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SUMMARY

Experimental data obtained in the NAE Two-Dimensional Test
Facility for CAST 1O-2/DOA2 supercritical airfoil have been analyzed for the
effects of Reynolds number, transition fixing and Mach number. The data
were obtained for Reynolds numbers from 6 to 30 million and Mach
numbers from 0.3 to 0.8 with fixed and free transitions. The analysis indi-
cates that the aerodynamic parameters of the airfoil depend strongly on
Reynolds number and transition fixing. Above Reynolds number 10 million
the trends of dependency on Reynolds number with free or fixed transition
can be established. For lower Reynolds number, the long stretch of laminar
boundary layer over the airfoil alters the flow characteristics significantly
and the data do not follow the trends for high Reynolds numbers.

RESUME

Des donn6es exp~rimentales obtenues dans la veine d'essai
bidimensionnelle de l'EAN pour le plan a~rodynamique supercritique CAST
10-2/DOA2 ont Wt analys6es les effets du nombre de Reynolds, de la dater-
mination du point de transition et du nombre de Mach. Pour des points de
transition fixes et alkatoires, on a obteriu des nombres, de Reynolds compris
entre 6 et 30 millions, et des nombres de Mach compris entre 0,3 et 0,8.
L'analyse r~v~le que les param~tres a~rodynamiques du plan dspendent en
tr~s grande partie du nombre de Reynolds et de Isa determination du point
de transition. Au-dessus d'une valeur de dix millions, on peut d~gager les
tendances de la relation entre le nombre de Reynolds et un point de transi-
tion fixe ou ak~atoire. Pour les nombres de Reynolds inf~rieurs i cette
valeur, la longue couche limite laminaire sur le plan a~rodynamique modifie
consid~rablement les caracthristiques de 1'6coulement, et alors les donn~es
ne suivent pas les tendances observ~es pour les nombres de Reynolds 6lev6s.
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1. INTRODUCTION

The NAE/NRC-NASA Langley Cooperative Program on Two-Dimensional

Wind Tunnel Wall Interference Research was initiated in 1984. The

objective of the program is to develop the technology for elimination or

correction of wall interference in transonic two-dimensional tests using

the Langley 0.3 m. Transonic Cryogenic Tunnel with an adaptive wall test

section and the NAE 1.5 m High Reynolds Number Two-Dimensional Test

Facility. A common model with the CAST lO-2/DOA 2 profile and 228 mm (9

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

tunnels the techniques of elimination or correction of wall interference

in the corresponding facilities can be critically evaluated. The tests

performed in MAE covered the Mach numbers from 0.3 to 0.8 and Reynolds

number from 10 to 30 million. One case at low Reynolds number of 6

million was also run at the design Mach number of 0.765. The model was

tested with transition free and with transition fixed at 5 percent chord

for both the upper and the lower surfaces. These data have, aside from the

original purpose for wall interfrerence studies, unique value in that they

provide an opportunity for direct comparison of transonic testing data

with and without transition fixing for a wide range of Reynolds number and

Mach number.

It is well known that the development of the boundary layer over

a transonic airfoil has a strong influence to its performance. It affects

the effective shape of the airfoil, the characteristics of the interaction

with the shock wave and the trailing edge separation. Therefore an

airfoil with and without transition fixing will not give the same

V
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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 lift, 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-

tionp' method, 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%

0.3 to 0.8. The test envelope is shown in Fig. 2. In the second phase N
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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 S
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 4

degrees.

4. TWO-DIMENSIONALITY OF FLOW OVER MODEL

The uniformity of the flow across the span of the model in the

test section is maintained by side wall boundary layer control. The two-

dimensionality of the flow can be confirmed by inspecting the spanwise

variation of the flow quantities such as wake drag or surface pressure

distributions. Figure 4 shows the drag variation obtained from

integrating the wake profiles traversed at four stations along the span of

the model. At moderate angles of attack) the spanwise uniformity is

established for cases with fixed transition. With free transition, the

slight irregularity observed is a direct consequency of the spanwise vari-

ation of the transition location. At the centre plane of the model, the

* disturbances generated by the pressure taps induce early transition, hence

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

is clearly shown in the figure for the free transition case with Reynolds

number 10 million. Drag at the centre-line is very close to the other

cases with fixed transition while the values at other stations are lower

due to the long stretch of laminar boundary layer at the forward portion

R'
of the model. At Reynolds number 20 million, the transition moves forward

and the resulting drag variation is very much the same as that with fixed

transition.

