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ABSTRACT

The experimental investigation of CAST 10-2/DOA 2 supercritical
airfoil previously conducted in the NAE Two-Dimensional Test Facility
has been extended to low Reynolds number range at the design Mach
number 0.765. The results indicate that with forward transition fixing, the
data trend at low Reynolds number is different from that at high Reynolds
number with the former more sensitive to the Reynolds number variation.

,The dividing Reynolds number for these two regions is about 10 million.
With aft fixing, the low Reynolds number data approach those at higher
Reynolds numbers for cruise conditions. However, at high list conditions
the thin boundary layer delays separation and higher maximum lift is
obtained. The characteristics of the Reynolds number dependency obtained
from the analysis substantiate the principle of the simulation/extrapolation
methodology for data obtained from low Reynolds number to flight
Reynolds number as proposed by the AGARD/Fluid Dynamics Panel.

RgSUMt

L'expdrience sur l'aile supercritique CAST 10-2/DOA 2 qui avait t6
mende dans la veine d'essai bidimensionnel de I'tNA s'est poursuivie A
des nombres de Reynolds plus faibles et au nombre de Mach 0,765. Lorsque
la transition de la couche limite est fix~e sur la partie avant de l'aile, les
r~sultats montrent que la tendance des donnes aux nombres de Reynolds
faibles est diffdrente de celle des nombres de Reynolds 6lev~s, la premiere
6tant plus sensible aux variations du nombre de Reynolds. Le nombre de
Reynolds qui divise ces deux r6gions se situe & environ 10 millions. Si la
transition est fix6e sur la partie arri6re de laile, les donn~es pour les
nombres de Reynolds faibles s'approchent de celles obtenues aux nombres
de Reynolds 6levds dans les conditions de -. en croisi~re. Lorsque la
portance est 6levde cependant, la mince r-iuche limite retarde le
d6collement et on obtient ainsi une portance i.- - male plus grande. Les
caract6ristiques de la d6pendance des nombres de Reynolds qui ont 60
remarqu6es pendant ranalyse confirment le principe de la m6thode de
simulation et d'extrapolation des donn~es propos6e par le comit6 sur la
dynamique des fluides de I'AGARD. Les donndes ont 6td obtenues A partir
de nombres de Reynolds faibles allant jusqu'A des nombres de Reynolds
couramment rencontr6s en vol.
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1 !:,troduction

Exrapolating aerodynamic characterlsLtcs of an airfoil or a wing

from model testing in a wind tunnel at low Reynolds numbers to flight

Reynolds number, usually having a much higher value than that of the

model testing, is always difficult because of the highly nonlinear

behaviour of the boundary layer. The problem is exaggerated at transonic

speeds as the inviscid flow is extremely sensitive to the effective change

of the shape of the profile due to the boundary layer displacement. The

presence of shock waves at the airfoil surface as the local flow becomes

supercritical further increases the complexity of the viscous-inviscid

interaction. Although the subject has been extensively studied, the

overall picture has remained rather muddled and this led to the

establishment of a Working Group (09) by the AGARD Fluid Dynamics Panel to

provide an overall summary of the state of the art and to recommend the

proper procedure for wind tunnel simulation.(1)

The simulation methodology proposed by the work group consists

of two approaches: (i) Reynolds number sweeps with transition fixed near

the leading edge close to where it may occur at the flight Reynolds

number; (ii) with manipulation of the boundary layer by aft-transition

fixing technique to produce a viscous flow behaviour near the trailing

edge close to that at the flight Reynolds number. The first approach

requires a variable density wind tunnel with wide Reynolds number range

and the second approach is suitable for a constant density tunnel with

limited Reynolds number capability.
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In the last two years, a series of tests has been performed in

the NAE High Speed Aerodynamics Laboratory on a supercritical airfoil with

the CAST 10-2/DOA 2 profile at high Reynolds numbers. The investigation

was a part of a NAE/NRC-NASA Langley Cooperative Program on Two-Dimen-

sional Wind tunnel Wall Interference Research. The program concentrated

mainly on data at high Reynolds numbers from 10 to 30 million, with tests

carried out in both laboratories. The results have been presented in two

reports (23)and the data analysed for effects of Reynolds and Mach num-

bers. (4 ) This investigation shows that at the high Reynolds number range,

the aerodynamic characteristics of the airfoil depends only weakly on the

Reynolds number variation. Extrapolation of the airfoil performance to a

higher Reynolds number can readily be carried out.

