vector comp.

Greek Symbols

I, = circulation

I« = effective circulation

a = angle of attack measured between flow directiot
blade chord, degrees

[ = stagger angle

B, = inlet flow angle

5 = exit flow angle

40 = flow turning angle, degreef£5;)

J = displacement thickness

6= momentum thickness

y = intensity of vortex

Jnax = Maximum vortex intensity

A = solidity ( /)

L., [ = tangential directions angles of the separat&ncities,
Fig (2).

Axs = Gostelow’s distance

w = losses coefficient

Subscripts

2 relative to exit

1 relative to inlet

oo refereed to vector-mean velocity

bf trailing edge

ps separation point

Superscripts

(1) Speidel's formula

(2) Flow injection

(3) Experiment

Formulation of the Equations for the Flow in Linear
Cascades

Linear cascades are planes rectified from cylirdingews of
axial flow machinery. Fig. (1) shows a scheme ofirdimite linear

grid in the complex plane = x+fy , Wherex is the axial axis and
i is the imaginary unitw/-1 .

The cascade is composed by identical profiles éguepaced
with distance, chord length and stager anglg, the angle between
blade chord and axial direction.

The study of the relative velocity fielaV in the cascade is
desired, outside the profiles is desired. The apsions of potential,
incompressible, steady and bi-dimensional flow Ww#l considered
here. The flow parameters will be represented lyflthw angles in
the inlet and outleB, and 3, the deflection angle of the flow in the
cascadeASB = (B, - 3,); and by velocities of the flow in the inlet

and outletw; .and w,
The velocity of the non-perturbed flow is given the average
of the vector velocities in the inlet and the otitle,, = (\K/l +W2)/2.
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The circulation on the profile is defined d% =<{Wtands where

W.an is the outer tangential velocity at the profilauhdary. Figure 1
shows the geometry of a linear cascade and theselkscities
diagram.

rp/2t

rp/2t

W, (meridional)

Figure 1. Linear cascade and velocity diagram.

Hess and Smith Panel M ethod in Cascades

Details of the basic formulation of the Hess andtBr(iL967)
panel method is depicted in the work of Petruc@9g), in details.
The airfoil is approximated by an inscribed polygeelected as to
give a reasonable representation of the airfoitman The segments
of polygons are denominated panels usually conaemdr a larger
quantity of these segments the region of the lepdind trailing
edges. Uniform distributions of sources and voréeg used; the
intensities of sources are the variables and ttemsities of vortex
are specified as a sinusoidal function that becomers at the
trailing edge and reaches the maximum vajg, in the leading
edge, J(s) = ymaX.F(s) , Thus,

F(9)= %{”’"H%@%m

@

In Eq (1), s represents the coordinate of the profile from the
trailing edge where = 0, going through the outer of the profile with

the inlet at right and returning to the trailingged = s. This kind of
distribution avoids the false aerodynamic loadgshie area of the
sharp trailing edge verified in the classical methaf Hess and
Smith, which uses a constant distribution of veidn the whole
profile, representing difficulties in the correqipdication of Kutta
Condition. The modification of the basic formulatiof Hess and
Smith was tested successfully in various situatfongprofiles with
sharper trailing edge, such as the case of thateblprofile of
Joukowsky (Karamcheti, 1966) and the cascade oftelwes in
Petrucci's work, (1998).

The expression for theonjugate complex velocity in the point

of control z; of paneli, induced by distribution of sources and

vortex of all panels, is given by:
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_ _ N -e_f'gj sinh(z, —z;)/t
W(zq)=Wm+ZgJ Iog{ (2, =)

. (2
sinh(z, —zjﬂ)/t} @

=l 2

where g; represents the linear sources and vortex densities
gj =0 +fyj , t the blade pitch of cascadg, the panel anglé

related to axisx and N the number of panels. Equation 2 can be
separated in two parts, one referring to the seuesel the other
referring to the vortices. Far=j, it is necessary to consider the
special; effect of self-induction.

For the given cascade geometry and the mean flagheaiq.
(2) is applied to all points of control, resultinmy a system ofN
linear algebraic equations for thé intensities of sources. The
maximum intensity of vortex is determined by thelagation of the
Kutta Condition.