At high angles of attack with flow separation at the rear of the

airfoil, drag varies greatly across the span. Drag is highest at the .,

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 lift 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 lift 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
!V

upstream to the shock. These flow properties are also 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 *.O

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 lift 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 location is estimated from Figure 3 to be at 5%

chord. The lift 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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that the turbulent boundary layer characteristics do not change

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

that the thickening of the turbulent boundary layer at low Reynolds number

is compensated by the shortening of the turbulent boundary layer develop-

ment length, as the transition location shifts downstream. For profile

drag shortening the turbulent wetted area contributes directly to lower

the drag value.

At Reynolds number 6 million, a significant change of flow

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

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

The first peak of lift is reached at 2.25 degrees incidence and a second

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

layer flow as far back to 40 to 50 percent chord. The long stretch of

laminar boundary layer reduces the displacement effect and its modifica-

tion of the airfoil camber, giving a slightly higher lift at low angles of

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-

sion before the shock followed by a weak expansion after the

(3,4)interaction ' . The laminar or the turbulent nature of the boundary

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

shown in Figure 8a. The distinction between the laminar and the turbulent

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

- ~' 4~%% ~
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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 ()(Figure 6c). 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. N
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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

at which the shock Mach number equal to 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 I 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.

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

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

discernible, indicative of approaching onset of trailing edge separation.

- AA
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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 l0b 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 lift remains nearly constant. The move-

ment is nearly independent of Reynolds number. The cros~s-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

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

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

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

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 lla 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, the displacement

effect diminishes and the data follow the other cases closely. The data

are replotted against lift coefficient in Figure l~b. The deviation of

the low Reynolds number case is more pronounced than in Figure Ila. 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.

.5~L A.5 *15 MA,
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5.3 Trailing Edge Pressure

The measured trailing edge pressure provides an excellent

indication of trailing edge separation and its development. The trailing

edge pressure coefficient versus angles of attack is shown in Figure 12a.

Generally, the trailing edge pressure coefficient decreases slowly with

increasing incidence up to about 2 degrees, after which it drops rapidly,

a clear indication of trailing edge separation. The transition fixed

cases show slightly lower values due to the thicker boundary layer. The

case with Reynolds number 6 million and free transition again stands out

because of the delayed separation due to thinner boundary layer. The data

are plotted against the lift coefficient in Figure 12b. Before the onset

of separation the trailing edge pressure is not constant as expected but

decreases gradually as the boundary layer thickens. It then drops

abruptly at nearly constant lift as separation sets in. The cross-plots

at fixed angles of attack. Figure 12c, show a general trend with Reynolds

number. At high incidences with separation extending to the shock, the

Reynolds number dependence becomes less regular as the interaction with

the shock makes the flow more complicated.

6. MACH NUMBER EFFECTS

The experiments were performed for Mach numbers from 0.3 to 0.8.

The low Mach number tests were conducted to provide data for the applied

correction method for wind tunnel wall interference at subcritical flowA

cu,..Jitions 8 . The correction method gives the first order corrections,Il

which are exact for subcritical flows, to the measurements in transonic

(9)flows . The corrected low Mach number data should thus provide exact

fr

Ir lr..,1
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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

range, the flow over the airfoil 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

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 increnent of

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

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

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

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

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

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

layer transition fixing conditions are also shown in the figure. With

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-

ment becomes very small. With fixed transition the slope also increases

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

Fig. 15a. The value drops rapidly as Mach number increases. This is

caused by separation induced by a strong shock at high incidences. The

maximum lift coefficient increases with Reynolds number as the boundary

layer becomes thinner. The cross-plots of Reynolds number dependency for

cases at different Mach numbers are shown in Fig. 15b. With free

transition, the value tends to drop slightly from Reynolds number 10 to 20

million and then reaches a higher value at 30 million. With fixed

transition, the value increases steadily with Reynolds number and the

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

16b at Reynolds number 20 million for fixed angles of attack. In Fig.

