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SUMMARY e

(R

N

Experimental data obtained in the NAE Two-Dimensional Test ’:j':
v Facility for CAST 10-2/DOAZ2 supercritical airfoil have be~n analyzed for the 8 ]
' effects of Reynolds number, transition fixing and Mach number. The data o;g_;-‘
}f were obtained for Reynolds numbers from 6 to 30 million and Mach ‘1:{,
' numbers from 0.3 to 0.8 with fixed and free transitions. The analysis indi- X
h cates that the aerodynamic parameters of the airfoil depend strongly on ’s‘::
! Reynolds number and transition fixing. Above Reynolds number 10 million et
the trends of dependency on Reynolds number with free or fixed transition 1

can be established. For lower Reynolds number, the long stretch of laminar o

boundary layer over the airfoil alters the flow characteristics significantly \:‘,5‘

and the data do not follow the trends for high Reynolds numbers. ;u".‘__

0
, »
4 . . ‘|:3‘
;‘, RESUME 6;.\*
&5

A < )i
' Des données expérimentales obtenues dans la veine d’essai ‘:’:
' bidimensionnelle de ’EAN pour le plan aérodynamique supercritique CAST ‘,:a
10-2/DOA2 ont été analysées les effets du nombre de Reynolds, de la déter- "

mination du point de transition et du nombre de Mach. Pour des points de 't

: transition fixes et aléatoires, on a obtenu des nombres de Reynolds compris H::
N entre 6 et 30 millions, et des nombres de Mach compris entre 0,3 et 0,8. }::h
: L’analyse révéle que les paramétres aérodynamiques du plan dépendent en o':
N trés grande partie du nombre de Reynolds et de la détermination du point “:.:a
de transition. Au-dessus d’une valeur de dix millions, on peut dégager les ’TT'.

: tendances de la relation entre le nombre de Reynolds et un point de transi- iy
N tion fixe ou aléatoire. Pour les nombres de Reynolds inférieurs a cette %:.:‘
: valeur, la longue couche limite laminaire sur le plan aérodynamique modifie ::\:
) considérablement les caractéristiques de 1’écoulement, et alors les données ih
' ne suivent pas les tendances observées pour les nombres de Reynolds élevés, .:q
i ::0:
;‘ "':‘
! U
[ wy
4 .‘
’

! .:'.:
: R
W

X K
. (i) N
“ ‘::‘.
' U .‘.
A '|'|
: &

INl..._"I'...L'.IJ.I.l‘:..l“.i“.!"'! l.n‘l'.‘l.v l‘..l.- W % l.n I" ‘.o!l'l‘c ) ' .p .- i.al.- I‘g I.. .n 0 ' (N .O ‘o. .c ..l ‘.I \ '.Q-‘o. ‘l 'l ‘i ‘ ,“!“' -||!. "' Y .'~



IPUTAIWU WY WU UMW UMM AN AR AN AN FOIRA T N N, %085, 0%0.8% 1% 8% 0% 4% 8% 8% 62 ¢'a 22 2,

TABLE OF CONTENTS

-~
~

o T

T
el

~
- -

BOUNDARY LAYER TRANSITION
TWO-DIMENSIONALITY OF FLOW OVER MODEL

REYNOLDS NUMBER EFFECTS

5.1 Lift, Pitching Moment and Drag
5.2 Shock Location and Shock Mach Number
5.3 Trailing Edge Pressure

MACH NUMBER EFFECTS
CONCLUSIONS

REFERENCES

. . ’ - ; ) ()
\:"‘.J\ﬂ".-‘! n“?n“!n'l?s"‘-‘lf-'l“.t..c ‘!0" AN u‘.'u. . X" ,o'l!..h‘.‘i o .o‘l‘.’lo 0‘.1'! A 53. ) ,o‘l..o ."‘Ql C.o".c " J“.., l“.t X 1 o, 0.-"..“."_‘.’, L I‘.\ * W .\




6a

6b

6c

6d

6e

7a

7b

5?‘4‘!‘.‘.‘-’, ILI.. ALY A »l".l‘- .u DO 'F'C"I -J. (N S~ .

LIST OF FIGURES

Section Profile of CAST 10-2/DOA 2 Airfoil

------------------------

Envelope of test conditions .............. ... .. iiiiiiiiiiiiiiin...
Effects of Reynolds number, Mach number and incidence on locations of
boundary layer transition on the upper surface of the model

.......

Spanwise wake drag variations at various Reynolds numbers for two
angles of attack with fixed or free transition, M. =0.765 .........
Spanwise pressure distributions at x/c = 0.9 for two angles of attack
at various Reynolds numbers with fixed or free tramsition, M. =

.............................................................

Lift versus angle of attack at various Reynolds numbers with fixed or
free transition at nominal M = 0.765 .. i e
Pitching moment versus lift at various Reynolds numbers with fixed or
free transition at nominal M = 0.765 ... i e e
Drag versus lift at various Reynolds numbers with fixed or free
transition at nominal M_ = 0.765 ... ................... . oLl
Reynolds number dependence of lift for two angles of attack with
fixed or free tramsition .......... .. .. ... i i
Reynolds number dependence of drag for two angles of attack with
fixed or free tramsition ... .. ... ... . ... ... .. . iiiieeeie i
Reynolds number effects on surface pressure distributions at nominal
«a = 1.35°, M°° = 0.765. The first two cases are with transition
fixed, the rest are transition free ., .............................
Reynolds number effects on surface pressure distributions at nominal

o = 3.25°, M_ = 0.765. The first two cases are with transition

fixed, the rest are transition free

...............................

