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NOMENCLATURE

c airfoil chord, in.

c d section drag coefficient

C1 section lift coefficient

c m section pitching moment coefficient referenced to quarter chord

Cp pressure coefficient (Pt - Poo)/q**

h tunnel height, ft

p static pressure, lb/ft 2

q dynamic pressure, lb/ft 2

Re Reynolds number based on free-stream conditions and airfoil chord

x airfoil abscissa, in.

y airfoil ordinate, in.

ct angle of attack, deg

Aa angle-of-attack correction, deg

_i correction factor

Subscripts

£ local

oo free-stream conditions
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SUMMARY

Full-potential, Euler, and Navier-Stokes computational fluid dynamics (CFD) codes were evalu-

ated for use in analyzing the flow field about airfoil sections operating at Mach numbers from 0.20 to

0.60 and Reynolds numbers from 500,000 to 2,000,000. The potential code (LBAUER) includes

weakly coupled integral boundary-layer equations for laminar and turbulent flow with simple transi-

tion and separation models. The Navier-Stokes code (ARC2D) uses the thin-layer formulation of the

Reynolds-averaged equations with an algebraic turbulence model. The Euler code (ISES) includes

strongly coupled integral boundary-layer equations and advanced transition and separation calcula-

tions with the capability to model laminar separation bubbles and limited zones of turbulent separa-

tion. The best experiment/CFD correlation was obtained with the Euler code because its boundary-

layer equations model the physics of the flow better than the other two codes. An unusual reversal of

boundary-layer separation with increasing angle of attack, following initial shock formation on the

upper surface of the airfoil, was found in the experimental data. This phenomenon was not predicted

by the CFD codes evaluated during this study.

INTRODUCTION

Low-Reynolds-number airfoil design has presented challenging problems to the aircraft designer

for many years. The most difficult of these design problems is predicting the increase in the profile

drag of the airfoil that results from laminar separation bubbles. The drag caused by the bubbles

becomes significant at Reynolds numbers below 500,000. Proper shaping of the camber and thick-

ness distribution can reduce the size of the separation bubbles and provide a transition mechanism

before strong adverse pressure gradients develop. Extensive research has been devoted to the devel-

opment of efficient airfoils for low-speed flight at low Reynolds number. An excellent compilation

of papers describing such research can be found in reference 1. However, very few transonic, low-

Reynolds-number airfoil data are available.

Low-Reynolds-number airfoil design for transonic flight is more difficult than that for incom-

pressible flow because of the high probability of developing shock waves on one or both surfaces of

the airfoil. The strong adverse pressure gradients associated with the shocks and the effect of com-

pressibility on the size and location of the bubbles complicates the design. The rapid movement of

the shocks with changing Mach number and angle of attack renders a single airfoil shape of limited

value in controlling the size and location of the separation bubbles.

New experimental facilities and new techniques for predicting transonic airfoil characteristics at

low Reynolds numbers may be needed to address this problem. Most computational fluid dynamics

(CFD) methods neglect the increase in growth of the momentum thickness through the laminar bub-

ble, which results in a boundary layer that is too thin at the beginning of the turbulent boundary

layer. This inadequacy increases the difficulty of low-Reynolds-number airfoil design because the

designer must rely on approximate methods and experience to estimate the location and size of the
bubbles.



Thisreportevaluatesthreetwo-dimensionalCFDcodesin aneffort to identify techniques
capableof analyzingtheflow field aboutarbitraryairfoils operatingat transonicspeedsandatlow
Reynoldsnumbers.Oneof thecodescanmodellaminarseparationbubbles.Theairfoil sectioncho-
senfor thiscodeevaluationis designatedLRN 1015.LRN standsfor low Reynoldsnumberandthe
In'st two digits following LRN give thedesignlift coefficientin tenths;thelast two digits indicate
theapproximatemaximumthickness/chordratio in hundredths.Hence,thedesignlift coefficientof
theLRN 1015airfoil is 1.0andthemaximumthickness/chordratio is 0.152.Theairfoil was
designedfor a Machnumber(M) of 0.55andaReynoldsnumber(Re) of 500,000. The airfoil was

tested in the 2- by 2-Foot Transonic Wind Tunnel at Ames Research Center.