16a, the development of the supersonic flow and the "ro top" pressure

plateau is clearly illustrated. At higher angles of attack, Fig. 16b, the

transition from the smooth subsonic recompression to the shock induced
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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 lift 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 numiber 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 transonicNP

airfoil with natural laminar flows () At higher Reynolds number the drag

bucket disappears as the transition moves towards the leading edge. At

or V f %

vo - elr. de
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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 l0-2/DOA2 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
0

analysis are summarized as follows.

1. The airfoil performance depends strongly on Reynolds number and

transition fixing.
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2. 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.

3. 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 dua to the

compensatory effect of the forward shift of the transition and the

thinning of the turbulent boundary layer as Reynolds number

increases.

4. 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.

5. 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.

6. 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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7. For transonic airfoil testing for a large transport aircraft, it is

preferable to perform at or above Reynolds number 10 million with or

without transition fixation. Below this Reynolds number, methods for

treating low Reynolds number testing such as aft-fixing must be

(11)
applied for proper flow simulation

8. When using experimental data for verification of computational

aerodynamics codes, the transition location, whether fixed or free

must be considered as essential input parameter for the computation

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

simulated.

t%
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FIG. 4: SPANWISE WAKE DRAG VARIATION AT VARIOUS REYNOLDS NUMBERS FOR
TWO ANGLES OF ATTACK WITH FIXED OR FREE TRANSITION, M-, 0.765
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0.0 I

0.1 a = 1.350'* .

0.2~o 3 a=.35'0

0.3

FIG. 5: SPANWISE PRESSURE DISTRIBUTIONS AT X/C =0.9 FOR TWO ANGLES OF U'

ATTACK AT VARIOUS REYNOLDS NUMBERS WITH FIXED OR FREE
TRANSITION, M-. 0.765
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FIG. 6a: LIFT VERSUS ANGLE OF ATTACK AT VARIOUS REYNOLDS NUMBERS
WITH FIXED OR FREE TRANSITION AT NOMINAL M- 0.765
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FIG. 6b: PITCHING MOMENT VERSUS LIFT AT VARIOUS REYNOLDS NUMBERS
WITH FIXED OR FREE TRANSITION AT NOMINAL M- = 0.765
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FREE TRANSITION AT NOMINAL M- = 0.765

a.-S



31

00

LDU

-,

0
LL

-

LL

U4

0U L

LU Uz

U.. LL. Do0
z z Z ao
0 0 WLU

z z

00 z

0z
LU

o 0 LOl Lfl
0~ CL i.L

o 0 0 -J 00 0



-mn rid n-jw7W V- -4V I

32

0 0

In In
c., C.,

C., .

0

CD
z
0

c0
ILLI

4'W 
CC,

* C.I LL

woI

a. X

LL
0 LL

cc 
-

LL LL.
zZ
00 0

Z Z wU

(D c c

U.

0 0

V) N N-0

o o 0o ~ 00 0



33

I T

SYM RUN 5CRN M RC CLp C AoI ALPH",A

-2.0 29812/1 5 0.766 10.2 0.555 0.0116 1 33
o 2981"/1 3 0.766 20.3 0.596 0.0122 1 .3"

31355/1 5 0.761 6.1 0.607 0.0070 1 .39 I
31356/1 5 0.766 10.1 0.630 0.0107 1 .38

x 31353/1 5 0.767 20.4 0.605 0.0122 1 .39
o 32168/1 1 0.767 29.4 0.596 0.0119 1 .38

.6- CORRECTED DATA - 29-MAY-87

-0.8

]S

II

,-.o

- -] .2 I I -"

0.0 '1 "x/ 1."

