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Abstract

The paper contains description of both
theoretical and experimental methods used
for preliminary selection of an aerofoil,
convenient for application to a jet trainer
wing of new generation., The theoretical
method consists of a calculation code con-
taining two-dimensional solution of tran-—
sonic flow around an aerofeoil and employs
viscid/inviscid interaction of full-poten -
tial equation and three-~component boundary
layer ( laminar - forced or free transition
including laminar separation buble - turbu-
lent) . The experimental method comprises
pressure measurements of the aerofoils in
two~dimensional test section of slotted
walls, to which an empirical method of wall
corrections was applied,

Both methods were compared and indicated
limiting properties of the aerofnils such
as values of drag, maximum 1ift , Mach num-
ber of drag divergence, pitching moment
e.tec,

I, Introduction

The article dillustirates a procedure ,
used to select a basic wing aerofoil of
a new generation jet trainer supposed to be
of maximum taxe-off mass of approximately
5000 kg, The selection is based on a compa-
rative study of aerodynamic characteristics
of aerofoils designed for the supposed app-
lication . To keep a reasonable extension
of the article two of these aerofoils are
introduced only , i.e, AS 12/27 and
AS 12/28 (1), Their characteristics are re-
lated to those of aerofoil NACA 64A012mod.5
used at the wing of the previous generation
jet trainer AERO L-39 Albatros , which can
be used as a reference base enabling one to
judge improvements reached by newly desig -
ned aerofoils, An opposite reference margin
of the aerofoils group forms MS(1)-0313 ,
whose low-speed characteristics were b~
lished for a range of Reynolds numbers 2),
and which limits this group namely by its
high pitch moment and high design 1ift
coefficient,

The aerodynamic characteristics of these

aerofoils were obtained by two ways : expe-
rimentaly by measurement in transonic wind
tunnel , Reynolds number of experiments

being max. 2,2 x 106  and by theoretical
calculations for tunnel and flight Reynolds
numbers .,
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The development of military trainers in
recent years has led to appearence of a va-
riety of aircraft of different power units,

flight speeds and masses , The choise of
the type depends particularly on the pilot
training conception in which the economy

plays an evergrowing role, The pilot trai -
ning ccnception then finds a reflection in
technical limitations for a new trainer de-
velopment and through it in technical con-
ditions for a 1ift system design and ccnse-
quently for an aerofoil design,

Authors are well aware that shaping
the wing as a whole is a fundamental task
in achieving economical production and ope~
ration of an aircraft and its good perfor-
mance and properties , This task requires
a three-dimensional solution , which cannot
be understood as a simple extension of a
two — dimensional solution , Nevertheless
they still remain convinced in the useful-
ness of two~dimensional study of aerofoils,
which may be a good basis Tfor wing design
particularly for a trainer which is speci-
fic by its very wide spectrum of flight re-
gimes, A comparison of a variety of differ-
rent aercofoils over all their off-design
working field helps to discover weak spots
or to find out their advantages ., It seems
that such a comparative study cannot be
replaced by any design procedure , even not
by an optimization.

I1, Aerofoils comparision criteria

The aerofoils comparision is to evaluate
their properties from point of view of
their design acceptability , manufacture
simplicity , operation economy and as good
as possible flight performance and proper-
ties,

The design acceptability of an aerofoil
is given by its convenient shape and thick=-
ness including the shape and thickness of
its trailing edge , namely owing to the so-
lution of the wing flaps . Leading - edge

flaps are mnot wusual with the trainer
wing, An optimum of aerofoil thickness
seems to be about 12 per cent both from
the point of view of mass/load ratio and

chaX/gliding quality . The design accepta-
bility solves essentially the manufacture
simplicity, too.

The operation economy in most regimes is
effected by drag ., A multiregime aircraft



which the jet trainer is , requires low
drag for both ¢, ~0,3 when M,;vo.h s COr=—
responding to a horizontal flight , and for
c, ~ 0.4 when M_, ~0,7 , corresponding to
a sustained turn of load factor n = hg &
The second requirement can be met only when
almost disentropic transonic recompression
on the upper aerofoil surface is realized ,
Beside the low drag +values the gradient
ch/dc is required to be as low as possi =
ble, Also a low pitching moment has to be
introduced in connection with the economy ,
reducing both mass of wing and the induced
drag, A high drag divergence Mach number

contributes favourably to the whole
pl?Ot training economy enabling him to
widen the flight envelope and in this way
to perform a part of combat missions which
would otherwise have to be trained on mili-
tary aircraft only, Beside the high D a
favourable change of it with ¢, in the full
range of the load factor is required,