DESCRIPTION

Model

A wind tunnel model of the LRN 1015 airfoil was machined from stainless steel; the model had a

chord of 6 in. and a span of 24 in. Twenty-three orifices were drilled on the upper surface and 21

were drilled on the lower surface. The orific_ were drilled normal to the upper and lower surfaces
and were used in determining the surface-pressure distributions. The prof'fle of the LRN 1015 airfoil

section is shown in figure 1, and the coordinates are given in table 1.

Wind Tunnel

The test was conducted in the Ames 2- by 2-Foot Transonic Wind Tunnel, which is a variable-

speed, continuous-flow, ventilated-wail, variable-pressure facility. The tunnel can be used for two-

dimensional testing by replacing the ventilated side walls with solid glass walls that support the

model. The glass walls were rotated by a motorized drive system to change the angle of attack. An

82-tube drag rake located 1.75 chords downstream from the trailing edge was used to survey the

model wake. Airfoil models were mounted spanning the horizontal dimension of the tunnel test sec-
tion, with the center of rotation of the side windows located near the 25%-chord station on the

model. The gaps between the ends of the model and the side windows were sealed to improve the

two-dimensionality of the flow.

Instrumentation

The model surface and wake rake pressures were measured by an automatic pressure-scanning

system that uses precision pressure transducers. Basic tunnel pressures were measured with precision

mercury manometers. The angle of attack was measured with a potentiometer operated by the drive

gear for the rotating Side Windows. Data were obtained by a high'speed data-acquisition system.
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Test

The aerodynamic characteristics of the airfoil were measured at Mach numbers of 0.20, 0.50,

0.55, and 0.60 and at nominal Reynolds numbers of 500,000, 1,000,000 and 2,000,000. The angles

of attack ranged from approximately -6.0 ° to 18.0 °, depending on Mach number and stalling angle
of the model. The entire test was conducted with the wake rake installed since previous tests in the

2- by 2-foot tunnel showed that the effect of the wake rake on the model surface pressures is negli-

gible for the rake position used in the present test. Data were obtained at all test conditions with free
transition.

Pressure coefficients were determined from surface-pressure measurements. Section normal

force and pitching-moment coefficients were obtained from an integration of the surface-pressure

coefficients. The pitching-moment coefficients were referenced to the quarter chord. Profile drag

was calculated from the wake-rake total and static-pressure measurements.

The model angle of attack was corrected for the presence of the tunnel walls by the following

equation:

AtX = 8(c/h)c:

where Aot is the angle-of-attack correction, 8 is the angle-of-attack correction factor, c/h is the

model chord/tunnel-height ratio, and c I is the section lift coefficient. The correction factor 8 is a

function of Mach number. The angle-of-attack corrections ranged from 0.0 ° to over 3.0 °, depending

on Mach number and lift coefficient. Corrections of this magnitude cause the accuracy of the experi-

mental angles of attack quoted in this report to be questioned. The large corrections are due in part to

the use of a single plenum chamber surrounding the test section in the 2- by 2-foot tunnel. This type

of plenum permits a reduction in the pressure difference between the upper and lower surfaces of the

model, which, in turn, reduces the effective angle of attack of the model. Wind tunnels with separate

plenums above and below the test section usually have smaller angle-of-attack corrections. The

Mach number corrections resulting from the presence of the tunnel walls were negligible for the

Mach numbers used in this investigation.

