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ABSTRACT

1scid and viscous compurauonal models have beesn used to predict & aeroroil incidence or relaxation parameter

'.*.‘n-u:n‘.:nxmrml steady separated ifow around uan acrofoii with a P duid density
spotler. First. an attempt 15 made to construct an inviscid panei 1] atfective viscosity

nethod in which piece-wise iinear vortex panels are piaced on the +/ strength of bound vortex or »ortex shaat
2rotoil and spotier. The separated region is modeiled with potenuai g enerey dissipation

fow anaivsis by using {ree vortex sheets placed on the ~epuration 5 seneral vanable
-treamline from the spotler up and aerofoil traiiing-edge. The shapes I, excnange coetficient

if the vortex shests require an iteration to be established. The calcu-
atton is hased on an assumpton of the length ot the f':'e: VOFEEX

o oo miin piaelo Ml s e e e {5, {NTRODUCTION

LOW DY MAKINE Used Of e £-€ model. An '~'~i‘.—"CDT3‘C pressure correc- A spoier. as the name implies. s a control surtace located on the

ron is incorporated in the calculation. The predictions from the two

: ‘ upper surrace of a wing which "spouls’ the fow. such that the overail
nodels are in reasonable ugreement with expenmental measurements.

load is modified when it 1s derdected. A spoiier can act 2s a pure uir
orake. a symmetric direct lift control or an asvmmetric il control.
The flow associated with the wing—spoiier confnguraton is vary

NOMENCLATURE compiex and inciudes separation. reattacnment und vortex shed-

ding'i- 2. The interaction berween the voriices {romn the spotier o

secetatl dhiord and the trailing-edge resuits in 2 turbulent osctilatory “wake which
pressiire coethicient atfects the etfecuveness of the spoiler and other control surraces. &
: serotoil thickness has been recognised that large vortical siructures are the dominant
spoiler chordwise location reatures :n these fows und the unsteady effects produced can ~e
wvake lenoth ractor heneficiai or detrimental to the overail performancs of the wing.
spoiler he-uht There has been substanual theoreticai *vork on spotier tows. 2specially
2 height of vika vith the inviseld assumption. The 2arijest thegretical msdeiling
) total fux the mmviscid steady dow uround an 22rofoli—spotler—iap <vsi2m = as
J Jacobian matrix by Woods'*'. who used a free streamiine theorv based on the method
* turbulence Kinetic 2nerzy of linear perturbations to predict aercdvnamic load. The theorv
L., length of wake assumes that the wake behind the spoiler has a unirorm cressure 2nd
2] static pressure that it extends behind the aeroroil trailing-edge. The magnitude
Re Revnolds number this pressure is taken from experimental measurements. As usuai
R.{0) residual of variable o with theories of linear perturbations. it is rastricted to thin u2rofoiis
¥ ource erm 4t jow incidence with smail spolier ‘c'?n: and inciination. Bames -

\ velocity = t1.y) extended Woods™ theory to predict the aerodvnamic characteristics

ol 4 normali spoiler. modirying the effective spoiier heigit 1o account

o imia O  rmiainy Sfpae
ireesiraam vetoctty
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for the boundary laver displacement thickness at the spoiler location.
Again, an empirical spolier base pressure was assumed.

Jandaii and Parkinson'®) developed another potentual tiow model
Sased en conformal mapping and the use of mathemaucai singularities
“or chick werototls with spoilers normal to the aerofoil surface.
Recentlv. Parkinson and Yeung'©' proposed a new mapping sequence
ind extended the model to inciude spotlers of arbitrary inclination.
similar to rthe theorvy deveioped bv Woods. the models by Jandali
:nd Parkinson. Parkinson und Yeung require the spoiler base-
nressure as an input in the caiculation. Thererore. knowledge of the
~ase-nressure either from theoretical predictions or expernimental
sedsureients necsssary, Because of the need o use particuiar
emuorrical data. their methods are rather awkward to appiy.