(v)

S aly LA it L ER AR T K] 'f"j

Page O
23 KRR
24 li .; '9

25 e,

26 RAGH

27 ;-‘t

28 o

29 T

30 o

31 oTN]

32 .C‘p.

33 o

34 e

AN



IR A T U VI T R R T RN A T AR U L T UG T RN NS R AN TR RN R, 0 0.0 a8 Va0 Nl pt ta tat tptogt gty ey datHig 1ty 8ty Ba 0y K¥p 8y &

Y
4 .- v
|

. ¢,
N - LIST OF FIGURES (Cont’d) ":;
¢ )
: Page i
. 8a Wake profiles showing laminar and turbulent boundary layer shock-wave ‘:f
interactions respectively at M = 0.765, a = 1.35%. .......c0ovuuinnnn 35 !».

¢ - [ N3
: 8b Wake profiles showing laminar and turbulent boundary layer shock-wave ::I:
; interactions respectively at M_ = 0.765, a = 1.75% i e 36 :::'
’ N
9 Surface pressure distributions at different angles of attack at h

.} “I‘
: nominal M_ = 0.765, Re = 30x10°®, transition free .................. 37 ::’
o 10a Shock location versus angle of attack at various Reynolds numbers ::é
‘4' S 3
with fixed or free transition at nominal M. =0.765 ........ e 38 -
o
,,! 10b Shock location versus lift at various Reynolds numbers with fixed or :{‘.ll
U oy
2’ s , 39 :'l'
K] free transition at nominal M = 0.765 .................. ..l 4,«
o ";.{
R 10c Reynolds number dependence of shock location for two angles of attack '
i with fixed or free tranSition ...t eruunnneennnneenneennnannannas 40 :3.
K N
':‘ 1la Shock Mach number versus angle of attack at various Reynolds numbers a
‘Q
s J

:: with fixed or free transition at nominal M, =0.765 «cvvevnnrennnnnn 41 .:::
X 11b Shock Mach number versus lift at various Reynolds numbers with fixed .
J or free transition at nominal M = 0.765 ............00iiiiinnecnnnn 42 .::t'
" - ' p
i llc Reynolds number dependence of shock Mach number for two angles of ::“.:
i! .'l‘?
attack with fixed or free transition ............iti it nnnnnns 43 .
e

’ v
:c 12a Trailing edge pressure versus angle of attack at various Reynolds 'Q}
) A
Y numbers with fixed or free transition at nominal M' =0.765 ......... 44 “':
\ \Y
h 12b Trailing edge pressure versus lift at various Reynolds numbers with il
N fixed or free transition at nominal M = 0.765 ...................... 45 4
0 s ‘N

() %)
',: 12c Reynolds number dependency of trailing edge pressure for two angles :{‘
iy t
K of attack with fixed and free transition ..................c...00.... 46 v
13a Lift versus angle of attack at various Mach numbers at nominal Re = 0
3 c O]
1 A:
b) 30x10°® with free transition .. .. ........'''unnrnioianee e, 41 "::‘
R
:l 13b Pitching moment versus lift at various Mach numbers at nominal Re = l:::
. C RN
30x10° with free transition .. ... .. ... ... .. .. ... ... .. ............ 48 s
: i
: o
J

\ (vi) o::.:
: A
& vw.

{
)
)

y v
!.l INGA N A

- - » " - " - - - T TR R R %, -4
N IACEATM N N U A A S T O S Dt e D e T ’ Vet 0 T N N TR S ALY '- L0




N A T Y W W U O O O o O T TR O O O Tt T T e 908 'l 0oy ad tan Al COOTRS T RN TN Y

LIST OF FIGURES (Cont’d)

Page
13¢c Drag versus lift at various Mach numbers at nominal Re = 30x10° with
. c
i free transition ... ... ...ttt i i i it et 49
S 14 Lift curve slope at zero lift versus Mach numbers at various Reynolds
K} numbers with fixed or free transition .............0iviiererrennaansns 50
1
i
i' 15a Maximumlift versus Mach number at various Reynolds numbers with
i
Y fixed or free transition ...........ccniiiiiiiiirai it i 51
X 15b Reynolds number dependence of maximum lift at various Mach numbers
# with fixed or free tranmsition ........... . .ot 52
¢
Y 16a Mach number effects on surface pressure distributions at nominal a =
; 1.35°, R, = 20x10° with fixed tramsition .......................ol 53
" €
3
» 16b Mach number effects on surface pressure distribution at nominal a =
' 3.35%, R, = 20x10° with fixed tramsition ......................oil 54
c
3 17a Mach number and Reynolds number dependence of lift at two angles of
X
b attack with fixed transition .......... ... i il 55
17b Mach number and Reynolds number dependence of drag at two angles of
\
k attack with fixed transition .......... ...ttt iiinninnneennnn. 56
0
§ 18 Minimum drag versus mach number at various Reynolds numbers with
. fixed Or free TranSitiON ... .uueeun e tenennean ettt eeenennennn. 57
Y 19 Drag at CL = 0.6 versus Mach number at various Reynolds numbers with
)
! fixed or free transSition ...ttt i i i i et et e 58
20 Reynolds number dependence of drag at M“ = 0.765, CL = 0.5, 0.6 with
i P
0y fixed or free tranSition ...ttt ittt i et e e e e 59
K
t 21 Reynolds number dependence of drag rise Mach number for two lift
.,
conditions with fixed and free transition .................... ... 60
\
§ ..
N (vii)
'0