At low Reynolds number, the characteristics of the airfoil may

not follow the trend of high Reynolds number. The effect on lift coef-

ficient at a fixed angle of attack, has been cemonstrated by Stanewsky et

al, for Reynolds numbers 2 to 30 million (5 ) . Extrapolation from low

Reynolds number data becomes less straightforward. To provide a more

detailed view of Reynolds number dependency as well as the effects of

transition location, especially in the low Reynolds number range, a test

program has been carried out to extend the range of the existing data set

at the low Reynolds number end from 10 to 4.2 million, the lower limit of

the tunnel performance. The test was conducted atfa Mach number of 0.765,

the design value of the airfoil. With the high Reynolds number data, the

extended data bank for forward transition fixing now covers a wide range

of Reynolds number from 4.2 to 30 million. With aft-fixings at 30 and 45

percent chord respectively, data were obtained for Reynolds numbers 4.2 to

8 million. The test program and the results were reported in Reference

6.
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The data bank covering such a wide range of Reynolds number

ailows us to study the viscous effect in accordance with the first

procedure recommended by the AGARD methodology, Reynolds number sweep.

It is important to delineate the behaviours of the aerodynamic parameters

at low Reynolds numbers as they may be quite different from those at high

Reynolds numbers. These behaviours directly determine the strategy of

extrapolation in the methodology. (1) The data at low Reynold's numbers

with aft-fixing will be examinied in the light of the second procedure on

simulation, boundary layer manipulation. The Reynolds number range at

which the flow can be simulated will be determined.

In what follows, the low Reynolds number characteristics of the

airfoil will be first presented. The two aspects of simulation/

extrapolation will then be examined in some detail with data at both low

and high Reynolds numbers.

2. Reynolds Number Effects

At transonic speeds the flow past an airfoil is extremely

sensitive to the slightest variation of the airfoil contour. As the

boundary layer develops over the airfoil, the displacement thickness of

the boundary layer effectively changes the airfoil profile and the

pressure distribution. Thus the performance of the airfoil depends on the

boundary layer development and hence the free stream Reynolds number. At

high Reynolds numbers this dependency is weak. The effect shows mainly in

changes of the boundary layer properties with Reynolds number such as

displacement thickness and skin friction. Even with free transition, the

effect is not strong as the forward shift of the transition position

compensates for the thinning of the turbulent boundary layer as Reynolds

number increases. (4 ) At low Reynolds numbers, however, significant
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dependency on Reynolds number can be expected. For instance, the

thickening of the turbulent boundary layer results in a much greater

displacement effect, the less energetic boundary layer may separate

prematurely near the trailing edge and the laminar boundary layer may

extend downstream far enough to interact with the shock wave. This more

complex flow will be analysed in some detail in the following sections.

The high Reynolds nimber behaviours of the flow will be referred to

frequently to provide a complete view of the parametric variation from low

to high Reynolds numbers.

Three sets of data from Reference 6 will be discussed. The

first set has fixed transition at 5 percent chord with Reynolds number

ranging from 4.2 to 10 million. With the high Reynolds number data from

Reference 4, the forward fixing data covers a range from 4.2 to 30

million. The second and the third sets have aft transition fixings at 30

and 45 percent chord respectively with Reynolds number ranging from 4.2 to

8 million. All cases considered are at the design Mach number of 0.765.

To carry out the boundary layer manipulation procedure with

aft-fixings, it is necessary to have a long extent of laminar flow over

the airfoil. The results of the transition locations given in Reference 6

are replotted in Fig. 2 in terms of lift coefficient for Reynolds numbers

4.2 and 10 million. The values in between are estimated by interpolation.

For a given Reynolds number and an aft-fixing location, the range of lift

in which the boundary layer is fully laminar ahead of the fixing location

can be determined from the figure. In the graphs for aft-fixings

presented in the following sections, the lowest lift coefficient for such

conditions to exist will be indicated by an arrow head. Only data at and

above the indicated lift coefficient will be meaningful for the procedure
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of boundary layer manipulation. Below the indicated value, transition

occurs ahead of the roughness strip which then serves only to thicken the

boundary layer downstream.