Tou and Hancock'™ formulated a panel method with two free
wtex sheets simuiating the shear lavers from the spotier tip and the
saiiing-edge to ~fudy ihe steady spoiler charactensuics. To close
nese vorex <hests. two discrete vortices of egqual strength but
pposite in sign are introduced at the ends or the sheets. The extent
I the continuous +ortex sheet after the zerotetl trailing-edge 1s the

:mpiricai parameter. instead or the base-pressure as iound in other
odals. The lenoths of these vortex ~heets are assumed not

snange wath the zerofotl incidence. sooller netgnt and inclination.

A method for calculaung e dow apout derofoils up w and
esvond the sl was devetoped nv Makew and Dvorak». The
cparated regron was nodelled inthe potenual dow analysis b
asing tree vortex sheets. An assumption of estimating the length of u
rae vorteX shest was made. A entative correlation curve for wake
“neness o, e, aerofon mc:{ucx»mord was proposed. Howeve
ne method as not been turther deveioped to deal with the oroolcm
o Jow over an aerotoll with a -.pmn_r. An aim of the current invesu-
Z200n 13 10 Incorporate the acove-mentioned model into an inviscid
nanel methed to oredict the steady two-dimensionai spoiler dow.
The standard frst-urder vortex panel methoda'® has been uppited tn
‘he present caiculation together with a wake length model.

r .mz?!.u.l.um,.n dutd dvnamies (CED) has pecome a popuiar tool
niulatng complicated dow propiems. However, many aspects
Searart vo 4oy e T e T

31 : -~ = CITirAa L soyremaers A o charma gy lonea
ot 2 B S N 0 < ¢ 0 S e B O SESUIT-LOIMT2etn. SCaame. urtothence

Nnodel. mesa-generation ond  discretisation scneme. suil ceguire
‘urther vennements. The Onue-difference eguations obtained from
e governmng cguanons form a coupled noniinear system. With the
Dressure correction procedure. the ierative scheme adopted is such
that the momeantum equations become uncoupled and can be solved
sequentiaily m terms ot an applied pressure field. Various pressure
correcuon scnhemes have been proposed and deveioped. Most ot
pressure correction schemes need to solve the ditference equation of
:he correction pressure. However. because of the complicated form
I the pressure correction eguaton iand the noniinear nature of the
sroeiem. & procedure based on a dirference rorm of the correcuon
pressure squauon L.oul\.l be inerricient. [n this study. Navier-Stokes

:omprtations cased on the L-¢ wurbulence model are used together
'vith an :.1lg~=or4|L pressure correction me[hou for the velocity—-pressure

™ -
Tprey g or A 1132 ey S ey
PR EITEY vl DR S I aviscid '-lu

- ) VIS OUS JiI IJLlI\L[ Dl]\ A
somparad with experimental data i,

2.0 'NVISCID CALCULATION

2.1 OQutline of the panel method

The panel method is an estaplished part of computatonal aerodynamics.

Sasic rouidatiens for attached tow have been soundiy laid. comple-
nemsad by extgnsive Snowiedee derived from ad fioc 2xperience.
T uppuwuun ol aumencal iecnnigues ailows e adequate

reatment or complex veometrical hodies and the fulfillment of
soundary conditions at the surrace. The soiuton of the fowneld can
pe reduced o determuine the swrengths of singuiarity clements
distributed on the body s surtace. This approach 1s more economical.
rrom the u.ompumuoml point ot view, than methods that solve for

me Ao ield By the whole Haid Jenmin,

- e 2al
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The first step in the panei method is to define the elements which
replace the aerotoil surtace. One obvious method is 1o let the coordinates
of the surface be the end points of the elements. However. this has
the disadvantage that the number of coordinates may be insufficient
and thart the coordinates may be irregulariy spaced. Here. us suggested
by Lewis®, the x-coordinates of the end points of the surtace
elemeats are given by

v, =cil—Coslo, )} /2 ir=81,.... W} E

......

where © = 2w/, ¢ the aerofoil chord. and M an even numoer in
order that an end point be located at the traiiing-edge of an aerotoil.
With this distribution. the x-coordinates ot the elements on the upper
surtace are the same as those on the lower surtace.