“
N SN TP A WIS LR & -t TN NN ey . ..,_..,...'
L A S AR L e DA A Ay Ml b S iy A




Symbol

CDhw2

P T I e T TR TR R Y R PP TE I T P L T TR O TR T PO TS PO TR P LU TLA R TA LR IAN TS TN T
o IR Fpvebg® H° a0y’ 0p a¥a’y dnabat ¥a asacatA"aY, RO ¥Y 0" a i’

LIST OF SYMBOLS
Definition
tunnel width, model span
chord length

drag coefficient, wake integration
minimum drag coefficient

maximum 1ift coefficient

lift coefficient, pressure integration
lift curve slope

pitching moment coefficient, quarter chord

pressure coefficient

pressure coefficient, trailing edge

local wake drag coefficient, probe 2 at 2y/b = 0.233 from
centre-line

free stream Mach number

drag rise Mach number

shock Mach number

free stream Reynolds number based on chord length

side-wall suction velocity

free stream velocity

Cartesian coordinates, X in chordwise direction
shock position on model

transition location

angle of attack

(viii)

T e

B

L

-
-

w v
Tt

g W
-



eyt

1. INTRODUCTION é}%‘:‘:ﬁ
The NAE/NRC-NASA Langley Cooperative Program on Two-Dimensional {;f

Wind Tunnel Wall Interference Research was initiated in 1984. The kgg%
objective of the program is to develop the technology for elimination or iﬁﬁﬁ

correction of wall interference in transonic two-dimensional tests using

the Langley 0.3 m. Transonic Cryogenic Tunnel with an adaptive wall test f&&ﬁ
section and the NAE 1.5 m High Reynolds Number Two-Dimensional Test qigz
Facility. A common model with the CAST 10-2/DOA 2 profile and 228 mm (9 ;%ﬁ?
inches) chord length has been tested in both tunnels. The profile of the ‘§§§§
airfoil is shown in Fig. 1. By comparing the test data from these two g%gi
tunnels the techniques of elimination or correction of wall interference ﬂbﬁ&
in the corresponding facilities can be critically evaluated. The tests {'.;
performed in NAE covered the Mach numbers from 0.3 to 0.8 and Reynolds :Wﬁﬁ
number from 10 to 30 million. One case at low Reynolds number of 6 LSS
million was also run at the design Mach number of 0.765. The model was :E ‘i
tested with transition free and with transition fixed at 5 percent chord f* $§
for both the upper and the lower surfaces. Thesg data have, aside from the ;hii
original purpose for wall interfrerence studies, unique value in that they :
provide an opportunity for direct comparison of transonic testing data ?L \
with and without transition fixing for a wide range of Reynolds number and Hi?.
Mach number. ;rs
<h“‘

It is well known that the development of the boundary layer over t@im

a transonic airfoil has a strong influence to its performance. It affects :{3{
the effective shape of the airfoil, the characteristics of the interaction Egskf
with the shock wave and the trailing edge separation. Therefore an E?EE
o

airfoil with and without transition fixing will not give the same




performance even at the same Reynolds number and Mach number. The present

data, with both transition free and fixed, will allow us to investigate in

detail of the difference of the flows at these conditions. The highest
Reynolds number of 30 million in the testing is approaching the flight
Reynolds number of a large transport aircraft. These data of high
Reynolds number can thus be considered as asymptotes for comparison with
the other data obtained at lower Reynolds numbers and for establishing the
data trends for Reynolds number variation. The results of the analysis
will help us to select the test conditions for proper simulation of the
flight condition and to interpret the test data for airfoil development
programs in the future.

In computational aerodynamics, the accuracy of the computational
code is usually assessed by comparing the results with experimental data
with emphasis on some parameters such as 1ift, drag, shock conditions and
trailing edge separation. The present analysis shows that all these
parameters are sensitive to Reynolds number and the transitional condition
of the boundary layer. Therefore for proper assessment of the computa-
tion»' wethod, the test data must be chosen with great care and with

special attention to the afcrementioned conditions.

2. ENVELOPE OF EXPERIMENTAL CONDITIONS

In the first phase (phase I) of the program the airfoil was
tested with transition fixed at 5% chord at the upper and the lower

surfaces at Reynolds numbers 10, 15 and 20 million and at Mach numbers of

L £ " L
-..'f‘.{ }‘."n A =]

‘.

iy B A

0.3 to 0.8. The test envelope is shown in Fig. 2. 1In the second phase

L
o
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(phase II), the airfoil was tested with free transition for the same test
envelope. Additional tests were performed at Reynolds number 30 million
in the transonic range of Mach Numbers 0.7 to 0.79. A low Reynolds Number
run of 6 million at the design Mach number 0.765 was also carried out.