EXPERIMENT/CFD COMPARISONS AND DISCUSSION

Three CFD codes were used to calculate the flow field about the LRN 1015 airfoil. The Euler

code ISES (ref. 2) solves the steady-state equations by a finite-volume discretization along with an

H-grid in which one set of coordinate lines represent streamlines. This formulation reduces the

equation set, thereby resulting in a more efficient code than those with the more traditional formula-

tions. The equations are solved by Newton's method along with Gaussian elimination. The boundary

layer and wake are strongly coupled to the inviscid flow field by solving an integral formulation of

the boundary-layer equations simultaneously with the inviscid equations. This gives a precise model-

ing of the shock/boundary-layer interaction for transonic calculations and an accurate representation

of laminar separation bubbles.
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Threedifferent viewsof theinitial computationalgrid usedwith ISES are shown in figures 2-4.

The grid cells are bunched in the vicinity of the airfoil with somewhat tighter clustering near the

leading and trailing edges and at the surface, for boundary-layer resolution. The transition position is

determined by an e n method similar to that of Smith (ref. 3), which models the spatial growth rate of

Tollmein-Schlichting waves, the assumed transition mechanism. The exponent n is a measure of the

turbulence level of the flow. A value of 9 is reasonable for most flow conditions and a value of 16 to

18 is appropriate for a quiet atmosphere.

The Navier-Stokes code used during this study is ARC2D (ref. 4), a thin-layer formulation of the

Reynolds-averaged equations using a Baldwin-Lomax turbulence model. Only limited computations

with ARC2D were made, because the experiment/CFD correlations were inferior to those for ISES

and execution of ARC2D required greater computational resources than ISES. The computational

grid used with ARC2D is shown in figures 5-7. A C-grid was used in the wraparound streamwise

direction, with strong bunching near the leading and trailing edges and at the surface. Note that the

outer boundary is located much farther from the airfoil than for ISES (compare figs. 2 and 5).

The third code evaluated was a modified version of PROGRAM-H (ref. 5) designated LBAUER.

This code solves the full-potential equation in nonconservative form by successive line overrelax-

ation, after con_formally mapping the airfoil to the inside of a circle. Weakly coupled integral

boundary-layer equations are used with LBAUER; that is, the boundary-layer equations are solved

independently from the potential equation. The turbulent boundary-layer characteristics are calcu-

lated by the Nash-Macdonald method (ref. 6), and the laminar boundary layer is computed by the

method of Thwaites. Transition and separation are determined by a simple pressure-gradient crite-

rion. LBAUER was included because it has been used extensively by the aircraft community and is

computationally efficient. Previous evaluations of LBAUER (ref. 7) have shown that the code can

fairly accurately predict surface pressures for supercritical airfoils operating with attached flow at

subsonic or transonic Mach numbers and at high Reynolds numbers. The current study considers

Reynolds numbers that are well below the intended range of the LBAUER code.

ISES and LBAUER were used to calculate surface-pressure distributions and aerodynamic force

and moment coefficients for the LRN 1015 airfoil at Mach numbers of 0.20, 0.50, 0.55, and 0.60 and

at nominal Reynolds numbers of 500,000, 1,000,000 and 2,000,000. ARC2D computations are

included for a limited subset of the test data. Computations are shown for selected lift coefficients

from near zero to near stall. All experiment/CFD correlations are presented for matched lift coeffi-

cient, Mach number, and Reynolds number except as noted. Lift-coefficient matching was used

because of the uncertainty in the experimental angles of attack. Most of the test conditions chosen

for comparison with the computations had attached flow with short laminar separation bubbles on

both surfaces. Some experimental data that show trailing-edge separation have been included to test

the capability of the codes to model turbulent separation and to predict maximum lift coefficient. The

convergence level for LBAUER, ISES, and ARC2D was, respectively, approximately a 10-, 9-, and

5-orders-of-magnitude reduction in an appropriate numerical quantity.