The aerofoil/spoiler surface 1s modelled by a finite number or
straight line z2lements. or paneis. Also. a distribution or vortices
having 2 linear strength is piaced over 2acn eiement. By satsiving

the boundary condition ut ecacn collocauon pomt. 1 et of linear
2quations can be exoressed as

N

S K. ==V, [CosaSing. - SinuCosB, 1
vilers A, ure the coupling coelncients {or 2izmeants pand &, .3 s the
numozr of nodal comngs. o s the ngie-of-ittack. and _) s the
incitnanon of panel p. Detaii of the panei method. inciuding the

Kutia ¢ondition. <an oe ound in Lasgs ™

2.2 Representation of free shear layers

2.2.1 Basic assumptions

Separation can be ciassified into one of (wo (vpes: bubble and
sheur layer. Two-dimensional separated iflows m\'m';mu
layers. have besn investiguted by Lewis™ by using

vortex method. The bubble type of separation invoiving rezrtachment.
Is seen n two-dimensional dow zround uzrofoils. ieroroil—spotler
dow. three-dimensional flow in the tratling-edge ra21on of wings and

—

re
ree shear
12 Jiserete

L

i

rotors at incidence. and ow around biuff bodies havine nnie wake

T
st D oavangd

B e el o P TR PO o i EaTy
> . - 354 - SRLAS - e . e By peses

eraple attention~ . Most of the mC{h Yds employ SUUTESS L0 SIMUIAL
the scparated row with the ussumption that the oressure in the
separated region s constant <vervwhere~ . To implement this
study. the vortex-panei method has been used to model this Xind of
separated How. The basic assumpuons of the method are:

| . boundary lavers and free shear iavers hav= no x‘umﬁcum thickness.
2. the wake does not have any significant vor out has a constant

total pressure. and

(3] TTOR 3o

2. ifiers is a total pressure loss across the vortex sheet.

The zero static pressure drop across 2ach rree shear layver can be

used [0 »DLaln an 2Xprassion [or the totai pressure in the wake in

terms of the strenc.a of the free vortex sheet. Consider the separatic
amiine rrom the raning-edge. If the velocities inside und cutside

the vortex sheet are | and V', respecuvely. then the average velocity

in the laver 1s danoted dy

V=03V =V | 3

==

Appiving the Bemnouili's 2quation. the jump in totai pressure A

across the shea .J\ er can bhe wniten as

"&‘I - .53‘4“' -.'

LY

CHOES. 3 1o the diirid aencir SEa, earEn . Las T e
WHACTS B o e ddid JdCObily. (02 Prissure coelncient » Calculdicu

trom the velociues according 1o the Bernoulli's equation

. o A V!

C,=l=-—= :
gV

where V' is the local total \Q"élocitv and V' 1s the treestream. Note that
Ah = Devervwwhere exceot in the wake raeion.

a
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Mean wake line

Figure 1. Inviscid flow model.

2.2.2 Wake simulation

The basic model used in this investigation is shown in Fig. I. The
flowfield can be constructed by adding to the uniform stream the
so-called induced velocity associated with a vorticity distribution of
strength equal to the curl of the velocity field. For simulating the
separated How. there are continuous thin voriex shcets emanating
from the spoiler tip and aerofoil trailing-edge. To close the separa-
tion bubble. Tou and Hancock'™ introduced two discrete vortices of
equal strength but opposite in sign. [t is necessary to introduce the
conceptual cuts in the flow to connect the vortex sheets to the
discrete vortices and the discrete vortices to each other. Finally, the
empirical length Ly, of the trailing-edge vortex sheet is introduced
and assumed to be 0-2¢. The locauons and strengths of the discrete
vortices are chosen somewhat arbitrarily. In the present model, the
method of using two vortices to close the wake is not used. Instead.
the wake is assumed to have a finite length L, which 1s a linear
function ot the wake height Ay, that is

L.=fH, D

where f1is the wake length factor. The linear relationship'®' between f

and ¢/b is shown in Fig. 2. In this way. the wake length varies with
the length of the spoiler and the angle-of-attack of the aerofoll.
Shapes of the two vortex sheets can be determined through an itera-
tive process. [nitially. the streamlines are not known and the shapes
ot the wake must be obtained from an initial assumption. Here, the
upper and lower sheets are represented by parabolic curves passing
tfrom the separation point to a common point downstream and the
common point downstream 1s located on the mean wake line.