Reformulation of the Hess & Smith Method for a Given
Inlet Angle

It is important to notice that the numerical tectu of Hess and
Smith (1967) was first implemented to study thenflm isolated
profiles for flight aerodynamics. In that technighe angle of attack
a., IS measured relative to the chord of the proéileg the velocity

W,, is used for the calculation of the distribution sifigularities.

For cascades of profiles in the situation of turbohinery rotor, the
inlet W; and the inlet anglef, measured relative to the axial
direction (Emery et al, 1957) are usually fixed. diain the angle
£, in the first situation, different values af, must be tested
iteratively, until a circulation is obtained arounihe airfoil
compatible with velocities diagram (Fig.1). Thisopess increases
significantly the time of computation mainly whenis intended to
make viscous/non-viscous interactions. Consequently is
convenient to reformulate the method of Hess andtiSto give
directly the cascade inlet angle and to perform foential
calculation straight, without iterations.

From triangles of Fig.1, a relationship can be ivletéh between

the mean conjugate complex velocitigs and the inletw; , that is:

_ T
W, =Wy +i

— pa

@)

Equation.(3) is substituted in to Eqg.(2) and thenponents of
the normal velocityV,, and tangential \Mo the profile boundary are
then isolated:

N -is i

g.e
W, =Re [Z o

. N dB .
10g(K)E” + )1~ —log (K) AR, +
j=1

+[VTé_ + f%]e&;‘ J ’

_iﬂj

ge
W, =Im [Z o

j=1

=1

(4)

) N B )
log(K)e” + g > i ez—ﬂlog(K) EAF +
=1

_ I ;
+H W+ 2 A,
2t

whereK is the argument of the logarithmic function at E2).
The circulation around the blade is representec loyimerical
integration which uses the function defined in EJ.(

©)
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N
Mo =Voad FOS o Where  As = ||zi+l - z||| (6)

j=1
Equation (6) is substituted into Egs. (4) and Bpressions for
the tangential and normal velocities in the conpaihts in terms of

the inlet velocity, with the adequate effect of ttmtex distribution
are then calculated:

g,
W, =Re {iaje log(K)e# +
K 2

e

iAEJ i B ~ ~

A N
+ Vinesd [Z

=

_i'ﬂl

N g.e
W, =-im ’
n {z 21

=

log(K)e +

iB; . ) o
+Vmaxf{zN:Z—”|09(K)@f" (F, +(P)e'ﬁ'}+vvle"ﬂ1ell3} @)

=

inh(z. —z;)/t
Kz .z) = M ) (9a)
ati sinh(z;, —zj.+1)/t
N
D Fbs
=12 %
P==5 (9b)
Equations (7) and (8) can be rewritten in matrixfo
i} = [Bo}+ VmmD} i} (10)
.} =[Alo}+ ymacdct+ Wi } - (11)

The brackets {} represent column vectdigl and the square
brackets [ ] square matricbsx N . [A] and [B] are the matrices of
the normal and tangential influence coefficienspextively, that
depend only on the geometry of the airfoil, theada pitch, the
stagger angle, and the number of pandly; dnd {C} represent the

vectors of the normal and tangential influence oftex; \Wan

Separated Wake Simulation

The boundary condition of the normal velocity (Eq. 11) can
be modified in order to simulate the wake breakaWapugh the
fictitious flow injection. Hayashi and Endo (197f)tained a semi-
empirical relationship that quantifies the flowlte injected into the
portion of separation flow. They use the tangémtieection of the
breakaway velocityWWs on the points, (upper) ands (lower),
defined by the angle8, andj respectively, as shown in Fig.2a. The
direction of the flow is given by the angl® in a random point on
the profile surface between the poisgsands, and it is admitted
that the normal component of the velocity vary ilinaar way with
the distance along the surface.

Based on the experimental data, Hayashi and En@837{1
defined a semi-empirical correlation was obtainetiieen the non-
dimensional flow intensity and the angl8s and 4, applicable to
different kinds of aerodynamic bodies, Eq (12).

Qe /1\Ws = 025+ 05500{@] + 1.70%[@) -

_1zeco{ﬁu +5 jsm[ﬂu -A]

12)
2 2

where Qg is the flow to be injectedy\; is the velocity in the
breakaway point anld,, 4, 3, are the profile geometric parameters
as shown in Fig. 2. The correlation was establisimedrder to
produce an approximate constant pressure in treaten wake.