The surface-pressure distributions for Mach 0.20 are shown in figures 8-10 for selected lift coef-

ficients. For this Mach number, the experimental pressure distributions are compared with computa-

tional results from LBAUER and ISES (ARC2D is not included). Both the LBAUER and ISES

codes predict the general shape of the pressure distributions well for test conditions with attached



flow. HoweverthepressurescomputedusingISESexhibit laminarseparationbubbles,whereasthe
pressurescalculatedby usingLBAUER donot(e.g.,seefigs. 8(a)and8(b)).Note thatseparation
bubblesappearonbothsurfacesatmostlift coefficients.Thelower-surfacebubbleis usuallylocated
nearthe80%-chordstationexceptwhenleading-edgepressurepeaksarepresenton thelower
surfaceatlow lift coefficients(e.g.,fig. 9(a)).Theupper-surfacebubblemovesforwardwith
increasingangleof attack,denotingtransition(fig. 9(e)).

A carefulexaminationof thepressuredistribution indicates that at some test conditions ISES

predicts a different transition location than that shown by experiment. For example, at c1 = 0.981,

the experimental transition position is located near x/c = 0.15, whereas ISES gives transition at

x/c = 0.40 (fig. 9(d)). The experimental transition is more difficult to identify than the computational

transition on the pressure distributions because the experimental bubble appears smaller and more

diffuse than the computational bubble when the transition is located forward on the airfoil. The abil-

ity to predict the location, size, and drag of laminar separation bubbles is important for CFD codes,

since laminar bubbles are responsible for an increasing part of the profile drag as the Reynolds num-

ber decreases below 500,000. The ISES computations indicate that transition from laminar to turbu-

lent flow is usually accompanied by a separation bubble for the test cases shown here. Note that the

experimental angle of attack listed on the figures is larger than the computational angles for most test

conditions. The angle-of-attack corrections discussed earlier in the section on test procedures were

determined by testing 3 models of the NACA 64A010 airfoil with chord lengths of 4.0, 6.0, and

8.0 in. and may not be applicable to arbitrary airfoil sections.

Note that LBAUER gives a more accurate representation of the pressure distribution at some test

conditions near maximum lift than ISES does, when the trailing-edge pressure recovery is good; this

indicates attached flow (e.g., fig. 8(e)). When trailing-edge separation is present the experiment/CFD

correlation can be poor for both codes (e.g., fig. 9(t3) or good for ISES and poor for LBAUER

(figs. 10(e) and 10(13). It appears that ISES is capable of modeling trailing-edge separation for cer-

tain test conditions as long as the separation does not exceed 30% of the chord. More work is needed

to understand why ISES accurately predicts trailing-edge separation at some test conditions and not

at others. The free-air boundary conditions may be a source of error in the computations, and wall

contamination of the model flow field may be a source of error in the experimental data at lift coef-

ficients near stall. The reversal in the movement of separation with angle of attack is an indication

that wind-tunnel effects may be present in the data. This reversal was documented during testing and

will be discussed later.

The experiment/CFD correlations for Mach 0.50 are shown in figures 11-14. Navier-Stokes

(ARC2D) computations are shown for selected test conditions at this Mach number. Note that the

agreement between ARC2D and experiment is similar to that for LBAUER. Both codes are capable

of predicting the location of boundary-layer separation, but neither code gives the correct surface-

pressure distribution for separated regions. Velocity profiles calculated by ARC2D are shown in fig-
ure 12 for the test conditions of figure 11 (e). Note that ARC2D shows reversed flow near the sur-

face; this is consistent with the poor pressure recovery shown in the experimental data. However the

ARC2D pressure distribution shown in figure 1 l(e) does not show the expected pressure plateau for

the separated region near the trailing edge. The absence of a pressure plateau results from limited

influence of the boundary layer on the outer flow, indicating that the computational zone of
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separationis toothin. A moreadvancedturbulencemodelor moregrid clusteringnearthesurfaceor
bothmight improvethecomputation.

It is apparentthatLBAUER givesthesamedegreeof correlationwith experimentasdoes
ARC2D anddoessowith considerablylessuseof computationalresources.Bothcodesgive fairly
goodagreementwith experimentfor attachedflow but areincapableof modelingseparatedflow.
Sincetheobjectiveis to avoidseparation,thereis little justification for usingARC2D in thedesign
andanalysisof airfoils for low-speedor transonicflight. Thereare,however,two advantagesin
usingNavier-Stokescodes:(1) detailedVelocitydistributionsin theboundarylayercanbe
obtained,eventhoughthey maybesomewhatinaccurate,and(2) thecodesarevalid for subsonic,
transonic,andsupersonicflow.