2.1 Lift, Pitching Moment and Drag

The lift versus angle of attack curves for both forward and

aft-transition fixings are shown in Fig. 3a. With forward fixing, a

strong Reynolds number dependency can be observed. The up-shift of the

lift curve as Reynolds number increases follows directly from the

reduction of the boundary layer displacement. A similar variation has

been observed from the high Reynolds number data, (4 ) the present low

Reynolds number results are, however, much more pronounced. The effect of

Reynolds number diminishes as the location of the transition fixing moves

downstream. This is due to the fact that the long extent of the laminar

boundary layer ahead of the fixing strip has negligible displacement

effect and the turbulent boundary layer aft of the strip is relatively

thin because of the shorter development distance. The thinning of the

turbulent boundary layer delays the trailing edge separation at high

incidences and a higher maximum lift is resulted. The lift curve at

Reynolds number 30 million taken from Reference 3 with free transition is

also shown in each graph as a reference for comparison. This value is

representative for the flight Reynolds number of a typical transport

aircraft. . comparison is particularly important for validating the

methodology of simulation discussed later in Section 3.

The variations of lift at a fixed angle of attack with respect

to Reynolds number and the transition position are cross-plotted in Fig.

3b. The lift increases nearly linearly with Reynolds number for all three

transition locations (except one data point for xT/c = 0.30 at Rec = 6
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million). The high Reynolds numbei data taken from Reference 4 with

forward fixing are also shown in the graph. The data clearly show two

distinguishable trends with the dividing Reynolds number at about 10

million. It follows that an extrapolation of data from low Reynolds

number to high Reynolds number will be rather complicated.

The increment of a lift for a supercitical airfoil is caused by

the extension of the supercritical flow towards the rear part of the

airfoil. As Reynolds number increases and the displacement effect

reduces, the supercriLical flow extends further downstream resulting in a

net increase of lift. The extension of the low pressure region causes the

negative pitching moment to increase as shown in Fig. 4a. Following the

trend of the lift curve, the pitching moment curves move towards the high

Reynolds number data as the transition location shifts downstream. In

general, the behaviour of the pitching moment curve with forward fixing

resembles closely the high Reynolds number data, although having a much

lower negative value. Separation occurs at nearly the same maximum lift

and as the separation moves rapidly forward the pitching moment is reduced

at nearly constant lift. For aft-fixing cases, the trailing edge

separation is delayed and the pitching moment is kept nearly constant

towards higher lift until maximum lift is reached. Although the general

level of the pitching moment approaches the high Reynolds number value as

the transition position moves downstream, the behaviour of the moment

curve is quite different from the latter at high lift condition. The

pitching moment variation with Reynolds number at lift coefficient of 0.65

is cross-plotted in Fig. 4b. The difference in data trends below and

above Reynolds number 10 million can again be observed.
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The drag polars of the corresponding cases are shown in Figs.

5a. For forward fixing, the higher drag value is due to the increase of

skin friction coefficient as Reynolds number decreases. As the transition

position shifts downstream, the long stretch of laminar boundary layer

ahead of the transition strip helps to reduce the total drag, moving the

drag value towards that of the high Reynolds number. At high lift,

because of the delay of the trailing edge separation, the drag rise occurs

at a higher lift than that of the high Reynolds number. The cross-plot of

drag against Reynolds number is shown in Fig. 5b. Again the difference of

rates of variation at high and low Reynolds number ranges is clearly

shown.

From the total force and moment variations, we have observed

that the low Reynolds number characteristics of the airfoil is different

from that at high Reynolds number. The Reynolds number dividing these two

regions has a value of about 10 million. The data below this Reynolds

number can only be used for extrapolation up to that value, beyond that

another set of data has to be used. By moving the transition position

downstream, the force and moment data tend to approach the high Reynolds

number values. One has to be cautious however, that thinning of the

turbulent boundary layer also changes the characteristics of the flow at

high lift in a form of delaying trailing edge separation. This leads to

higher value of maximum lift, lower drag and invariance of pitching

moment.