As convenient flight performance one
may consider those which support the econo-
my of training, Generally , besides the low
cp and high already introduced, one can

mention a high lift/drag ratio and c as
: = Lmax
high as possible.
Characteristics favourably affecting

flight properties are as follows:
- stall occurs at a high angle of attack

- separation at stall starts from the trai-
ling edge and propagates gradually up-
stream

— course of all the aerodynamic characteri-
stics is as smooth as possible within
critical regimes range, i.e., at stall and
entrance to transonic flight ; this in-
cludes no drag creep

- sufficient clearance of transcnic buffet
Mbuf from MDD y desirable value being 0.1

- good properties at flying on back.

I1I, Experimental equipment and method

The experimental data of all the aero-
foils compared were obtained in VZLI tran-
sonic wind_ tunnel of 0,8 m x 0,4 m test

section 3). The tunnel is of wvacuum type
with irterrupted action , operating with
the atmospheric air ., This causes a strong
dependence of Reynolds number on the stream
Mach number for a given model., In the tests
presented the Reynolds number varied bet-
ween 0,5% 106 at M_ = 0,15 and 2,2%106 at
M_, = 0.92 based on the model chord 0,15 m .

The floor and ceiling of the tunnel test
section were slotted. The four slots are of
variable open-area ratio from O to 10 per
cent, which can be mocreover linearly Vi
ried along the tunnel axis to minimize
blockage effect, Neverthless an interferen-
ce correction procedure was attempted.

The 1lift and pitching moment were ob-
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tained by an integration of pressure dis-
tribution measurement at 48 static holes
spread across the middle part of the model,
spanning 400 mm between sidewall windows .
The holes centreline was deflected 15 deg-
rees from the test section plane of symme-
try. The profile drag was obtained from
wake total and static pressure measurement,
performed by a rack probe of 103 Pitot
tubes situated in the probe middle part in
three rows to ensure sufficiently dense
pressure sgmpling .

Fig,1: Test Section Internal View

The pressures were led through 16 scan-
ning valves to pressure transducers analo-
gical signals of which were sampled and
processed to give semi-real-time results .
The accuracy of the measurements was limi-
ted by an actually non-stationary nature of
flow , namely in transonic regimes , requi-

ring the integration time long enough to
enable collecting sufficient quantity of
samples.,

The interference corrections were app-

lied to the measured results in subsonic
region, When slots were opened by 6 per
cent , the blockage of the stream caused

by the slotted walls was neglected as well,

The only correction cosidered was the ef-
fect of inclination of the stream behind
the aerofoil , thus changing the actual

aerofoil angle of attack, It was found that
the correction formula corresponding to gi-
ven open-area ratio can be accepted in
the form

I
Iln

where E is compressibility factor, Its va-
lue for M_=0,6 is identical to the Prandtl



-Glauert factor but for higher Mge it
falls rapidly down reaching for Mogs = 0.7
a value equal to zero. The correction fac-
tor X = 7,33 was accepted which was obta1~

ned by the empirical procedure publlshed(5

The theoretical estimation of +this_  value,
done according to Barnwell et al s &ave
a value very close to the empirical one ,

finally accepted in the correction procedu-
re.

A side-~wall Dboundary layer effect was
neglected , too, This decision was accepted
after finding out that even more pronounced
effect of side wall-aerofoil dinteraction
are corner eddies which Dboth displace
the main stream from the walls and induce
transversal <velocity ccmponents namely at
high angles of attack.

The serious effect, which cannot be cor-
rected but which has to be considered when
applying the tunnel results to an actual
wing, is the Reynolds number because its
tunnel value is by order lower as compared
to flight vaiue, To get an idea of this ef-

fect M £1)-0313 aerofoil measurements pub -
lished were compared with those tarken
at VzZLU. The expected differences in drag,
1ift/drag ratio and ¢ were found,

An exampie of c changemw1th Re is shown
Lmax
in Fig.2,.
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Fig.2: Change of Measured Clmax with Re
As there was no other choice, the aut- -

hors decided to compare the aerofoils un-
der study at low Re , ruuning the risk of
not fully adequate conclusions , To support
validity of these conclusions for higher
Re theoretical calculations described in
the following chapter were used,

IV, Theoretical method

The theoretical method used:remploys vis-
cid/inviscid interaction between = poten-

tial model and an integral method of boun -
dary layer solution.