Noneof thethreecodeswascapableof computingtheseparatedflow nearthetrailingedgeat
Mach0.50andat aReynoldsnumberof 1,900,000asshownin figures14(f)-14(h).This meansthat
reliablepredictionof themaximumlift coefficientfor anarbitraryairfoil is still notpossible.The
effectof free-streamturbulencelevelon theexperiment/CFDcorrelationwasexaminedby varying
theexponentn in theentransitionmodelin ISES. Calculations with n = 1 and n = 8 are shown for a

lift coefficient of 1.215 in figures 14(g) and 14(h), respectively. Note that the computation with n = 1

gives slightly better correlation with test data over the last 30% of the airfoil, where separation is

evident in the experimental pressures. However, a value of 1 for n indicates an unrealistically high

level of turbulence in the 2- by 2-foot tunnel and, since the remainder of the experimental pressure

distribution is poorly predicted by ISES there is no justification for using this low value for n. Note

that when n is decreased from 8 to 1 the transition point moves from about 42% to 15% of the chord,

consistent with a higher level of free-stream turbulence.

The experiment/CFD correlations for Mach 0.55 are shown in figures 15-17. Note that the

lower-surface pressures are not accurately predicted by either LBAUER or ISES for the data with the

negative lift coefficient shown in figure 15(a). The experiment/CFD correlations for the other test

conditions at this Mach number are similar to those shown at the previous two Mach numbers, with

ISES giving a more accurate prediction of the experimental pressures, primarily because of its ability

to compute laminar separation bubbles (e.g., see fig. 16(c)). ISES is also slightly better at predicting

pressures near the trailing edge on both surfaces than LBAUER at most test conditions, a result of a

more accurate representation of the boundary layer. Note that the ISES computation agrees well with

the experimental pressure distribution with separated flow over the last 30% of the chord at a

Reynolds number of 1,000,000 (fig. 16(f)).

Poor agreement between computational and experimental pressures is again noted at lift coeffi-

cients above 1.0 in figures 17(d)-17(h). It is apparent that ISES would predict a maximum lift coef-

ficient that is too high since attached flow is predicted at all lift coefficients, with the possible

exception of c I = 1.400 (fig. 17(h)). At this lift coefficient ISES indicates the poor trailing-edge

pressure recovery consistent with separated flow but shows poor correlation with experimental pres-

sures over the remainder of the upper surface. As noted earlier, the correlation of ISES computations

with experiment for separated flow is sporadic and may indicate that wind-tunnel effects need more

careful examination. As noted earlier, LBAUER gives excessive pressure recovery at the trailing

edge at all test conditions, which indicates a thinner boundary layer than either ISES or experiment.
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Theexperiment/CFDcorrelationsfor Mach0.60areshownin figures18-20.Poorcorrelationis
observedatlow lift coefficients(figs.18(a)and18(b)).Theinaccuratecomputationsattheselow lift
coefficientsis dueto extensiveflow separationon thelowersurface,asindicatedby thepoor
trailing-edgepressurerecoveryin thetestdata.Thepressurescomputedby ISESagainshowslightly
bettercorrelationthanthoseof LBAUER with experimentaldataathigherlift coefficients,because
ISES models laminar separation bubbles (e.g., fig. 18(f), Cl = 0.785). The lower-surface separation

bubble predicted by ISES is a little too far forward at this lift coefficient. The predicted bubble posi-

tion is more accurate at a lift coefficient of 0.922 (fig. 18(g)). Note that ISES correctly predicts the

pressure distributions with separated flow at some test conditions (figs. 18(i), 19(g), and 20 (f)) but

fails to predict separation at others (figs. 20(d), 20(e), and 20(g)).