2.2 Shock Location and Shock Mach Number

For a supercritical airfoil, the airfoil performance is mainly

dictated by the extent of the supersonic flow pocket on the upper surface

and the shock wave terminating it. This critical region can be examined
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through two parameters, the location and the Mach number of the shock

wave. The former indicates the extent of the supersonic flow and the

latter the maximum expansion of the flow above the airfoil. At high lift

condition, the adverse pressure gradient at the rear portion of the

airfoil may cause flow separation. This process can be monitored by the

trailing edge pressure and will be discussed in the next section.

The roof-top pressure distribution generated by the

supercritical flow pocket is established at a lift coefficient about 0.5

and above at the design Mach number 0.765. Below this value, the

supercritical flow pocket is small and the flow is mainly subcritical.

This range of lift condition constitutes the linear portion of the lift

versus angle of attack curve. The effect of Reynolds number appears

explicitly through the boundary layer displacement in the form of

decambering and will not be further discussed.

Above lift coefficient 0.5, the variations of the shock location

along the upper surface of the airfoil versus lift at different Reynolds

numbers and transition positions are shown in Fig. 6a. Between lift

coefficient 0.6 and maximum lift, the shock is practically stationary for

all cases. For forward fixing, the shock moves backward steadily as the

Reynolds number increases. At high angles of attack, the trailing edge

separation merges with the shock separation, and the shock moves forward

rapidly as the separation propagates upstream. The reduction of the

extent of the supercritical region due to flow separation is compensated

by the higher expansion of the flow therein, consequently the lift drops

only slightly. The behaviour of the curves in the maximum lift region is

quite similar to that of the high Reynolds number which is also shown for

comparison.
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With aft transition fixings, the Reynolds number effect is less

strong due to longer laminar flows. As the transition position shifts

downstream the shock moves towards the location at high Reynolds number.

Thinning of the turbulent boundary layer gives boundary properties such as

momentum thickness and form factor closer to those at high Reynolds

numbers, thus a better simulation for the shock-boundary layer

interaction. This will be discussed further in Section 3. Because of the

delay of separation due to a thin boundary layer over the rear portion of

the airfoil, the shock remains at its hindmost position until separation

occurs at higher lift.

The cross-plot of the shock location against Reynolds number at

lift coefficient 0.65 is shown in Fig. 6b. The high Reynolds number data

shown in the figure are taken from Reference 4. With forward fixing, an

abrupt change of the data trend is again observed with the discontinuity

located at Reynolds number 10 million, similar to that for total forces

and moment as discussed in the last section. With aft-fixing, the low

Reynolds number data move up as the transition location shifts backward.

The rate of change with Reynolds number, however, is reduced.

The variations of shock Mach number with lift at different

Reynolds numbers and transition positions are shown in Fig. 7a. The shock

Mach number varies practically linearly with lift until separation occurs.

After onset of separation, the shock Mach number continues to rise as the

expansion around the airfoil nose steadily increases with angles of

attack. With forward fixing, the shock Mach number decreases as Reynolds

number increases for fixed lift. With aft-fixing, the Reynolds number

effect is less pronounced. The cross-plot of the shock Mach number at
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lift coefficient 0.65 against Reynolds number is shown in Fig. 7b. The

variation of the data trend is similar to that of the lift coefficient

shown in Fig. 3b. It is interesting to note that for a fixed angle of

attack, the shock Mach number increases with with Reynolds number as the

decambering effect due to boundary layer displacement diminishes (4 ) . For

fixed lift, the opposite is observed. This is due to the fact that as the

decambering effect reduces, the same lift can be attained at a lower angle

of attack hence lower shock Mach number.

2.3 Trailing Edge Pressure

Another important parameter for the flow development over the

airfoil is the trailing edge pressure which indicates the condition at the

rear portion of the airfoil. At low lift condition, the flow is fully

attached at the trailing edge, the pressure there varies only slightly

with lift as a direct result of change of boundary layer development at

different lift conditions. At moderate lift until onset of separation,

the trailing edge pressure is practically flat and independent of lift as

shown in Fig. 8a. The behaviour of the trailing edge pressure curve is

highly similar to that of the shock location shown in Fig. 6a.

With forward fixing, the trailing edge pressure at low Reynolds

number is much lower than that at high Reynolds number and separation

occurs at slightly lower lift than the latter. The post-stall

characteristics, however, are quite similar for both low and high Reynolds

numbers. As the transition location move backward, the trailing edge

pressure increases and approaching that of the high Reynolds numbers.