Effect of Attached Boundary Layer

The effect of the attached boundary layer will Eated by the
technigue of transpiration” that consists of fluid injection in the
external flow based on the boundary layer displargnthickness.
This technique was proposed originally by Lighth{l1958).
Represented by the following expression:

d x
Wt =£(\Nta— ) (13)

In the Eq. (13, is the outlet tangential velocity distribution in
the boundary layer, calculated by the potential ehod (s) is the
distribution of the displacement thickness olgdinfrom the
boundary layer calculation arsds the natural coordinate around the
profile.

To determine the displacement thickness distrilbutid,

and {\Nlnor} are the vectors of the normal and tangentigboundary layer momentum thicknegs form factorH = J/6,

components in the cascade inl{wn} is the vector of the normal

velocity imposed at the boundary of the profile.

According to the method of Hess and Smith for tlogeptial
flow around the bodies, the variablgg., (vortex) ando (source)
from Eqgs. (10) and (11) are determined by the di@mnelous
application of the two conditions. The first is th@undary condition
of the impenetrability that requires a null normalocity over the

superficial friction coefficient; and point of separation, the von
Karman equation ofmomentum, is solved numerically, given a
known velocity distribution (which means to specthe pressure
gradient). To solve this equation, the following thmels and
criterions are established: integral method of Titegafor the area
of laminar boundary layer; Michel's criterion fohe transition
between laminar and turbulent; and Head for thebufent,
boundary layer. The turbulent separation is defibgdthe form

body surface:W, =0; the second is the Kutta Condition thatacior H = 2,4. The computational code for the calculatiorth

requires a flow that doesn’t turn around the tngilkdge. One way
to impose this condition is to requires the tanigénelocities on the

control points over panels of the trailiedge to be the same, but in

the opposite direction, that ¥}, = -W,,. The following chapter will
treat the breakaway and the modifications of norugbcities of
transpiration in the boundary condition as well the Kutta's
Condition.

J. of the Braz. Soc. of Mech. Sci. & Eng.
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boundary layer was obtained from the work of Celge@radshaw
(1977).
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Figure 2. (a) Definition of the normal velocity component, Wnd. (b)
Agreement of the pressure distribution in the area of trailing edge, as
Gostelow.

It is important to notice that the boundary layede used in this
work doesn't allow modeling the possible formatioof
displacement bubbles on the surface of the aeradignarofile.
This irregularity occurs when, at adverse pressynadient, the
laminar boundary layer is separated and subsequentlyackat in
a turbulent condition. For example, it is possilite detect the
circulation bubbles in the experimental curves ofespure
coefficient in the NACA 65 profile cascades, opmrgtwith an
intermediate Reynolds number around (®mery et al, 1957). The
clue is to identify the tendency of the formatioh @ constant
pressure platform after the minimum pressure poimthe profile
suction side (that normally limits the end of thabde laminar area).
The well successful modeling of the separated ylsbhains as an
opened theme, requiring further development, beytbedscope of
this work.

Wake Simulation for Small Angles of Attack

Gostelow’s correction was introduced like as cdroecmethod
for the potential flow in a way to simulate theodss effects. This
correction aims to reduce the circulation and swmlbtain more
realistic values of the pressure and lift coeffitge The correction
was proposed by Gostelow (1974) and consists oinégiin the
pressure distribution to avoid non-natural strongspure gradients
at the trailing edge region. The distance fromtta#ing edge where

the adjustment is made is denoted§, as shown in Fig. (2b) in

R. G. Ramirez C and N. Manzanares Filho

variation of Ax; with diffusion rate: Ax; =k /(1-k,InD
k, =089and k =0.020are optimal regression factors based on

wot) Where

experimental data of diffusionx; rate. Details of such analysis can

be found in Manzanares (1994) work. Such correfatiall be
applied for situations where the suction side fld@esn’t separate
from the profile, remaining attached until the ltraj edge. In these
cases the modeling of a small wake next to trailidge is necessary
to avoid the uncontrolled rise of the boundary tapehis area. This
work has, as an objective, directed to the effectdesign of
turbomachinery and not specifically to the modeliwfgcomplex
wakes and can be considered as a very simplifietretd wake
model. The idea is to use the own flow injectiorogmsed by
Hayashi and Endo (1977) to simulate the effechis wake using a

small area established by the distance of Gostdlg, as the

injection area. The wake will be considered segarshen the
separation point is detected upstream the correlpgrGostelow

adjust abscissaix; . Otherwise it will be considered a wake of
trailing edge.