The results of the phase I and II - investigations have been fully

reported in References 1 and 2 respectively.

3. BOUNDARY LAYER TRANSITION

In phase II of the program, investigations have been carried out
to determine the location of the boundary layer transition at the upper
surface of the airfoil and its dependency on Reynolds number, Mach number
and angle of attack. The results are shown in Fig. 3. This information
is essential for the analysis of the experimental data presented in the
following sections. At a constant Mach number, the transition position
moves forward as Reynolds number increases, with transition Reynolds
number remaining at about 2 million. For a fixed Reynolds number the
transition position is only slightly affected by Mach number indicating
that the compressibility effect is small in the transonic range. With
both Mach and Reynolds numbers fixed the transition location varies with
angles of attack. The downstream movement of the transition location as
the incidence increases is caused by the unique characteristics of the
pressure distribution at the forward portion of the supercritical airfoil.
Following the leading edge expansion, the supersonic flow produces a
constant pressure plateau until terminated by a shock wave. The expansion
and the constant pressure flow both provide favourable conditions for the

laminar boundary layer stability. At low Reynolds numbers, the laminar
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¥ flow may extend to 50% chord length even at angles of attack up to & X
U
1 W
degrees. ut!
®
) N
Q s“:
4. TWO-DIMENSIONALITY OF FLOW OVER MODEL b
!. M
" The uniformity of the flow across the span of the model in the whisd
o test section is maintained by side wall boundary layer control. The two- ﬁ
0 N
i dimensionality of the flow can be confirmed by inspecting the spanwise 1y
N (X
\)
! variation of the flow quantities such as wake drag or surface pressure e
B distributions. Figure 4 shows the drag variation obtained from QJ
A .
'
h integrating the wake profiles traversed at four stations along the span of ?&;
) l‘.‘
4 the model. At moderate angles of attack, the spanwise uniformity is gﬁ
. established for cases with fixed transition. With free transition, the Q;
3 agh
: slight irregularity observed is a direct consequency of the spanwise vari- gf
ation of the transition location. At the centre plane of the model, the %
W

.
h

e
'l,

disturbances generated by the pressure taps induce early transition, hence

a thicker wake profile and higher drag are observed at this station. This

£

>
4 is clearly shown in the figure for the free transition case with Reynolds j;.
A number 10 million. Drag at the centre-line is very close to the other S;E
~
: cases with fixed transition while the values at other stations are lower FF!
\ Yy

! due to the long stretch of laminar boundary layer at the forward portion g
Y of the model. At Reynolds number 20 million, the transition moves forward Ei-
and the resulting drag variation is very much the same as that with fixed if.
transition. Si:

i At high angles of attack with flow separation at the rear of the S:
4 airfoil, drag varies greatly across the span. Drag is highest at the ga‘
0

4

central plane and drops off to about a half of the value as the side wall
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is approached. This indicates that the separation is largely confined at
the central region of the airfoil in a form of a laterally elongated
bubble. Near the side wall, the severity of separation may have been
reduced by the vortical flow generated at the wing-wall junction. The
transition free case at low Reynolds number again exaggerates the drag
variation. However, the general trend of the drag tends to approach that
of the transition fixed as Reynolds number becomes large.

The spanwise flow uniformity can also be observed from the
spanwise pressure distribution as shown in Figure 5. There are 3 spanwise
pressure taps at 90% chord at each side of the central measuring station.
At low angles of attack or moderate lift coefficients two-dimensionality
of flow is shown to be well established. At high angles of attack, well
into stall, large variation of pressure can be observed at the upper
surface. For transition fixed cases a low pressure separation zone at the
central portion of the model is shown. The pressure distribution is
nearly symmetrical with respect to the central plane. With transition
free, however, the flow is highly asymmetric especially for the low
Reynolds number case. This is primarily due to the spanwise variation of
the transition location which affects the downstream boundary layer
development and its resistance to separation. At high Reynolds number,

the transition free case is again approaching the transition fixed case.

5. REYNOLDS NUMBER EFFECTS
At transonic speeds the flow past an airfoil is extremely
sensitive to the slightest variation of the airfoil contour. The

displacement thickness of the boundary layer over the airfoil effectively
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modifies its profile and hence its performance. Thus a transonic airfoil
is highly sensitive to boundary layer development and consequently the
free stream Reynolds number. The Reynolds number effects on the model are
analysed in some detail with the case at Mach number of 0.765, the design
Mach number of the airfoil, as an example. The results of the analysis
can be applied, in principle, to other cases within the transonic range.