The hypothesis that wind-tunnel effects are responsible for the sporadic correlation of ISES com-

putations with experiment for separated flow finds some support in the unusual separation trend with

lift coefficient shown in figures 21-23. The surface-pressure distributions for lift coefficients

approaching maximum lift for Mach 0.60 are shown in figure 21. Note that the pressure recovery

near the trailing edge for the three lift coefficients shown for a Reynolds number of 500,000

(fig. 21(a)) shows the expected trend of decreasing pressure coefficients with increasing lift coeffi-

cient. This trend indicates an increasing boundary-layer thickness, with possible separation as the lift

coefficient increases. However the variation of aft airfoil pressure coefficient with lift coefficient

shows a reversal for Reynolds numbers of 1,000,000 and 2,000,000 (figs. 21 Co) and 21 (c)).

This unusual trend is clearly evident in figure 22, where the pressure coefficient at x/c = 0.95 on

the upper surface is shown as a function of angle of attack for all test Mach numbers. Note that the

pressure coefficient at this chord station becomes increasingly negative with increasing angle of

attack for Mach numbers of 0.20 and 0.50 but shows a reversal for Reynolds numbers of 1,000,000

and 2,000,000 at Mach 0.55 and 0.60. The reversal is most evident at Mach 0.60. This phenomenon

appears to be related to shock formation on the upper surface, as shown in figure 23, where the pres-

sure coefficient curve of figure 22(d) for a Reynolds number of 2,000,000 is repeated along with

pressure distributions at selected angles of attack. Note that the pressure distributions near angles of

attack of 2.0 ° and 3.0 ° show upper-surface pressure plateaus near the trailing edge, which are indica-

tive of separated flow. However, the pressure distribution at an angle of attack of 4 ° has a shock on

the upper surface, better pressure recovery, and a more positive pressure coefficient at rdc = 0.95,

indicating boundary-layer reattachment or at least a smaller zone of separation.

The acceleration of the flow downstream of the shock may be the mechanism causing a

re-energized boundary layer and a temporary reduction in the extent of flow separation. If a separa-

tion bubble exists at the foot of the shock, an additional pressure recovery will occur downstream of

the attachment point, causing a local acceleration of the flow as the boundary layer returns to equi-

librium. The shocks occurring at angles of attack above 4.0 ° have sufficient strength to again cause

forward movement of separation as well as a normal variation of aft pressure coefficient with angle

of attack. The lack of separation reversal at a Reynolds number of 500,000 at Mach 0.60 may result

from shock formation occurring with reduced strength at a higher angle of attack owing to the

decambering of the airfoil by the thicker boundary layer. Further testing of this airfoil in another

facility would be helpful in understanding the importance of the wind tunnel as a cause of the sepa-
ration reversal.
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Thecomputationalandexperimentalaerodynamicforceandmomentcoefficientsareshownin
figure 24 for all testconditionsselectedfor thisevaluation.Theexperiment/CFDcorrelationat
Mach0.20andataReynoldsnumberof 500,000showsthat theLBAUER andISEScomputations
give similar agreementwith thetestdata(fig. 24(a)). The correlations for Mach 0.20 at Reynolds

numbers of 1,000,000 and 1,900,000 show that at higher lift coefficients, the ISES computations for

the lift-curve agree more closely with the experimental data than the LBAUER computations do,

because of a more accurate representation of the boundary layer (figs. 24(b) and 24 (c)). Computa-

tional results were not obtained for angles of attack much beyond the f'trst bend in the lift-curves

because the LBAUER computations do not give reliable results at these angles of attack and because

ISES and ARC2D do not converge for extensive flow separation. Note that the ISES computations

show a bend in the lift-curve consistent with the test data, whereas the LBAUER lift curve is linear,

showing that the increase in boundary-layer thickness with angle of attack predicted by LBAUER is

too small. The drag polars show similar differences between the codes, with ISES indicating the cor-

rect bend in the curve at moderate lift coefficients for the two higher Reynolds numbers. The

experiment/CFD pitching-moment correlations for the two codes are similar except at the highest

Reynolds number, where ISES follows the experimental curve better than LBAUER does
(fig. 24(c)).