Extended Hess and Smith Method for Aerodynamic
Profiles With and Without Separation

The proposed extension my be used at any portionhef
attached boundary layer considering the correspondiscous
effects quantified through the transpiration tegoei In the
separation area the extension will have value forlprofile suction
side breakaway situations. In this area the thimatdnjection flow
Qr is given by separated normal velociti®s,{) and by the length
AS of the outline distance with separation, assumihgt the
velocity W,q raises linearly from zero at the separation point:

N
Qr = 305 12° s

i=pg

where:p; is the index that represents the separation poamdom
beginning), 4S is the length along the profile surface in the
breakaway area, amtithe number of panels.

Connecting appropriately Eqgs. (14) and (12) anariperating
the transpiration velocities, one has:

2f(Bu. B)Ws

I (15a)

{Wh} = {5} +H{Wi}

sep

{k}=21Au Py,

| (15bc)

Wy} = {KWg +{Wy}
sep

whereW is the separation velocity and {S} is the local inate
vector of the separation area from the separatiamt.pin Eq. (15b)

the pressure coefficient curv€p, as function of non-dimensional the first term of the right represents the nornmiédtion velocity
abscissa, x/I. Admitting the assumption that the value ofyector that is a function of the separation vejosh, and of the

Ox; represents the measure of viscous effect at thkéngraedge

region, parameters were established for the aessdyn load,
capable to quantify those effects and consequint@aldetermine

geometrical parameterg,, 3, ls, and S. The second term, the
transpiration velocity of the attached boundanefays the vector of
normal velocity around the aerodynamical by It is possible to

the value ofAx, . According to Lieblein (1959) correlation’s, the Substitute the outline assumption W, (Eq. 15b) in Eq. (11),

diffusion rate is a measure of the aerodynamic,ledtch can be
used to quantify the valuew; . Lieblein defines the potential

resulting in the following matrix equations:

IR0+ ) = [AH 0} + Ymand )+ .

(16)

diffusion rateD,,; as the relation between the maximum potential

velocity value at suction side and the mean flowocigy at the
cascade outlet. Analyzing the boundary layer, lagbbbtained an
empirical correlation from which it is possible talculate the

292/ Vol. XXVII, No. 3, July-September 2005

{\M} = [B]{U} + Vmax{D} + {V\éxn} : (17)

Substituting the source intensityfrom Eq. (16) in Eq. (17):
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g} = ([T, }+ e )+ oz )+

el [B][A{C} +{D})+w.[B] A YK}

Making all the matrix operations on the Eq.(18}esults:

(18)

(W} ={VINF} + padveAMA +w{vNOR} (19)

Note that in Eq. (19), vortex intensipy.x and the velocityWs
are unknown which may be calculated by a changienKutta's
condition, that is, the velocity at the separapaint W; will be the
same as the velocity at the trailing edge in theelo side; W;
=W,=W;. From Eqg. (19), it can be obtained the systemwas t
equations with two variable¥/s and J., Where the subscript 1
refers to the first panel of the trailing edge ba tower side angs
to the panel where the separation point is fixed.

W, =VINF, + Vo VGAMA +WVNOR, (20a)

Ws =VINFp + Yimax VGAMA, +WoVNOR,, (20b)

Solving the system (20ab), the valygs, andW; are obtained:

B VINF, +VINF, +VINF, VNOR -VNOR, VINR (21)
max = UGAMA-VGAMA, ~VGAMA VNOR +VNOR, VGAMA
_VINF, +¥naVGAMA (22)

S

1-VNOR,,

The value of the pressure coefficie@t, is calculated taking in
to count the component of the normal and tangemdiialcities:

Roil

The methodology for calculating the flow with segtéon in
aerodynamic bodies, including the viscous effdstfased on two
computational codes 1) The potential code for datmg the flow
in cascades, based on the numerical technique sxf &e&mith with
modifications to simulate the effect of the sepedaivake; 2) The
boundary layer code to determine the separatiomtpaind
transpiration velocities. The computational codel e quickly
described as follows:

For the code 1, is supplied initially: cascade dityli A =I /t,
stagger angles, inlet angleB;, Reynolds numbeRe, number of
panelsN, and reference airfoil coordinates. An initial gimsi for
the separation point is also introduced, where ctitifius fluid
injection is imposed. Initially the separation pgomust be fixed
close to the trailing edge; the program, re-posgideratively this
point until reaches convergence with the separgtimint obtained
through boundary layer calculation.