2.3 Solution procedure

The steps of the iterative process are described below.

|. The shapes of the free vortex sheets are guessed. Then. the

strengths of the bound vortices and vortex sheets are calculated.

2. From the calculation of vortices. the velocity components outside
each sheet are calculated and the new shapes of the sheets are
compuied so that they follow the flow direction.

. The shape of each sheet and the strengths of the bound vortices
and each sheet are updated.

+. The procedure will terminate if the shapes of the sheets do not differ

much from the last calculation. Otherwise. steps 2. and 3. will be
repeated.

o |

(¥}

!\)
(8}

[1¥)
J
1

Figure 2. Variation of wake length factor with chord thicknessi®).

3.0 NAVIER-STOKES SOLUTION

3.1 Governing equations

In cartesian tensor notation with the repeated-suffix summation
convention. the equations governing the dvnamics and mass transfer
of a steady, turbulent fluid can be written as follows: mass conservation

_a (pu.):() ... (8)

dx,

Momentum conservation

dpue; AT

— =L+ iy A5
ox; dx, dx, g

Here u; is the velocity and £, is the body torce. both of the x; component.
and p is the pressure. In this study. no body force acts on the aerotoil
and spotler so f; is zero. The deformation stress T; is given by

du.  du, r}tt,l dit,
- _ du,

T

::u‘ﬁ_ e , e 1))
o lox,  dx, ox, |

ud; =
oA

L | 1o

where 6, is the Kronecker delta. The effective viscosity is
U=y, +H, i b L)

where U, and w. are respectively the laminar viscosity and turbulent
VISCOSILY.

In the dimensional form. the Navier-Stokes equations can be
wrilten as

dfF oG dF dG

e e F i P
dx dv  dx  dv
where
| pu \_ i_)\‘ i
F=i pu: +p| G=| puv
‘ puy I Lp\‘: - ::1_‘
- = - -
0 r 0
‘ | | l
I du 2 [ou ov)| 1 l du o |
F=e—u—-Zu—+=| G =-— (—t|
Re| " dx 3 (ox dv)| Re | gx dv ) ;
‘ [du  ov) : | ov 2 {ou dv)i
fl =] . SR ile =
i \a@r gvy 5 L dv 3 {dx dv)|

The set of equations in ( 12) consttutes the mathematical representation
of the Reynolds average values of the flow properties. For solving
the above mentioned equations. additional equations for modelling
turbulence are giver in the next section.

3.2 Turbulence model

3.2.1 k-¢ model

Turbulence equations can be derived from the Navier-Stokes
equations''V. For example. turbulence Kinetic energy equation in two
dimensions

g, . 9, . dfludk) ofu s :
—(puk)+—(pvk)=— —— |+ —| —— | +(G_ —pg)
ax ay dx{ 0, dx | dv| O, ‘

energy dissipation equation

o u o) E)L}LE)E
+ e

9] d
_—(pllE)ﬁ-T-(pElE):—\ = e e
dx oy dx|\ o, dx | dv

+‘E‘(L.IG{ _(':pEI]
(14

G, 9y,
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where G, is the generation term given by

; ' _l e
G, u[ (a"J {aq" @A_al“ .. (13)
o j ox av dv odx ) I
The turbulent viscosity is related to k and € via .
=c ,pk—- ' ... (16)

The empirical parameters of the k-€ model are

0L=I(). GE:lZZ. LW_i 4“1‘ (,::192. (_'“42()09

3.2.2 Wall function

In general, the k-€ model is suitable in regions where the flow is
entirely turbulent. However. viscous effects become dominant near a
solid surface. Experience shows that the k-& model does not lead to
acceptable predictions near a solid surface. For numerical computa-
tions. there are two main methods for treating the adjacent wall
regions more carefully; one is to use the wall function and the other
is the low-Reynolds-number model. In the present calcuiation. the
wall function or the law of the wall/'!. 12 has been used.