The flow field is described by a poten -
tial equation in non-conservative form
solved in a curvilinear C-type grid, the
transformation coefficients being determi-
ned locally during the calculation, In this
grid the equation is of foxm

C + C t# + C - u = v = 0
14!;; ¢{,? P P
where

U2
C‘t:Bﬁ“(a)

V2 2
02 = 822 - ( a )

Uv.,2
CB=-.2(B12—-—C-1-2-M)

=C, X c, X c., X

P = %1 g F P2 % T U3 My
py=01 Yﬁ + C, Y?? Yf?
u:c#x s Vch

Y
< is the velocity potential,

U , V are proportional to comtravariant
velocity components in the coor -

dinates {f,y).
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In a supersonic region there the Jame -
son s rotation scheme

(1 - | ( §)2<§§+ (1)

Qi<

:15' +2?<§'P
@] g 7] 8,

v
+2[B12—?]<‘P -—pxu-—pyv=0

is used, where 43

e.t.C.
dlfferences. fé

are the upstream

The viscous effects are irncluded in
the solution by solving integral equations
of compressible boundary layer. It contains
method of solution of a laminar boundary
layer, transition natural ( including a la-
minar separation bubble ) or forced and
a turbulent boundary layer,

For the laminar part Thwaites method is

used . The separation is supposed to
occur when parameter
mz—édU %WRQ
ed e
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is of value m % 0,09, The transition is de-
termined by means of Schlichting-Granville
criterion

& dUs V),
= . = —_ e X9
R&inst" RO'cr()i) P A RO' e d8 v, kSu
- - 1 S
RG* tr Reinst+ AR&( A ); A= S-S, Ads
inst s,
inst

where k u is coefficient in Sutherland’s
viSCOSi%y—temperature relation.

At the
that

Hy = H - AH(RY)

transition point it holds good

The length of the transition region is

S, - s = Re 23 3 Re =
As

T tr as u f(Me ’Res

tr)
Within the region s e ( Sip 1 Sp ) there is

5=(1_y’)éL+}r5T

where f’is an increasing function between
values

n

}r= 0 at s s

tr

]r= 1 at s = Sp

In the case of lamimar separation then

a transition_ in bubble is tested according
to Hortonl10
L
1., = 510" &se 8y = o (_%gggp)B
P Bsep P e R

The turbulent boundary layer is solved

by the lag-entrainment method of Green et
al(11).

Starting conditions for the
boundary layer were as follows

turbulent

( values of H and & being
known)

at transition of adjacent stream and

Cg = ( CE)EQo

cf = cfo =0

—

H = 2.2 H c

o g = 2 (c

E )eyo

behind the laminar separation bubble(12).
The visccus effects are included in the

non-viscous scheme by means of mnon-zero

normal velocity compo?eng on aerofoil sur-
face and in the wake, (13

The transpiration wvelocity can be deter-

mined from boundary layer solution as fol-
lows:
@ =v_/a
" & 2, 8%a
_1 4 *, d q
vn—ﬁag(Pqé)'a§+(1—Me)aﬁ‘s'_

On the aerofoil surface in transformed coor-
dinates this condition takes a form

(v/a)/(Byy, = 6

Along the wake its thickness change cau-
sed by the boundary layer is considered
only while its curvature change is mneglec-
ted . Thus the boundary condition along
the wake is

1 4 *
Legpm (ad)

where
+ -
AV =V -V
n n n

, 8% &%t _ 5*-

+(~) denotes upper(lower) side of the wake,
Expressed in calculation coordinates it
holds good that

1

+ - + ~
( V =V ) = G + ©
q_QBzz
This approach employs direct solution

of boundary layer and thus it is very sen-
sitive to change of boundary layer dis-
placement thickness, particularly close to
the trailing edge , To obtain a next-step
displacement thickness the under - relaxa-
tion is used
*
5=(_\>( d—g J‘
ne

old

6*

w o old) *

where parameter <« is selected in range of

0,05 - 0,15 according to the ratio
PR /S¥ .
TE old TE new
@
1"
Al
|'1
Q.
[ ]
O
o
= . .
1 AS 12/27 MACH HE AL
THEOAY VPT ———n 753 2.02E6 0.0
EXP.PALMOVKA + 4.4 .753 2,0266 0.0

Fige3: Comparison of calculation and measu-

rement of c, on AS 12/27
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V, Comparative study

The aerofoils under study are in PFig.4
where their shapes and c¢ distributions
for o~ 0.3 at M_g= 0.4 arePintroduced.