The modified potential flow calculation supplieswngelocity
distributions where the boundary layer code will Wtdized to
indicate the new separation point position at thf@iasuction side.
The boundary layer code is utilized iterativelyilobnvergence is
achieved for the separation point fixed at the pié calculation.
When 160 to 200 panels are used is verified a aptirmonvergence
above the control point. However, for less panels hecessary to
consider as stop criterion the tolerance in théadte between the
fixed point in the potential calculation and theeateterminated by

Wian
W

Cp, = 1—[ (23)

Algorithm for Calculation

J. of the Braz. Soc. of Mech. Sci. & Eng.
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the boundary layer code. For 80 panels, the maxirdiffarence
between the point fixed was two to three controinis After
convergence was attained, the separation poirardist measured
from the trailing edge, was less than the fairingsiostelow (1974).
If the separation was not detected then the Gast&aing-in was
used to simulate a small separated wake. At thisl lthe code
offers preliminary results for the potential pressuistributions
model with influence of the separated wake.

After the region for injection was defined, a setdterative
process is activated. Then the normal velocitiesafspirationW,,
were introduced in the region where the flow wamchted. The
normal velocity components are then obtained from itighthill
equation, Eq (13). The transpiration velocity valaee sub-relaxed
in each iteration with selected relaxation facteiRs

Wnt(actual) U FR'Wnt(actuaJ) +(1' FR)Wnt(anterior)- (24)

The distributions of the transpiration velocity mipthe blade
and flow injection are calculated iteratively urgitisfactory overall
convergence is obtained. A means to check theergence is the
drag coefficient variation|€ oy ~Cq awar| <10°°)-

The flow deflection angle in the cascade is catedlaising the
effective circulation and blade spacing of the adsc(Fig. 1). The
effective circulation is calculated by integraltahgential velocities
around airfoil. In the region of separation thegtamtial velocity is
obtained from separation velocity (constant) aadmnal velocity of
flow injection, that is:

N
e = §Wds DEWti As (25a)
W, = |va2 -w, 2 (25b)

The lift coefficient is calculated by integratioff the pressure
and skin friction coefficients. The skin frictioroefficient in the
region of separation is considered null and thegqne coefficient is
considered constant between the separation poihtrailing edge.
In the following examples this hypothesis appealieitly in the
diagrams ofC, versusx/l.

The computational program was developed in For&@&mising
the IMSL® library as tools for the solution of tlsgstem linear
equation, splines and functions of interpolatiod artrapolation.

The time required for execution of the program was
approximately 6 minutes in PC, Pentium Il, 300 Mpiocessor,
with an average of 160 - 200 panels. Increase efrthmber of
panels among 500-700, the processing time can rapcko 20
minutes, with little improvement in the results.

Drag Coefficient

Based on the works of Speidel (1954) and Schligh{t959),
the loss coefficientt, is considered as direct function of drag
coefficient, that is:

_ _A Cuyq

= , 26

@ = 7 (26)

Cla, =26y 2 A 0SB, , (27)
cos’ B,
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whereb; is the boundary layer momentum thickness at thiéniga

edge for the suction and pressure sides or thee platere the
boundary layer separation occurBy = Oyt (suction) * Obf (pressure) -

Either of the equations (26) or (27) may be useddfdermination
of the dissipative effect in the cascade, thatctgi or w. ltis

important to notice that@w decreases with cascade solidityand,

in the case of isolated airfoil€ 0), drag exists but losses are

absent.

Speidel (1954), from theory and experimental deldained one
empirical correlation for determination of the adfial boundary
layer momentum thickness in the separation red@mrsuction side,

1 W,
Osp == yb{[wj - 0,9} )

where:W; is the separation velocity, calculated from E@)(2V, is

gsep

(28)

R. G. Ramirez C and N. Manzanares Filho

To calculate the cascade drag, it is possibledtbEq. (30) to
Speidel's Eq. (27) without considering the wakeeash stress,
resulting:

Ca, =Ca, *+ Cay(in) S

A detailed description can be found in Ramire20@0

Pressures Distribution and Cascade Deflection Examples
of Application

For the validation present methodology, the catoutaresults
were compared with experimental data of Emery et18b7) for
airfoils in cascades: NACA-(18)10, NACA-(12)10, NA&08)10,
and NACA-(04)10. In this work, for each airfoil,rée different
stagger angle§ and angles of attadk, are shown.