The region close to a solid wall can be divided into two sub-layers:
one is the laminar or viscous sub-laver where viscous effects are
dominant and the other is the turbulent sub-layer. Suppose the first
computational point P close to the wall is in the turbulent sub-layer.
At this point. the velocity U, is parallel to the solid boundary and has
a logarithmic variation given by
|

U.,,| = '-':m(' Ev,) S b
K B .

where u- is the triction velocity. and y,~ represents & non-dimensional
distance between P and the wall. They are defined by

-3 5
- [} :
i :‘i—‘—: ... (18)
N
A L 19)
L m

where T, is the shear stress at the wall, K (= 0-4) is the von Karman
constant, £ (= 9-7) is a roughness parameter and v, is the actual
dimensional distance. v,* sets the limits between different sub-layers.

If the turbulent sub-layer is in local equilibrium. then the rate of

e-production is exactly equal to its rate of destruction. This leads to

.(20)

If the shear stress is turther assumed to be constant in the sub-layer
(T, =T, ). then by using the logarithmic law, it is found that

i ‘ “
b= —— R
1\‘("“,
g =i ..(22)
Iig!

The above equations give the values of £ and € at point P without
solving the transport equations. These values are used to calculate
the turbulent viscosity and serve as boundary conditions for the rest
of the domain. It is not necessary to calculate k£ and € at the wall. The
viscosity there is equal to laminar viscosity.
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3.3 Finite difference equations

The general form of the differential equations governing a steady.
two-dimensional flow can be written as

2 (pud)+ 2 (pvo) = a(r§%+3{ggﬁ%g .(23)
dx av ox dx ) dy av |
where ¢ is a general variable. and T, is the exchange coefficient for
the property @. S, is the source expression for 0. which. in the most
general form. may comprise a term for the rate of generation of ® per
unit volume together with other terms that cannot be included in the
terms on the left-hand side ot the equation.

In the calculation. the governing equations are transtormed from
the physical domain (x. ) to the computational domain (3. n). A
general transformation is used in the following torm'!¥

nzn{x.'\.) wios bR

The Jacobian matrix for transtformation can be written as

Colgm)

26)
A \) XeYp =X ¥
and
:-'.\ : J_\Ar\ T'lt = —J'\'_:' s @ l27)
Sy =—Jx, n, =Jx. os+/(28)

Substituting Equations (27) and (28) into Equation (23) gives the
following equation (with details given in Amano''*’. Patankar er
af* and Pun and Spalding'!=/)

d -f 5 = F)(I‘) o E)é b !
—_(puﬂ) *—( uo) I"_—'—-—l ==+ c o0 (29)
ac a5\ "o ) dn| an,

where

,-.":El'i_“—s'::.\ “.‘:Iffi]l-li].\ ...lj())

Note that (~) in Equation (29) is usually dropped for simplicity and
it has a form similar to Equation (23).

The staggered grid method'!* has been used in the calculation.
While the scalar quantities are stored at the intersections of the grid
lines, the velocity components are stored midway between adjacent
grid nodes. as shown in Fig. 3. A finite difference equation linking
the value of ¢ at point P to those at the four neighboring nodes (N, E.
W and S) is obtained by integrating Equation (29) over the volume
of the cell. From this the diffusion and convection terms are
obtained. The total flux through the west face of the cell is J,,, and

a,J,,=(D,+C,)0,.~D.o, if C, 20
' EER
aJ,,=D.0. —(D.-C.)o. otherwise
In these expressions. a,. 1s the area of the west cell-face and
1
T’_ “'-\ (r} e [—').[") ( -‘,"]
D'.r =i - - o
Sp TSy
:(p“a)\‘. ... (23)
Equation (32) can be written as
“'-\'Jlj.‘.r = A:a (_[.D'.r = \D‘,_,) + C‘.r"p;} . (34‘)
where
A%, =Max(D,,D, +C,.) ... (3%