The aerofoils work at this regime most-
ly under a negative angle of attack and
their lower front parts are in supercriti -
cal flow. As the drag coefficients indicate
AS 12/27 appears to be the best for M, =0,k

whereas AS 12/28 for Mg,= 0,7, As regards
their moments , both reference aerofoils
form two limits, between which are moments
of the new aerofoils. Among them AS 12/28

Fig.4: Shapes and c,

As it has been already stated , this regi-
me corresponds +to the cruise horizontal
flight , In an attempt to qualify the pres-~
sure distributions it can be said that
NACA 64A012mod.5 is characterized by its
front part load, while MS(1)-0313 keeps al-
most constant load till 95 per cent of its
chord ., The aerofoil AS 12/27 shows nearly
constant load except its rear quarter of
chord, where the load is gradually reduced.
AS 12/28 features more loaded front part ,
less loaded rear one with the minimum in
the middle, Both of these load types aimed
to reduce somewhat the pitching moment ,
AS 12/28 is moreover an alternative for im-
proved behaviour in transonic regimes , It
can be seen from Fig.5 that the mnature of
the load changes with increasing flight ve~
locity.

.4'. -thh
== " C,~.0120 =" Cp=.0102
m ; N .
[ N — — Cp=-.018 c AN C,~~.0895
p| \ [ ~
i
Wy e
; ~
| L N
A /7 \\\
IS \\\‘
or 0
NACA 64 AO12 MS§ \\ ] ¥ (1) -0313 AN \
~a
-“\ _ .
M c,=.0100 4 C,=.0092
\ --I M
I~ T Cp=-.0895 ™ €, =-.073
\
Sl - .
/< ~ e
— N
- -
. -
N
\\
0 /, — — < Y
A3 12/27 AS 12/28 ~_

Pig,5: Distribution of c¢

and cp, ~ O,1

for M__ = 0,7

distributions of the aerofoils at Mw = 0,4 and

chv 0.3

pro¥ides more convenient course with Mg, ,
as it is demonstrated in Fig,6.

AS12/27
—— AS12/28 v My
- 15 | o NACA £ CR L lower surface
U upper surface
_____ MS(1)-0313 0 Chre 0

Fig.6: Course of pitching moments with M
for horizontal flight

The following ccmparative study can be
undertaken as a real choice of convenient
aerofoil for a jet trainer but the.explana-
tion of behaviour of various load type
aerofoils at off-design conditions is more
valuable., Basic characteristics used for
this study were those introduced in Fig.,7 ,
i.e. ¢, = ¢ (0 ,Mgy), which are shown only
for ae¥ofoils NACA 64AO12mod.5 and AS12/27.
Beside the 1lift curves, limits, lines
of sonic critical regimes ?or upper and lo-
wer surfaces and separation boundaries de-
fined by c_ on the trailing edge c = 0
are drawn. The characteristics are® comple-
ted by two lines of aircraft operation re-
gimes , for steady horizontal <flight at
H = 5km and for sustained turn with
the load factor n = 4g in the same altitude.

The superiority of the new aerofoils is
obvious . Its flight envelope is clearly
wider in both Moo and °, directions, parti-
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Fig.7: Measured operation characteristics of aerofoils
AS 12/27.

NACA 644012 mod.,5 and

in the "transonic

cularly
is however somewhat beyond the scope of
practical interest ,But interesting compa -

corner ",which

rison can be made for sustained turn at
high velocities , The reference aerofoil
NACA 64A012 mod,.5 operates in this region

in supercritical regimes and moreover the
regime Mo =0,7 and c =0,4 is already close

to » The pressure distribution for all
four aerofoils is introduced in Fig,8.

Characteristics of aerofoils 1load at if
this regime somewhat resemble those in ;
Fig.h, The differences are of course in va- T Tz

Jues of c
nic stre

9
but none of the

the front parts are in transo -

aerofoils dis-

plays a separation ., Among them the classi-

cal aerofoil NACA shows +the steepest re -
compression on its upper surface and
the most complicated course of ¢ along

the lower one which brought it to tBe boun-

AS

dary MED . Verification of this character
of load for high Reynolds number, performed
by calculation, did not bring a new piece
of knowledge as can be seen in Fig.8,

A more complex look at the aerofoils be-
haviour at transonic region can be obtained
from Figs,6,7 and 9., None of the aerofoils

Fig,.8:
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Fig,9: Measured MDD boundaries

shows dramatic changes in 1lift and moment
coefficients in the vicinity of s Fig,9
proves predominance of AS 12/28 “regarding
value of at low llft y criterion of D
being dc 9 dMye = + Behind MDD al

the aerofoils are 1051ng 1lift f£irst and
only later reach a separation characterized
by ¢ = 0, Prom this point of view
the cRa851cal aerofoil appears surprisingly
as the best one , Unfortunately validity of
these facts at high Re couldn’t be verified.