Figures (3) to (7) show the, results of the disttitns of
pressures for the indicate inlet flow angleg,, (8= + a;) and

the cascades outlet velocity apgd is half the profile thickness at cascade solidityA parameters. The potential flow injection and

the point of separatioryuciona + Ypressrea =¥a), (Sanger 1973).

transpiration models are presented. Compared witferenental

The value of boundary layer momentum thickness tie t data. For all cases 200,. panels and Reynolds nunib@.,54><10'5
separation regioifl, can be added to Eqg. (27), resulting the totawere usedAgreement with as Emery et al (1957) data is achlev

drag coefficient:

53
Cdl =2 (9bf +9S€P)Ezs3 ;l
2

c0Sfy » (29)

For the drag calculation, the integration of dragl gressure
coefficients, were not used, because lead to mastakthe process
of numerical integration. Such process dependsngliyoon the
number of panel and kinematic parameters. In tise ch cascades,
the situation is much more serious, because drag is defined by
the mean velocity direction, which depends from ¢adculation.
Therefore small mistakes in the determinationhaf dlirection of
the velocity can introduce large errors in drag ponent, without
substantially affecting the lift component thatl@minant.

Pressure Drag Determination by Fluid Injection

It is possible to substitute the Speidel (29) foianwith one
more appropriate, based on the flow injection tépim A Kutta-
Joukowski theorem extension has been proposed hyzdares
(2001) for bidimensional flow around any aerodynaimbdy when
there is one region of fictitious flows. The classblution for skin
friction is not considered and only pressure dréglwe considered
in the separation region.

Manzanares (2001) proposed the following formutatito
calculate pressure drag in the separated flow negio

zQE (WS _Woc) ,

30
o (30)

Cay(ini) =

where, Qg represents the flow injection, calculated from &dstyi
correlation,W; the separation velocity calculated from the EQ),(2
W,, the vector-mean velocity (Fig. 2)\; the velocity of blade row ,
and | the blade chord.

Equation (30) requires thatVs = W,,. This constraint won’t be
satisfied for small angles attack when a small wsé&paration is
used to guarantee the convergence. Thereforetisitaavheré\; <
W, will be considered without physical meaning, résgl in

Cdy(inj) =0
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Usually 20 to 50 iterations, with sub-relaxatiootéa of 0,1 was
required to accomplish the inviscid-viscous intdoag with a time
of processing between 4 and 7 minutes in a PerdBoaiputer,
Pentium 1l de 300 MHz.

The cases of very low angles attack were not censiin this
work because the results of the distributions esgure of the lower
side of the airfoil differ strongly of experimentdates, due to
separation of boundary layer in this side, as wsllof the cases
where it was detected the existence of bubblebénptessure side
of the airfoil.

The results show that velocities of transpiratiorfluence
significantly the pressure distribution, resultingdecrease of angle
deflection until up to 1° with relation to the nabaf pure the flow
injection. In addition, the model can foresee $atiorily the base
pressure and the maximum angles, of great impaetdoc the
turbomachinery cascade design. A Small angles t#clat the
pressure distribution was adjusted according tofline injection
calculated by Gostelow criterion, to simulate tlenfation of the
small wake through the injection of fluid.

It must be emphasized that Emery et al (1957) tatze an
experimental error aof 0,5° for the cascade angle of at design point
deflection. This value may be higher at the “stedjion.

The first case analyzed is the cascade NACA64-(18)1
Figure.3, shows the pressure distribution for snaalyle attack.
Figure. 3a uses adjustment criterion of Gostelmwjection flow.

Figure. 3d shows good agreement for angle atiack 2C,
where are detected the maximum values of deflectioithis case
the flow injection should be increased in a comdmdl way.
Nevertheless, referencing to the methodology inditén this work,
empiric calibrations of the injection deserve othgention kind that
will be explained as an open problem.

As the previous case, the NACA65-(12)10 cascadeltses
calculation are shown. Pressure distributions,dgigare calculated
based at the fairing Gostelow criterion, and theeotgraphics the
separation point was obtained from the boundargriagde.

It is important to emphasize, at Fig. 4c, thatrtedel produces
good results of base pressure, as well as the maxideflection of
cascade (Fig.4d).

ABCM



A Source Wake Model for ...