Separations, on the other hand, occur at much higher lift. The cross-plot
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of the trailing edge pressure against Reynolds number at lift coefficient

0.65 is shown in Fig. 8b. Again the low and high Reynolds numbers trends

can be ooserved. With aft-fixing, the value approaches quite close to

that of high Reynolds number in contrast to the shock location which is

always below the high Reynolds number value. It should be noted that the

shock-boundary layer interaction depends on the boundary layer development

ahead of the shock while the flow over the trailing edge region develops

from the boundary layer after the interaction. Since the interaction

works like an amplifier for the boundary layer upstream of the shock, (7 ) a

small difference ahead of the shock will be exaggerated after the

interaction and leads to a gross difference in development of the trailing

edge flow.

2.4 General Characteristics of Low Reynolds Number Flows

In the preceding section, we have examined the data for the low

Reynolds numbers at both forward and aft-fixings and compared them with

the high Reynolds number data. The analysis shows a distinct data trend

with higher sensitivity to Reynolds number variation for the low Reynolds

number data. The dividing value of these two trends is about 10 million.

As the transition position moves backward, the value of the low Reynolds

number data approach those at high Reynolds number. Thinning of the

boundary layer due to aft-fixing, however, delays the trailing edge

separation and yields much higher maximum lift. With this information,

the implication of simulation of high Reynolds number flow using low

Reynolds number data will be investigated in the next section.

3. Simulation and Extrapolation

With both the low and high Reynolds number data available, we

are now in a position to investigate in what range of Reynolds number that
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simulation can be applied to and the feasibility of extrapolating the data

to a higher Reynolds number. The data trend with respect to Reynolds

number is first examined and then the direct simulation is discussed.

Finally the simulation and extrapolation scenarios given in Reference 8 on

the simulation methodology applicable to the present data are identified.

With forward fixing, the data show clearly two distinct trends

for low and high Reynolds numbers with the dividing value at about 10

million. This dividing Reynolds number is defined as the critical

Reynolds number in the simulation/extrapolation methodology. (8 ) The

parameter is critical in that there is a change of simulation trend which

affects critically the extrapolation process from low to high Reynolds

numbers. The critical Reynolds number is clearly revealed if Reynolds

number sweep is performed as in the present study. However, it is not

possible to identify it if only low Reynolds number data are available.
(8 )

This will be discussed further later in this section.

The aft-fixing data show the range of Reynolds numbers that

direct simulation can be applied. Simulation implies that by manipulating

the boundary layer by tripping at the mid or rear position at the test

Reynolds number, the aerodynamic parameters so generated are the same as

those at a higher Reynolds number with a forward transition position

corresponding to that which may occur in flight. The simulated Reynolds

number is defined as effective Reynolds number. (8 ) All aerodynamic

parameters analysed in Section 2 can be chosen as a simulation criterion.

The total force and moment data, however, give only global results and

lack details of the flow. Thus the shock location or the shock Mach

number relating directly to the flow development over the airfoil are the

obvious choice.
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Simulation of shock location can be carried out as follows. For

a given data point with aft-fixing at low Reynolds number, the simulated

Reynolds number or the effective Reynolds number can be read from the

forward fixing curve having the same shock location (Fig. 6b). The

present results show for this particular airfoil, that all simulations are

limited to Reynolds number below the critical Reynolds number. A similar

observation can be made if the shock Mach number is used as the simulation

criterion. A direct simulation to conditions above the critical Reynolds

number do not seem to be achievable, in contrast to Reference 7 which

shows that the flow at Reynolds number 30 million can be simulated with 45

percent fixing at Reynolds number 2.4 million. Since the maximum

effective Reynolds number is always smaller than the critical Reynolds

number, the simulation scenario will be in the category 4 (Rflight >

Rrit > max R ) and 5 (R > R > max R ) given in Reference 8.
crteff crit flight eff

A variation of scenario 2 (Rcrit > max Reff > Rflight) can also be treated

as a direct simulation. Both cases 4 and 5 require extrapolation, a

direct extrapolation for case 5 and two steps (from Ref f to Rcrit to

R flight ) for case 4.