FIG. 7a: REYNOLDS NUMBER EFFECTS ON SURFACE PRESSURE DISTRIBUTIONS
AT NOMINAL c~=1.35',M,, 0.765. THE FIRST TWO CASES ARE WITH

TRA F,
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5YM RUN SCAN M Rc  CLp CD ALPHAi

-2.0 29812/2 3 0.765 10.2 0.687 0.0316 3.26
0 29814/1 5 0.765 20.4 0.700 0.0353 3.23
a 31355/1 9 0.763 6. 0.786 0.0221 3.28

31356/1 9 0.766 10.1 0.690 0.0371 3.35
, 31354/1 1 0.767 20.4 0.683 0.0384 3.35
o 32170/1 2 0.767 29.7 0.696 0.0383 3.29

-1.6 CORRECTED DATA - 29-MAY-87

* -4, ~1 .2 : '- -

-0.8__ _ __ _ __ _ 1
Cp

-0 .4 _ _ -.

,.%

0.0

0_ _.

1 .

x/c
0 . 0 0 .2 H . 41. F /. ..

FIG. 7b: REYNOLDS NUMBER EFFECTS ON SURFACE PRESSURE DISTRIBUTIONS
AT NOMINAL a = 3.350 , M- = 0.765. THE FIRST TWO CASES ARE WITH

TRANSITION FIXED, THE REST ARE TRANSITION FREE
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Y/cS
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-0.02 0.01 0.04 0.08 0.11 0.14

CDW2

7'-S

FIG. 8a: WAKE PROFILES SHOWING LAMINAR AND TURBULENT BOUNDARY LAYER
SHOCK-WAVE INTERACTIONS RESPECTIVELY AT M_ = 0.765, a = 1.350
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0.500

M_ 0.765, a=1.75'

Rec X 10-6
0.300
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-- 10.0

0.100
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-0.100

-030

-0.500

-0.02 0.01 0.04 0.08 0.11 0.14

CDW2

FIG. 8b: WAKE PROFILES SHOWING LAMINAR AND TURBULENT BOUNDARY LAYER
SHOCK-WAVE INTERACTIONS RESPECTIVELY AT M_. 0.765,0 1.750
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SYM RUN 5CAN MI Rc 0 Lp C w ALPHA
-.- a 32166/1 1 0.770 29.7 -0.009 0.0092 -1.86

0 32166/1 2 0.770 29.9 0.137 0.0085 -1.04
*32167/1 1 0.770 29.7 0.289 0.0086 -0.21
*32168/1 1 0.767 29.4 0.596 0.0119 1.38
x32168/1 2 0.768 29.8 0.662 0.0175 1.82
*32169/1 1 0.766 29.4 0.711 0.0211 2.26

-1.6 -__ 32169/1 2 0.767 29.8 0.715 0.0306 2.78
*32170/1 1 0.767 29.3 0.447 0.0086 0.63

32170/1 2 0.767 29.7 0.696 0.0383 3.29

*CORRECTED DATA - 29-MAY-87

ge-I.

.0. . . . . .

FIG. 9: SURFACE PRESSURE DISTRIBUTIONS AT DIFFERENT ANGLES OF ATTACK
AT NOMINAL M., = 0.765, Rec 30 X 106, TRANSITION FREE
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0.70

0.65

0.60V

xs

c

0.55

M-. 0.765%

0.50 Rec X 106r TRANSITION

+ 6

0 10lRE

0 20 FRE

V30 J p

0.45 *1

*20 FIXED

0.40 I
'p-2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0

FIG. 10a: SHOCK LOCATION VERSUS ANGLE OF ATTACK AT VARIOUS REYNOLDS
NUMBERS WITH FIXED OR FREE TRANSITION AT NOMINAL M- = 0.765
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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FIG. 10b: SHOCK LOCATION VERSUS LIFT AT VARIOUS REYNOLDS NUMBERS WITH
FIXED OR FREE TRANSITION AT NOMINAL M- = 0.765
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1.40

M= 0.765

1.35 Rec X 10-6 TRANSITION

+ 6

O 10 FREE

l 20
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• 10 t ' I.
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* 20
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1.20
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/
/ /
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FIG. ha: SHOCK MACH NUMBER VERSUS ANGLE OF ATTACK AT VARIOUS
REYNOLDS NUMBERS WITH FIXED OR FREE TRANSITION AT