The force and moment comparisons for Mach 0.50 are shown in figures 24(d)-24(f). Computa-

tions obtained from ARC2D are compared with experiment and the other two codes at Reynolds

numbers of 500,000 and 2,000,000 (figs. 24(d) and 24(f)). A close inspection of the figures shows

that the ISES computations correlate slightly better than the other computations with the test data for

lift and drag and that the ARC2D computations match the experimental pitching moment somewhat

better at these Reynolds numbers. ARC2D computations were not obtained at a Reynolds number of

1,000,000 because the additional calculations were not justified by the correlations shown at the

other Reynolds numbers.

The experiment/CFD correlations for Mach 0.55 show that the ISES predictions for lift and drag

are slightly closer to the test data than the LBAUER calculations are at the three Reynolds numbers

(figs. 24(g)-24(i)). However the LBAUER computations for pitching moment are slightly better than

those of ISES at this Mach number. Note that ISES does not predict the first bend in the force and

moment curves near a lift coefficient of 1.0 at a Reynolds number of 2,000,000 but does give the

correct bend at a Reynolds number of 1,000,000 (compare figs. 24(h) and 24(i)). The irregular shape

of the force and moment curves at high lift corresponds to the separation reversals discussed earlier.

It is clear that the reversal in separation must be real and not a result of inaccurate surface-pressure

measurements, since the drag is obtained from rake pressures in the wake and the lift and moment

coefficients are determined by integration of surface pressures.

The aerodynamic force and moment data for Mach 0.60 (figs. 240)-24(1)) again show that the

results of computations obtained from ISES correlate slightly better with the experimental results

than do those of LBAUER. The improved experiment/CFD correlations for ISES are due to the cor-

rect modeling of limited zones of separation at low and high lift coefficients. Both codes give similar

correlations with the test data for moderate lift coefficients where the boundary layer is attached.



CONCLUDING REMARKS

An experiment/CFD correlation was conducted to evaluate full-potential, Euler, and Navier-

Stokes CFD codes for use in the analysis of airfoil sections for operation at low Reynolds numbers

and at subsonic through transonic Mach numbers. Computations from the three codes were com-

pared with test data for Reynolds numbers of 500,000, 1,000,000 and 2,000,000 at Mach numbers of

0.20, 0.50, 0.55, and 0.60. An Euler code with strongly coupled integral boundary-layer equations

gave the best correlation with the experimental lift and drag data for test conditions with mild sepa-

ration at low and high lift coefficients. The three codes gave similar correlations with the experimen-

tal lift curves over the linear range of the data. None of the codes showed a clear advantage for pre-

dicting pitching moment. The Euler code could predict the bend in the lift curves caused by the onset

of flow separation for some test conditions but not for others. None of the codes was capable of pre-

dicting massive separation and hence could not calculate the maximum lift coefficients for this air-

foil. The full-potential and Navier-Stokes codes could not predict the nonlinearities in the force and

moment curves. An unusual reversal in the movement of trailing-edge separation with angle of

attack, which was not predicted by any of the codes, was found in the test data.
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Table 1. LRN 1015airfoil coordinates

Uppersurface Lower surface

x/c y/c x/c y/c

0.000000
0.001621
0.006475
0.014529
0.025732
0.040010
0.057272
0.077405
0.100279
0.125745
0.153638
0.183777
0.215968
0.250000
0.285654
0.322698
0.360891
0.399987
0.439732
0.479867
0.520133
0.560268
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Figure 1. LRN 1015 airfoil: M = 0.55, el = 1.0,
Re = 500,000 (design values).
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Figure 2. ISES computational grid (132 x 32)
for LRN 1015 airfoil.
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Figure 3. ISES computational grid he,at leading
edge of LRN 1015 airfoil. Figure 4. ISES computational grid near trailing

edge of LRN 1015 airfoil.
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ARC2D computational grid near trailing edge of LRN 1015 airfoil.
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Figure 8. Surface-pressure distributions for LRN 1015 airfoil: M = 0.20, Re = 500,000.
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Figure 9. Surface-pressure distributions for LRN 1015 airfoil: M = 0.20, Re = 1,000,000.