5.1 Lift, Pitching Moment and Drag

The lift versus angle of attack curves for both transition free
and fixed are shown in Figure 6a. The transition fixed cases covering
Reynolds numbers 10 to 20 million are first analysed. The 1lift curves are
nearly parallel to each other and shift upwards as Reynolds number
increases. The displacement effect causes a reduction of camber of the
airfoil, thus, as the boundary layer thickness decreases at high Reynolds
number, the geometric camber is approached and higher lift is obtained.
The linear portion of the 1lift curve extends up to about 1 degree and
nonlinear lift develops thereafter. The nonlinear contribution to lift is
attributed to the extension of the supercritical flow towards the rear
part of the airfoil. The maximum lift, about 0.7, occurs at about 2.3
degrees. At about 3 degrees, the trailing edge separation extends
upstream to the shock. These flow properties are alsoc shown in the
pitching moment variations, Figure 6b. The negative moment increases with
the reduction of the displacement effect. The downstream extent of the
supercritical flow causes a steady drop of the moment until the onset of
separation. The drag polars are shown in Figure 6c. The drag divergency
occurs at lift coefficient about 0.55 when the wave drag induced by the

shock wave becomes appreciable. The drag before the drag divergency
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contains mainly the skin friction drag and thus decreases as Reynolds
number increases. The performance of the case at Reynolds number 20
million is very close to that with free transition at Reynolds number 30
million, which has a transition location at about 5% chord estimated from
the transition data shown in Figure 3. This indicates that the roughness
trip for the present cases is correctly designed with negligible trip drag
and without excessively thickening the boundary layers.

The Reynolds number dependency of lift is shown by cross-
plotting the lift coefficients at fixed angles of attack, Figure 6d. The
nominal value of 1.35 degrees is about the design lift condition and the
3.35 degree is beyond the maximum lift condition with separation occurring
at the near portion of the airfoil. For fixed transition, the trend with
Reynolds number is well defined and the empirical correlation established
may be applied for extrapolation to higher Reynolds number. A cross-
plotting for drag is given in Figure 6e and again the data is well
correlated to Reynolds number. The corresponding surface pressure
distributions for these data points are shown in Figures 7a and 7b.

The 1ift versus angle of attack curves for transition free cases
are also shown in Fig. 6a for Reynolds numbers 6 to 30 million. The case
of Reynolds number 30 million is particular important as its value is
close to the flight Reynolds number of a large transport aircraft. For
this case, the transition lecation is estimated from Figure 3 to be at 5%
chord. The 1lift curve is very close to that with fixed transition at
Reynolds number 20 million. At Reynolds numbers of 20 and 15 million, the
lift and the pitching moment curves follow those of the 30 million case

closely. This behaviour of near independency of Reynolds number indicates
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iq that the turbulent boundary layer characteristics do not change

s appreciably over the range of Reynolds number. This is due to the fact

fg that the thickening of the turbulent boundary layer at low Reynolds number
;; is compensated by the shortening of the turbulent boundary layer develop-
o ment length, as the transition location shifts downstream. For profile
%ﬁ drag shortening the turbulent wetted area contributes directly to lower

.:':l: the drag value.

4: At Reynolds number 6 million, a significant change of flow

% characteristics can be observed. The lift curve remains linear up to zero
i

3 degree incidence and then becomes nonlinear but with reduction of slope.

\

R The first peak of lift is reached at 2.25 degrees incidence and a second
ig peak at 4 degrees. These deviation of flow pattern from the other high
%» Reynolds number cases are due to the large extent of laminar boundary

Q layer flow as far back to 40 to 50 percent chord. The long stretch of
_f* laminar boundary layer reduces the displacement effect and its modifica-
§ tion of the airfoil camber, giving a slightly higher lift at low angles of
b attack. At high angles of attack, the laminar flow remains and interacts
:’ with the shock wave. This can be identified by the surface pressure

; distribution, Figure 7a, at the interaction region with a slight compres~
)

y sion before the shock followed by a weak expansion after the

? interaction(3’a). The laminar or the turbulent nature of the boundary

)

f layer can also be detected from the thicknesses of the wake profiles as

f shown in Figure 8a. The distinction between the laminar and the turbulent
Q interaction with the shock wave is even more pronounced in Figure 8b. At
)

: higher angles of attack, the shock-laminar boundary layer interaction

&

induces a local separation which produces the first "bend" of the lift

- e a
' 2 .-
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U o O O N T W RS W S .' 0 ,-'l. ‘Jlf .‘.o,_.. A%



curve. The separation, however, does not extend to the trailing edge, as
indicated by the positive trailing edge pressure (see Figure 7b). With
further increases in the angle of attack, the shock induced separation
merges with the trailing edge separation and the second bend of the lift
curve is formed (See Figure 6a). The delay of the trailing edge separa-
tion is due to the fact that the thin turbulent boundary layer is less
prone to separate at the adverse pressure conditions. These low Reynolds
number flow characteristics are also shown in the pitching moment varia-
tion which is quite different from the other cases especially at the high
lift region (Figure 6b). These analyses are in good agreement with those
of the low Reynolds number (2.35 million) tests reported in Reference 5.
The profile drag is necessarily low because of the large extent of the
laminar boundary layer. The "drag bucket" formed before the drag diver-

gency is also due to the long stretch of laminar flow which may extend to

60% chord at the design lift of 0.6(6)(Figure 6¢c). Because of the delay

of the trailing edge separation, the drag rises less sharply at the high
lift condition and the maximum lift coefficient reaches a value of 0.8,
about 0.1 greater than the other cases.