Another critical region of the aerofoils
work falls to high 1lift regimes, limited by
the load factor =n = 4g to Mach numbers
M, €04 ( sece Fig,7).

Measured values of cq, for variable M
are in Fig,10 o From it %ﬁ% advantages of
the new aerofoils concept are clear ,One
may presume from it as well a superiority
of AS 12/28 over AS 12/27 because of its
somewhat higher c at M~ 0.k, Let us
make a more detaile analysis of behaviour
of these aerofoils in the wvicinity of ch .
Their 1ift and moment curves for low spegé
are in Figs, 11 and 12, They show very
steep fall of c; of AS 12/28 compared with
relatively graduate decline of c, of the
aerofoil AS 12/27, This difference reflects
in changes of ¢, with ¢, , too, A reason of
this behaviour beccmes ¢lear after follow =
ing ¢, evolution in the vicinity of c .
shownPin Figs., 13 and 14 , The AS 12/98%%;ig
able to sustain only a short region of se -

161 Cumax MS (1)-0313

14 1 +/"; TN AS12/28

LZ ] = AS12;;;:

0 S4A 012 m.S

08 1. ' ' ' ‘ Re
705 1,0 12 14 16  18-10°
61 02 03 04 05 06 07M

Fig,10: Maximum 1ift coefficients

et
versus Mg,
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Fig,11: Lift, drag and moment curves of
AS 12/27 at Mg, = 0,15
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Pig,12: Lift, drag and mcoment curves of
AS 12/28 at M, = 0,15

paration close to the trailing

(x¢=14,5"), Then a small increase in
dence causes an abrupt shooting of the
paration toward the leading edge ,

edge
inci-

se-
On the
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Fig.13: Development of c_ on AS 12/27 with Fig.1h: Development of c_ on AS 12/28 with
increasing b at"M_ = 0,15 increasing o atpMoos 0,15

other side the region of separation on
AS 12/27 progresses from trailing to lea- (2#-
ding edge gradually and the suction peak Co
close to the leading edge is still retained

S

even when the aerofoil 1lift coefficient has 804 Re =]+ 2 .105
declined down , Thus this aerofoil offers
more chance to preserve such favourable be— e ——an L

haviour of a wing than AS 12/28 does, 60 =R e
When comparing properties of these two

aerofoils close to their maximum 1ift for

negative angles of attack we have to note 40-

that AS 12/28 shows to be more resistant a A§S12/27
against the negative stall, x AS12/28

Between these critical regions ( D 201 + ms()-0313
and o ) there is a variety of regimes © NACAGLAOIZm.5 N
in which the aerofoils are to work . Let us 3
complement the results introduced above by 0 v — -~ v g
additional characteristics of aerofoils, 04 05 06 07 08 M
important in this middle "ordinary" region.
The basic drags of the aerofoils have been
already compared , In Fig.15 there are Fig.15: Measured (c./c.) ratios for all
measured maximum 1ift/drag ratios against tested aerofoilstoX

M ., . The predominance of AS12/27 is clear.

Theoretical calculations and experience

with another aerofoils have shown that

the values of 1lift/dgar ratio for flight

Reynolds mnumbers are much higher than

the values measured in our wind tunnel,

This increase was found to be about 60 per cent or even more,
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VI, Conclusions

The article presents results of a com-
parative study which indicated some advan-

tages of different types of pressure dis-
tributions of aerofoils at various regimes
of operation, Despite the experience that

an aerofoil of high c requires diffe -
rent design c¢ distri%ﬁ%fon than another

intended for high and good transonic
behaviour, it was shown that both of these
contradictory requirements can be satisfied
in some way and it is worth searching for
an optimum solution, In spite of the fact
that this study was performed experimental~
ly at 1low Reynolds numbers and supported
only by calculations at higher Re , it is
believed that this general result is true,

Thus the obtained knowledge of conve-
nient pressure distribution may become
a clue to a solution of a three-dimensional
wing design,
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