Total flux expressions for the other three cell faces can be similarly
obtained. By a suitable combination of these four expressions, the net
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Figure 3. The staggered grid.

outflow of ¢ by diffusion and convection can be obtained. Equating
this to the volume integral of the source term. 5°,, and making use of
the mass continuity leads to the finite difference form

2 (Af’(‘p ; ) +5%
0p === > A

where the sum is over the tfour neighbouring nodes. N. E. S and W.
Patankar and Spalding''3' introduced under-relaxation into Equation
(36) as follows

-

. (36)

-

M,
Z(Ar%,-)ﬂ—S;

0, :(.l—a)o;«&a =

[ W
L

= - .. (3D

where 0, is the value of 0, from the previous cycle and o is a
relaxation parameter. In the present calculation. o = 0-2 for pressure
equation and ¢ = 0-7 for other variables.

3.4 Pressure correction equations

[n the present method, the conservation of mass is enforced, as in

SIMPLEMS, via a pressure correction step at which the finite differ- .

ence equations have to be set up. From the guessed values of the
pressure field. a first approximation to the velocity field (-, v=) can
be found. However, «= and v+ will not generally satisty the continuity
equation. The pressure and velocity fields are then corrected so that
the continuity and momentum equations are satisfied. The pressure p
and velocity field (u. v) are written in terms of their previous values
p*, ¥ and v*, and corrections p'. &' and v' as follows

p=p +p ... (38)
u=u +u .. (39)
v o ... (40)

where 1« and v are required to satisty the continuity equation.
Substituting (39) and (40) into the continuity eguation gives

VQ(V')_—_—V-(V‘) .5 o (dd)

The equation for the pressure correction, which can be obtained
from Equations (38) to (41) and momentum eguations (with the de-
tails given in Xu and Guo''®) is

A:,,p;, =Ap +A, P —ACANV e V * . (4D

where A, A; and A, are coefficients involving areas and coetficients
linking pressure differences to corresponding velocities. It should be
noted that p," and p " are upwind direction pressure corrections with
reference to the flow direction. Theretfore, the present method is an
algebraic method. '
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Figure 4. Pressure distributions on Joukowski aerofoil.
h=0-1¢, e=0-7¢, 6 =90°
(-- panel method; — N-S; +0 experimental'3)
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Figure 5. Lift versus angle-of-attack,
h=0-1c. e=0-7¢c, 6 = 90°
(x panel method; * N-S; +0 experimental)

3.5 Soiution of finite difference equations

The finite difference equations for a particular variable along a grid

line are solved by the tri-diagonal matrix algorithm, (TDMA) 15.16)

with values of the variable on both sides of the line kept unchanged.

This operation is repeated for all variables on the line before the next

line 1s visited. A typical sweep of the field for solving the algorithm

equation involves the following steps

(i) provide initial guessed values of variables in the field.

(ii) find values of »* and v* using the existing pressure field. i.e. p*,

(1ii)compute values of p' and hence obtain final values or «. v and p.

(iv) solve for k and € and update the turbulent viscosity.

(v) update values of all variables. and

(vi) repeat steps (¢i) to (v) untl the values in the whole field converge.
In this calculation. the maximum numbers of the local iterative

sweeps are 500 and 100 for pressure and other variables. The numet-

ical convergence 1s monitored through residuals. A residual of the

variable 0 at a node P. denoted by R,(¢) is here defined by

R,(0)= <D’,,ZA:,.° . 2_.{_.“’(1_)“. _5;3 L (43)

The residuals in local sweeps are equal to 0-05 and 0-1 for pressure
and other variables, and equal to 0-001 for all valuables in overall
iterative sweeps.