The simulation criterion plot shown here is constructed from

experimental data which cover a wide range of Reynolds number. This

complete overview of the variation of the aerodynamic parameter is not

always available if tests are performed in a tunnel of low Reynolds number

capacity. The trend of variation of the aerodynamic parameter has then to

be evaluated by computation and the value of critical Reynolds number

estimated by comparison of measured and predicted trends. (8 ) This

approach has also been examined in the present study. The computational

results obtained from the transonic airfoil code GRUMFOIL(9)are shown in
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Fig. 9. Although this code is designed for airfoils with cusped trailing

edges, it is adopted for the present airfoil with a slight trailing edge

bluntness of 0.5% chord. The shock locations are well predicted above the

critical Reynolds number but much over predicted below the critical value.

The discrepancy is aggravated further as the transition position moves

downstream. The failure of computation may be attributed to the

inadequacy of the code in modelling the strong viscous-inviscid

interaction at low Reynolds numbers. Allowing for trailing edge

separation by using the inverse boundary layer method does improve the

prediction of the shock location but separations are predicted at about 80

percent chord for all cases. No separation was observed at these

conditions in the experiment however. Without a reliable code for the low

Reynolds number range, a simulation criterion plot cannot be constructed

and the computational approach can not be pursued any further in the

present exercise. It should be noted, however, that the computation for

high Reynolds number is accurate and can be adequately used for

extrapolation from the critical Reynolds number to a higher value.

For simulation at higher lift condition, it is necessary to

reverse the transition location back toward the leading edge. At these

conditions, the thin boundary layer generated by aft-fixing fails to

separate, yielding a maximum lift much higher than that at high Reynolds

numbers. Forward fixing, however, shows a much closer simulation as

discussed in Section 2.
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4. Conclusion

The low Reynolds number data from 4.2 to 10 million at the

design Mach number 0.765 for the CAST 10-2/DOA 2 airfoil have been

analysed for its Reynolds number effects. The data with forward tran-

sition fixing have been examined in association with the high Reynolds

number data obtained in previous tests to reveal the variation of its

Reynolds number dependency. The data with aft-fixing have been investi-

gated in the light of boundary layer manipulation for simulating high

Reynolds number flows. The observations made are summarized as follows:

1. With forward transition fixing, the trend for the low Reynolds number

data differs from that of high Reynolds number data. The trend is

much more sensitive to Reynolds number variation and is attributed to

the strong viscous-inviscid flow interaction at low Reynolds numbers.

2. The Reynolds number dividing these two trends for low and high

Reynolds numbers has a value about 10 million.

3. With transition fixing moving downstream, the low Reynolds number

data approach those at high Reynolds numbers.

4. Thinning of the boundary layer with aft-fixing delays the trailing

edge separation and generates much higher maximum lift.

5. With respect to simulation of high Reynolds number flow, the

discontinuity of Reynolds number trend makes the extrapolation of the

simulation parameter from low to high Reynolds numbers a two-step

process. It is essential that the critical Reynolds number dividing

these two trends is well determined.

6. At the cruise condition, simulation of higher Reynolds number flows

can be achieved by aft-fixings. However, the effective Reynolds
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number simulated is still below the critical Reynolds number for the

airfoil model. A direct simulation of high Reynolds flow beyond the

critical value has not been accomplished.

7. At high lift condition, transition fixing should move forward for

better simulation of the trailing edge flow.

8. The present results substantiate the principle of the simulation and

extrapolation methodology proposed by the AGARD/FDP(1 '8 )

9. The computational code presently available has limited capability in

predicting low Reynolds number flows. Extensive applications of

computational methods for the estimation of Reynolds number effects as

proposed by the Methodology cannot be carried out for the present

case.

The present study has demonstrated two distinct characteristics

of Reynolds number effects at low and high values respectively. It has

also determined the positions of transition fixing for simulating higher

Reynolds number flow at different lift conditions. Although it has not

been able to follow the AGARD methodology procedure with full applications

of computational methods, it has explicitly substantiated the basic

principle of the methodology by revealing the Reynolds number effects over

a wide range of Reynolds numbers. The data analyses presented can readily

be used for a similar exercise on the Methodology in the future when more

advanced computational codes are available.
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