1.0

15



(I, deg c d Cm

...... LBAUER 5.56 0.0118 -0.0800
ISES 5.04 0.0103 -0.1051

• EXP 6.48 0.0112 -0.0904

-2.0 i_l. m (e) C I = 1.130

Cp -.5 ' m,,,,_,,--

.5 _ .....

1.0 ! J , i ,
0 .2 .4 .6 .8

X/C

(1, deg cd cm
...... LBAUER 6.355 0.0124 -0.0821

ISES 6.39 0.0139 -0.1012
• EXP 9.31 0.0232 -0.0764

-2.5 i, m (f) CI ,: 1.234

,oi 
-1.5 " m_

-1"0 1_ .w •

-.5 • •_

Cp

0 !

.5

1.0
1.0 0 .2 .4 .6 .8 1.0

x/c

Figure 9. Concluded.
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Figure 10. Surface-pressure disuSbutions for LRN 1015 ajz'foil: M = 0.20, R¢ = 1,900,000.
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Figure 10. Concluded.
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Figure 11. Surface-pressure distribudon's for LRN 1015 airfoil: M = 0.50, Re = 500,000.
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Figure 11. Concluded.
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Figure 12. Velocity profiles for LRN 1015 airfoil: M = 0.50, Re = 500,000, Cl = 1.214.
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Figure 13. Surface-pressure distributions for LRN 1015 airfoil: M = 0.50, Re = 1,000,000.
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Figure 13. Concluded.
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Figure 14. Surface-pressure distributions for LRN 1015 airfoil: M = 0.50, Re = 1,900,000.
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Figure 14. Concluded.
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Figure 15, Surface-pressure disu-ibutions for LRN 1015 airfoil: M = 0.55, Re = 500,000.
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Figure 15. Concluded.
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F_.gm'c 16. Sm'facc'l_'cssm'c dismbudOnS for I_H 1015 airfoil: M = 0.55, P,.c = 1,000,000.

?.7



-2.0

-1.5

-1.0

--.5

.5

1.0

...... LBAUER
ISES

• EXP

_,deg cd c m

3.534 0.0142 -0.100

3.231 0.0102 -0.119
2.61 0.0089 -0.109

(e) CI - 1.101

0 .2 .4 .6 .8 1.0

X/C

a, deg cd c m

...... LBAUER 4.120 0.0116 -0.095
ISES 5.193 0.0220 -0.106

• EXP 5.57 0.025.___3 -0.08"1

If) C t = 1.182

"'dr-m

lffc

Figure 16. Concluded.
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Figure 17. Surface-pressure distributions for LRN 1015 airfoil: M = 0.55, Re = 2,000,000.
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Figare 17. Concluded.
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Figure 18. Surface-pressure distributions for LRN 1015 airfoil: M = 0.60, Re = 500,000.
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Figure 18. Continued.
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Figure 19. Surface-pressure dislIibudons for LRN 1015 airfoil: M = 0.60, Rc = 1,000,000.
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Figure 20. Surface-pressure distributions for LRN 1015 airfoil: M = 0.60, Re = 2,000,000.
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Figure 20. Concluded.
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Figure 21. Experimental surface-pressure distributions near stall for LRN 1015 airfoil: M -- 0.60.
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Figure 22. Upper-surface pressure coefficients for LRN 1015 airfoil: x/c = 0.95.
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Figure 23. Experimental upper-surface pressure coefficients with selected surface-pressure distribu-
tions for LRN 1015 airfoil: x/c = 0.95, M = 0.60, Re = 2,000,000.
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