NOMINAL M-. 0.765
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FIG. lb: SHOCK MACH NUMBER VERSUS LIFT AT VARIOUS REYNOLDS NUMBERS
WITH FIXED OR FREE TRANSITION AT NOMINAL M- = 0.765
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FIG. 12a: TRAILING EDGE PRESSURE VERSUS ANGLE OF ATTACK AT VARIOUS
REYNOLDS NUMBERS WITH FIXED OR FREE TRANSITION AT NOMINAL M. = 0,765 )A
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Rec 30 X10-6  
...

1.0 m-.-

X 0.697 e: :
0 0.730

0.9 + 0.750

A 0.769

S 0.781
0.8 0 0.792 

U.

0.7 '
CL p,

0.6

0.3.

0.5

0.1~
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-0.1

-2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

FIG. 13a: LIFT VERSUS ANGLE OF ATTACK AT VARIOUS MACH NUMBERS AT
NOMINAL Rec 30 X 106 WITH FREE TRANSITION
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0.040 -
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FIG. 13c: DRAG VERSUS LIFT AT VARIOUS MACH NUMBERS AT NOMINAL
Re c = 30 X 106 WITH FREE TRANSITION
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FIG. 15a: MAXIMUM LIFT VERSUS MACH NUMBER AT VARIOUS REYNOLDS NUMBERS ,A.
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5TM RUN 5CAN Rc CL C RLPH,

-2.0 o 29794/i 1 0.SO1 20.0 0.431 0.0077 1.12 ,
o 29798/I 1 0.601 20.2 0.468 0.0079 1.11
* 29802/1 3 0.70] 20.2 0.513 0.0085 1.38 -b
* 29808/1 - 0.731 20.2 0.541 0.0091 1.36 -
* 29811/1 3 0.751 20.2 0.577 0.0095 1.34 ',,%
* 29814/1 3 0.766 20.3 0.596 0.0122 1.31

-1.6 - 29818/1 1 0.780 19.9 0.562 0.0183 1.31. ," 29822/1 1 0.790 19.9 0.500 0.0208 1.36
29826/1 1 0.801 20.0 0.442 0.0230 1.11

CORRECTED DATA - 19-MAR-86 .

.,

0_ _

cl -- 0-4 ... . 0. --. 6 0. .. ... .. -. 2

~~FIG 16a: MACH NUMBER EFFECTS ON SURFACE PRESSURE DISTRIBUTIONS AT
- ~NOMINAL =1.35, Re c = 20 X 106 WITH FIXED TRANSITION. ,"
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3i M RU cH M c AL PH~ Z

-20 9795/1 1 0.19Q9 19.8 0.660 0.0086 33
C)29798/ 1 5 0.599 20.1 0.71-) 0.0089 3.26
a 29802 /1 1 0.699 20.3 0.821 0.0156 3.19
*29808/1 1 0.7 30 20.2 0.883 0 .0225 3.15S

29811 /1 5 0.750 20.3 0.7 97 0.0318 3.18
o29811/ 1 5 0.765 20.1 0.700 0.0353 3. 23

-1629818/ 1 4 0.781 20.2 0.595 0.0371 2.810
*29822/ 1 5 0. 79e, 20.3 0.565 0.0135 3.37
-29826/1 5 0.800 20.3 0.517 0.0431 3.36

-"a-

0.0 0 .2 0 .1 0. 0.6 8 1.2

FIG. 16b: MACH NUMBER EFFECTS ON SURFACE PRESSURE DISTRIBUTIONS AT a

NOMINAL a=3.35', Rec 20 X 106 WITH FIXED TRANSITION
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Rec 1- TRANSITION
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0.012 30 %

* 10 1.FIXED
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CDMI

I %
* ~0.0098I I
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* 0.006
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FIG. 18: MINIMUM DRAG VERSUS MACH NUMBER AT VARIOUS REYNOLDS
NUMBERS WITH FIXED OR FREE TRANSITION
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