24

®m=8,7, f=36,3

2.44

a90—
J 2.0

i 1.6

a=21,7 (23,3 -

=3 Y O N A NI |

28— [
1 @]

267 f=45, A=0,5Re=354410°

Potential e
Pres. methodology e
Experiment PR B

Figure 3. (ab,c) Pressure
Methodology, O Experiment

T ~ T T =T
12 14 16 18 20 22
a; (inlet angle attack)

(d)

distribution: ---- Potential,
(d) Cascade deflection angle; NACA65-

(18)10 airfoil , B=45°, 1=0,5 Re=3,54x10°.

J. of the Braz. Soc. of Mech. Sci. & Eng.

Copyright 00 2005 by ABCM

24 T T

=51 =399

BTTTTTTTTT T T T T T T
LV Potential e
34— @  Pres. methodology P
- O Experiment L _|
30— Bi=48° A=10Re=354x10° .’ .

T o e L L HNA LA s ey o s ey
4 6 8 10 12 14 16 18 20 22 24 2¢
aj(inlet ande attack

(d)

Figure 4. (a,b,c) Pressure distribution: ---- Potential, O Present
Methodology, O Experiment (d) Cascade deflection angle; NACA65-(12)10
airfoil, £=45°,A=1,0 Re=3,54x10°.

July-September 2005, Vol. XXVII, No. 3 /295



R. G. Ramirez C and N. Manzanares Filho

2.4 T T T T T T T 28 T T T T T T T

] @=9,7 (=353 - il @m=4,0 =560 |
2.0 24—

| 1 2.0 =

00 1 T T 1 0.0 T T T T
0 02 04 06 08 1 0 0.2 0.4 06 08 1
x| x/
() (@)
24 . — T 238 T | —
B . a=13,7 =31,3 R «=6,0 =54,0
2.0 = 244
100 1 204
16 ~Q - i
o 4 \\O\o\o i T \.
(@) =Q 16O -
& 1.2 NN — | N
1 Soo b S 12+ ‘\Q\
08— Y "o = ] Q-
5 \\\\9 o < 0.8 O ————--"-e T
0.4— TR i 4 . B
0.4
0.0 T T T T 0.0 T T T T
0 0.2 0.4 0.6 08 1 0 0.2 0.4 0.6 0.8 1
M 1
(b) (b)
O
32 INGE 1 1 ‘T 1 ‘3} ] 40T 1 T 1
;=227 (=22, 1 1
o) _ 3.61 =150 (=450 |

AB%? N L I B B e e i T
- Potential e A i )
28 ®  Pres. methodology d I Potential
b . e 1 12— @®  Pres methodology 1
_ O  Eexperiment . _ . -
% 45°,\=1,0Re=354x10° ,*~ 1 ©  Exweriment A
4 = = = X ’ - 4
Ai=48 A=10Re=3, S 10— B=4%,A=05Re=354x10° .’
s
6
2
P
i T T I
6 8 10 12 14 16 18 20 22 2 o 2 4 & 8 10 12 14 1
a(inlet angle attack) ay(inlet angle attacl
(d)
Figure 5. (a,b,c) Pressure distribution: ---- Potential, O Present . etriR I An- :
N . : i Figure 6. (ab,c) Pressure distribution: ---- Potential, Present
Methodology, O Experiment (b) Cascade deflection angle; NACA65- 9 ( ) d

Methodology, O Experiment (d) Cascade deflection angle; NACA65-(04)10

P T o 4 - 5
(08)10 airfoil , #=45", A =1,0 Re=3,54x10". airfoil, B=45°, A=0.5 Re=3,54x10°.

296/ Vol. XXVII, No. 3, July-September 2005 ABCM



A Source Wake Model for ...

Figures 5a and 5b, (NACA65-(08)10), point the iefice of the
flow injection for low angles attack, causing retioe of regions of
constant pressure at suction side, stimulating dieerease of
effective circulation, resulting in more real vauef cascade
deflection, (Fig 5d). Notice that, airfoil NACA6®8)10, was the
one that the methodology represented better theesriemental
results, of angle deflection as well as of angtésck from 8to 23.
Verifying therefore that, Hayashi et al (1977) etamtion are
appropriate.