The Reynolds number dependency shown in Figure 6d and 6e show
distinct characteristics for data above and below 10 million. However, if
the low Reynolds number case is excluded, a near linear dependency on
Reynolds number can be established for the data at 10 million and higher.
These correlation curves can also be used for extrapolation to higher

Reynolds number.
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5.2 Shock Location and Shock Mach Number

The supersonic flow over the transonic airfoil terminates at a
shock wave through which the flow is recompressed to subsonic speeds. The
interaction of the shock wave with the boundary layer alters the local and
downstream flow conditions. A severe interaction may cause the flow to
separate and greatly inhibit the performance of the airfoil. The effects
of transition fixing and Reynolds number on the formation of the shock are
examined as follows.

The typical variations of the shock position and the shock

strength can be qualitatively observed from the pressure distribution

plots as shown in Figure 9. The shock position is defined as the location

(7).

at which the shock Mach number equal to 1.1 Figure 10a shows the
shock positions for a range of Reynolds numbers with free and fixed trans-
ition. For free transition at low angles of attack, the shock is nearly
stationary until about 1 degree. As the angle of attack increases, the
shock moves forward rapidly for a distance of five percent chord and than
stabilizes again until the onset of the trailing edge separation at about
2 degrees. A steady forward shift takes place as the separation develops.
For the transition free cases the Reynolds number effect for 10 to 30

million is small because of the compensation of the growth of the boundary

layer by the movement of transition as discussed in the preceding section.

e

The case with Reynolds number 6 million follows the general trend of the

other cases until about 1 degree incidence. The forward shift at the

]

higher angles of attack is about eight percent chord and remains stable up

o
$1

to the highest angle of attack, although a forward shift trend is

- e

;v_&l_l"

discernible, indicative of approaching onset of trailing edge separation.
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For the transition fixed cases, the shift of the shock locations is
because of the effective change of the airfoil camber by the displacement
effect of the boundary layer. For the case with Reynolds number 10
million, the shock locates more forward, about three to four percent chord
than the transition free cases at low incidences. This difference dimin-

ishes as Reynolds number is increased to 20 million, with the consequent

reduction in boundary layer thickness. At the onset of the trailing edge

separation the shock position becomes less sensitive to Reynolds number,
with or without transition fixing.

In Figure 10b the shock positions are plotted against lift
coefficient. Before the onset of separation the data behave very much the
same as those in Figure 10a since the lift is largely linearly related to
the angle of attack. Once the maximum lift is reached, however, the shock
moves rapidly upstream while the 1ift remains nearly constant. The move-
ment is nearly independent of Reynolds number. The cross-plots at fixed
angle of attack, Figure 10c, show again that the low Reynolds number case
of 6 million stands out from the other data, particularly the high
incidence case. The reason is that the flow is attached at low Reynolds
number while separated at the higher Reynolds numbers. At moderate inci-
dence, the transition fixed cases show a downstream movement of the shock

position as Reynolds number increases while the transition free cases show

] "‘l "Y)

[A

the shock is practically stationary. For high incidences the trends for

»
[/

the transition free and fixed cases are reversed. This dependency of

‘s
o5

Pl

Reynolds number can also be seen from the pressure distributions as shown

4 A
LA

in Figures 7a and 7b.
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The shock Mach number, defined as the value before the sudden
drop of the local flow Mach number at the airfoil surface, is shown in
Figure 11a as a function of angle of attack. With transition free, the
shock Mach number is only weakly dependent on Reynolds number. At low
angles of attack, the small supersonic bubble located from about 40% to
70% chord generates a weak shock, the shock Mach number increasing with
incidence. As incidence gradually increases the weak shock remains at
constant strength for a short while until the rear supersonic flow pocket
merges with the rapidly expanding forward supercritical flow (See Figure
9). The shock strength then increases rapidly with incidence. At and
after the onset of the trailing edge separation the rate of growth of the
shock strength reduces abruptly as the leading edge expansion slows down
with increasing incidence. The low Reynolds number case of 6 million
follows the general trend well but then deviates from the others at high
incidences because of its delay in separation. With transition fixed, the
shock Mach number are lower at low incidences. This may be caused by the
thicker turbulent boundary layer reducing the upper surface expansion and
hence the shock strength. At higher angles of attack,lthe displacement
effect diminishes and the data follow the other cases closely. The data
are replotted against lift coefficient in Figure 11b. The deviation of
the low Reynolds number case is more pronounced than in Figure 1lla. The
cross-plots at fixed angles of attack, Figure 10c, show that the shock
Mach number is nearly independent of Reynolds number for 10 million and
higher. For the transition fixed cases at low angles of attack, the lower