4.0 DISCUSSION OF RESULTS

4.7 INVISCID CALCULATION

The flow around a Joukowsky aerofoil of 11% thickness, 2-4 %
camber with a spoiler of height h = 10% located at the 70%
chordwise position is considered in this investigation. The numbers
of the elements are 38 on the aerofoil, five on the spoiler. 18 on the
separation streamline from the spoiler tip. and 11 on the separation
streamline from the trailing-edge.

The predicted surface pressure distribution on the aerofoil at an
incidence o = 12° with the spoiler inclination & = 90° is shown in
Fig. 4 and compared with experimental results'2 where ¢ = 13°. It is
shown that the overall prediction is in reasonable agreement with the
experimental result except near the leading-edge and just upstream
of the spoiler. This may be due to the inaccurate prediction of the
circulation about the aerofoil and to the separation bubble just in
front of the spoiler. Figure 5 compares the calculated C, variation
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Figure 6. Pressure distribution on Joukowsky .aerofoil,
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Figure 7. Pressure distributions on Joukowsky aerofoil
h=01¢, e=0-7g, =12, 3=60"
(— panel method: +0 experimentai'®))

with respect to aerofoil incidence at & = 90 trom the inviscid calcu-
lation and experimental results™'. It is necessary to point out that the
g00d agreement in C; may be due to some cancellation of lift from
inaccurate predictions of pressure near the leading-edge and in the
region upstream of the spoiler. Similarly. reasonable agreements are
found between the predicted and measured results'™ of surface
pressure distribution with aerofoil incidence o = 127 and spoiler
inclination « = 30 and 60°. as depicted in Figs 6 and 7.

4.2 Viscous calculation

42 x 64 conventional H-mesh'!3' 1s used in the flowneld around
the same Joukowsky aerofoil because it is easier to use the H-mesh
to include the spoiler to the aerofoil surface. as shown in Fig. 8. than
other types of mesh. In earlier calculations. finer meshes were tried.
The results show that finer meshes require longer computaticnal time
for the same convergence criterion. However, the pressure distribution
on the aerofoil surface has not gained much improvement. The
numerical study here is focused on the large structure of the flow and
to obtain reasonable liit prediction. Because no detail How measure-
ment 1s available for comparison. the above mentioned mesh size
was chosen to keep the computational time to a minimum. The
computational CPU time is about 610 to 680 seconds on a Power
Challenge workstation. However. the computational time of the
panel method in the inviscid calculation is about 50 to 90 seconds on
the same workstauon.

One of the disadvantages of inviscid computation is that it does
not offer any computation of the flowfield such as the one shown in
Fig. 9. which is obtained by CFD with the aerofoil at o = 0°. As
seen. a re-circulating bubble is found behind the spoiler and bound
by the shear layer from the aerofoil tip and the upper surtace of the
aerofoil near the trailing-edge. This bubble extends bevond the
trailing-edge and has a length about 0-2 ~ 0-25 chord. This agrees
with the assumption in the inviscid calculation that the shear layers
from the spoiler tip and the aerofoil trailing-edge become thin vortex
sheets and that these sheets enclose a bubble downstream of the
spoiler. The wake length found is close to the result obtained from
Equation (7). Although small in size. there is another re-circulating
zone just upstream of the spoiler, as indicated in Fig. 9. This
re-circulating zone is found in pressure measurements'Z ¥ 7 but not
dealt with in inviscid flow models.
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The predicted pressure distribution on the aerofoil surface at
o = 127 is also shown in Fig. 4 as compared with the mviscid
method and experimental results. The Navier-Stokes computation 1s
in better agreement with the experimental result. From Fig. 3. the
predicted values of C, from the two methods are in good agreement
with the experimental results. The c_omparlxnn of the two methods
shows that the panel method is sull a good engineering method
which gives a reasonable lift for the aerofoil with the spoiler at
smaller computational cost.
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Figure 9. Computed flow field around Joukowsky aerofoil with speiler.
(h=0-1c, e=0-7c, x =0° & = 90°)
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