Finally it is analyzed a few cambered profiles, NX85-(04)10.
For flows with angles small attack (Fig. 6a) tratemtial pressure
distributions approach experimental data. Howeivethe regions of
large separation, the model represents better #perienental
results, (Fig 6c). Note that present methodologyisfeetorily
describes the linear variation of the cascade dafie (Fig.6d).

Lift and Drag Coefficients

Methodology validation also included, lift coefiit calculated
by pressure and friction integration, and differeatculations of
drag coefficient, by Speidel (1954) correlation aoyg the flow
injection formula.

The calculated points of aerodynamic coefficiemt§dand lift)
correspond to pressure distributions showed onrEgy@ to 6. The
results are compared with Emery et al (1957) erpanial data. The
C,/Cq maximum ratio is also shown because it definegteamum
condition of cascade performance, representing rieximum
aerodynamic load with controlled drag forces.

The experimental drag measurement must be analyetate
they can be used for comparisons, because numesdaes are
relatively small and possibly large uncertaintias do measurement
technique. The same must be applie€ T, ratio. More important
here is the comparison 6f/Cy relation with attack angle variations,
and the possibility to find the optimum cascadeshwiertain
confidence, fronC,/Cy maximum relation.

In Figs. 7a to 7d shown the following results: titiefficientC;,

drag coefficientscéz) (according Speidel) and the drag coefficient,

obtained according to flow injection criterie{’. In the upper

portion of the figures, are the different valuesgpic? e ¢ /c{d

compared with experimental data (Emery et al 1957).

For all cases the lift values calculated from tlogeptial model
are shown, indicating the large differences of expental data, as
already expected.

Fig. 7a shows the aerodynamic coefficients for NASA18)10
profile. Notice that the model can satisfactoridyesee stall for an

angle attack around 20corresponding to the maximum lift values.

The drag curves, indicate notice that the calcdlaues (Speidel,
1954), c?, and by flow injection,c{, have similar behavior.

However, the drag according to (Speidel), appreaaxperimental
data on the region of lower of angles attack. Tharesponding

maximum values of, /C? and ¢ /c{? occur practically at the

same of angle attack. However, the valagsc{? are closer to the

experimental data.

Fig. 7b shows the aerodynamic coefficients for NABA12)10
profile. The model reproduces lift values with agrent with
experimental data. For small angles attack, whezdlow injection
is given by the Gostelow (1974) fairing, the modabrks
adequately. For higher angles, flow injection ciite is used and
results are equally satisfactory, especially at thaximum lift
values. However, these results could be improvetiduwy injection
calibration procedure in order to satisfy more adaely the lift
values for the whole range of angle of attack. cGlated drag
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values according Speidel arftbw injection model show similar
behavior on the regions of lower angles attack.

Figures 7c and 7d show aerodynamic coefficientisgtid drag)
of NACA65-(08)10 and NACA65-(04)10 profiles. Notitlee good
agreement of lift coefficient in the whole rangeanfgles of attack.
Drag values calculated by the Speidel correlatioa &y flow
injection formula approach experimental data on the lower range
angles attack. For higher angles, the flow injecfarmula tends to
underestimate the drag. When, the maximum values of

¢, /c$? relation tend to occur at angles neagerc{? stall values.
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Figure 7. (Continued).

Fig. 7c, shows that, the maximu /C{? values are closer

toc, /c{) experimental values, whereas, in Fig. 7d,

deflection angles. The drag calculation is mordialift to de
situation is reversed. It is concluded that thehmeéblogy presented
in this work can predict satisfactorily the liftefticients calculated.
The comparison between the procedures presentedfbethe drag
calculation is not conclusive yet and suggests rtheessity of
further systematic studies
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Conclusions

The Hess & Smith (1967) method modified to simutate flow
in cascades, using the flow injection technique &adspiration
velocities, produced satisfactory results for pressdistributions,
cascade deflection angles, and lift coefficiente Thsults showed
the strong influence of flow injection essentiatgar the stall
region. The inviscid-viscous interaction was provede efficient
with the use of relaxation techniques on normahgpération
velocities. On the other hand, the methodology mremefficient
with the use of Hess & Smith panel technique whbee cascade
inlet velocity is wused directly, to determine sifagities
distributions.

The methodology for the calculation of cascade flmesented
in this work is based on contour integration foratign, having as
vantage the small computation cost in relationhte full Navier
Stokes equations solution. This method can be physicallyrem
realistic, but have higher computation cost. Thesent model is a
low cost tool for initial design of the turbomachioascades.
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