values are again due to boundary layer displacement effects.
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i 5.3 Trailing Edge Pressure v&
: )
[ ') "
R The measured trailing edge pressure provides an excellent A
®
) indication of trailing edge separation and its development. The trailing ;N
’ b
D
‘
: edge pressure coefficient versus angles of attack is shown in Figure 12a. E
4 )
! Generally, the trailing edge pressure coefficient decreases slowly with M
? increasing incidence up to about 2 degrees, after which it drops rapidly, Eﬁ
'
) et
! ol . P . o . !
K a clear indication of trailing edge separation. The transition fixed ﬁk
% Uy O
: L]
t cases show slightly lower values due to the thicker boundary layer. The ﬂﬁ
: case with Reynolds number 6 million and free transition again stands out sﬂf
‘ \
) il
s because of the delayed separation due to thinner boundary layer. The data $Q
" vk
o are plotted against the lift coefficient in Figure 12b. Before the onset ﬂ&
¢ of separation the trailing edge pressure is not constant as expected but ~$;
' .
' g
f decreases gradually as the boundary layer thickens. It then drops 2
B > ' '
y t
m
ﬂ abruptly at nearly constant lift as separation sets in. The cross-plots ‘;i
s at fixed angles of attack. Figure 12c, show a general trend with Reynolds $5
, o
¥ |
| number. At high incidences with separation extending to the shock, the H&
N Y
L]
) Reynolds number dependence becomes less regular as the interaction with %%
by the shock makes the flow more complicated. éﬁ
bt
. b
) R4
~ X
" 6. MACH NUMBER EFFECTS fh
o
; The experiments were performed for Mach numbers from 0.3 to 0.8. 0y
! )
n\
) The low Mach number tests were conducted to provide data for the applied “ny
~!~ +
o
) correction method for wind tunnel wall interference at subcritical flow TN
\ co“ditions(s). The correction method gives the first order corrections, I
w”,
e‘ -,
{ which are exact for subcritical flows, to the measurements in transonic :ﬁ
! Y
0 (9) . o
L flows . The corrected low Mach number data should thus provide exact ,
" 3
0‘ o, d
' ¢
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test cases for comparison with theory. This data, however, will not be
discussed herein, since the transonic performance is emphasized in the
present analysis. In passing, however, it is noted that at Mach number
0.3, the airfoil behaves like a typical low speed airfoil, having a peaky
leading edge suction followed by a gradual compression over the rest of
the profile. The lift curve is linear up to 8 degrees angle of attack.
At higher Mach number of 0.5 and 0.6, a small pocket of supersonic flow
develops from the leading edge extending to a few percent chord
downstream. A weak shock terminates the supersonic flow and a gradual

recompression follows for the rest of the airfoils. At this Mach number

e
-_e

[ % 2% % .3,-.7-3 “?

range, the flow over the airfeoil is mainly subsonic and is not so sensi-
tive to the boundary layer displacement effect. Thus the dependency of
Reynolds number is small.

At the transonic range of Mach number 0.7 to 0.8, the lift

-

coefficient versus angles of attack is shown in Fig. 13a while pitching
moment and drag coefficients are shown in Figures 13b and 13c respectively

for Reynolds number 30 million. The lift curve slope increases with Mach

Sy LTS

number while the maximum lift coefficient decreases. The pitching moment

¥
-

becomes more negative as the rear loading increases due to the downstream

extension of the supersonic flow pocket over the upper surface of the

airfoil. The growth of the shock strength induces a rapid increment of

'Yy

l.‘

F T

drag, especially for Mach number higher than the design value of 0.765.

oty
’_a

The slope of the linear portion of the lift curve is plotted

A

against Mach number in Fig. 14 for the Mach number and Reynolds number

>
1, %

ranges covered in the experiment. The slope increases steadily with Mach

o
)

number, steepening after Mach number 0.7 and reaching a peak at Mach

-
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number 0.78. At higher Mach number, the strong shock induces separation 3«:
even at relatively low angle of attack, causing a sharp drop of the lift :!:
curve slope. The strong influence of Reynolds number and the boundary 3:5
layer transition fixing conditions are also shown in the figure. With ':?::3,:;
transition free, a difference of ten percent in the slope can be observed ""::,
for Reynolds numbers from 10 to 20 million. Above 20 million, the incre- ;E::':':
ment becomes very small. With fixed transition the slope also increases .:':.:t:.::
t

with Reynolds number. The Reynolds number effect for the latter case, :‘
however, is much less pronounced. ‘::':
The maximum lift coefficient for the transonic range is shown in ::'5:0:

Fig. 15a. The value drops rapidly as Mach number increases. This is &
caused by separation induced by a strong shock at high incidences. The is‘
maximum lift coefficient increases with Reynolds number as the boundary EE::.E'EE
layer becomes thinner. The cross-plots of Reynolds number dependency for ' -":
cases at different Mach numbers are shown in Fig. 15b. With free i ‘::
transition, the value tends to drop slightly from Reynolds number 10 to 20 .f
million and then reaches a higher value at 30 million. With fixed v
transition, the value increases steadily with Reynolds number and the "l‘:
extrapolation of the trend to higher Reynolds number gives a value very '&
close to that of free transition at 30 million. -‘;‘
The evolution of the pressure distribution at the airfoil as :::,.:

Mach number increases from subsonic to transonic is shown in Figs. 16a and g__.’
16b at Reynolds number 20 million for fixed angles of attack. In Fig. ‘..-; ]
16a, the development of the supersonic flow and the "roof top" pressure '\:.E::
plateau is clearly illustrated. At higher angles of attack, Fig. 16b, the -:‘:\
transition from the smooth subsonic recompression to the shock induced &J\
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separation at the rear portion of the airfoil is also well demonstrated.
The aerodynamic parameters of these cases are cross— plotted in Figs. 17a
and 17b. The 1lift coefficient is shown in Fig. 17a with data from two
Reynolds numbers, 10 and 20 million. At low angles of attack the lift
peaks at the design Mach number 0.765 and reaches the design value of 0.6
at Reynolds number 20 million. The trend of the Reynolds number effect is
similar to that of the lift curve slope discussed previously. Variations
of drag with Mach number are shown in Fig. 17b. At low angle of attack,
the drag curve turns sharply upward at the design Mach number because of
the rapid increase of wave drag. At high angles of attack, the drag rise
before Mach number about 0.65 is mainly due to wave drag. At higher Mach
number the shock induced separation occurs causing further increase in
pressure drag. Since these cases are with transition fixed, the Reynolds
number effect is small.

Figure 18 shows the variation of minimum drag versus Mach number
with and without transition fixing. With fixed transition the lower skin
friction at higher Reynolds number contributes to the difference in drag
as just discussed. With transition free the drag variation with Mach
number depends weakly on Reynolds number because of the shift of the
transition location. The long stretch of laminar boundary layer flow at
Reynolds number 10 million formed by the favourable conditions at the
transonic range reduces the total drag and a "drag bucket'" is formed
before the drag rise at the design Mach number. This unique low Reynolds
number characteristics has led to design studies of low drag transonic

(6)

airfoil with natural laminar flows At higher Reynolds number the drag

bucket disappears as the transition moves towards the leading edge. At
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Reynolds number 30 million, the drag rise curve behaves similarly as those
with transition fixed except having a lower value due to lower skin
friction.

The drag variations at the design lift condition are shown in
Fig. 19. The gradual increment of drag with Mach number, the drag creep,

(10)

is caused mainly by wave drag At the design Mach number the Reynolds
number dependency is shown in Fig. 20. With fixed transition the negative
slope reflects the decrease of the skin friction as Reynolds number
increases and with transition free the positive slope indicates length-
ening the surface wetted by the turbulent boundary layer. Both cases
approach the same drag value at very high Reynolds number as expected.

The drag rise Mach number, defined as the point at the drag rise curve
having a slope of 0.1, is shown in Fig. 21 for two values of lift. A weak
dependency on Reynolds number and transition conditions can be detected.

For lift coefficient 0.5, the drag rise Mach number is close to the design

value of 0.765 for both fixed and free transition.

7.0 CONCLUSIONS

The experimental data obtained in the NAE Two-Dimensional Test
Facility for the CAST 10-2/D0A2 model have been analysed for the effects
of Reynolds number, transition fixing and Mach number. The role of the
boundary layer on the displacement effect, the interaction with the shock
wave and the trailing edge separation are examined. The results of the
analysis are summarized as follows.
1. The airfoil performance depends strongly on Reynolds number and

transition fixing.
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With transition fixed near the leading edge, the aerodynamic
quantities such as lift, pitching moment and drag show a monotonic
variation with Reynolds number. Extrapolation to higher parametric
values are believed reliable.

With transition free, the aerodynamic quantities vary irregularly
with Reynolds number. For Reynolds number 10 million and above, a
slight parametric dependency is shown. The weak effect is duz to the
compensatory effect of the forward shift of the transition and the
thinning of the turbulent boundary layer as Reynolds number
increases.

For Reynolds number 6 million and free transition, the aerodynamic
quantities deviate appreciably from those of higher Reynolds numbers.
This is caused by the long stretch of laminar boundary layer flow and
the different characteristics of the shock-laminar boundary layer
interaction. The turbulent boundary layer originating from the
interaction is so thin over the rear part of the airfoil that the
trailing edge separation is appreciably delayed. The data do not
follow the trend established for the high Reynolds numbers.

Excluding the low Reynolds number case, the shock Mach number and the
shock position are only weakly dependent on Reynolds number. If
transition fixing is applied, the shock Mach number is lower at low
angles of attack, the shock position is more forward up to the onset
of separation.

The long extent of the laminar boundary layer at transonic speeds
reduces the drag appreciably at low Reynolds number. The drag bucket
around the design Mach number can be observed below Reynolds number

15 million.
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For transonic airfoil testing for a large transport aircraft, it is

F J 1
preferable to perform at or above Reynolds number 10 million with or _“
without transition fixation. Below this Reynolds number, methods for gg(

(

)

treating low Reynolds number testing such as aft-fixing must be $;¥
£ %3

. . . (11) e
applied for proper flow simulation . 2
3

When using experimental data for verification of computational .:

aerodynamics codes, the transition location, whether fixed or free d

must be considered as essential input parameter for the computation

o

code, so that the viscous part of the computed flow is correctly

o o
XD

simulated.
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FIG. 16a: MACH NUMBER EFFECTS ON SURFACE PRESSURE DISTRIBUTIONS AT
NOMINAL o = 1.35°, Re, = 20 X 106 WITH FIXED TRANSITION
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