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SUPPLEMENT TO: A COMPUTER PROGRAM FOR THE DESIGN AND ANALYSIS OF
LOW-SPEED AIRFOILS

R ichard Eppler* and Dan M. Somers
Langley Research Center

SUMMARY

Three new options have been incorporated into an existing computer
program for the design and analysis of 1ow-sgeed airfoils. These options
permit the analysis of airfoils having variable chord (variable geometry), a
boundary-layer displacement iteration, and the analysis of the effect of
single roughness elements. A1l three options are described in detail and are
incTuded in the FORTRAN IV computer program which is available through COSMIC.

INTRODUCTION

A conformal-mapping method for the design of airfoils with prescribed
velocity-distribution characteristics, a panel method for the analysis of the
potential flow about given airfoils, and a boundary-layer method have been
combined. With this combined method, airfofls with prescribed boundary-layer
characteristics can be designed and airfoils with prescribed shapes can be
analyzed. A1l three methods and the FORTRAN IV computer program for the
numerical evaluation of these methods are described in reference 1.

Three new options have been incorporated into the computer program
described in reference 1. The previous version of the program (ref. 1) was
capable of analyzing an airfoil with a simple flap. In the present version,
an option has been added which allows the analysis of an airfoil having
variable chord (variable geometry). The method of reference 1 did not contain
a boundary-layer displacement iteration. An iteration procedure has been
included in the present version. The third option to be added permits the
analysis of the effect of single roughness elements. The input for all three
options is described in detail.

Use of trade names or names of manufacturers in this report does not
constitute an official endorsement of such products or manufacturers, either
expressed or implied, by the National Aeronautics and Space Administration.

*Professor, University of Stuttgart, Stuttgart, West Germany.



SYMBOLS

Values are given in SI units.

boundary-layer skin-friction coefficient

airfoil chord, m

section profile-drag coefficient

section 1ift coefficient

section pitching-moment coefficient apout quarter-chord point
height of roughness element normal to surface, m

lower surface

Reynolds number based on free-stream conditions and airfoil chord

Reynolds number based on local conditions and height of roughness
element

potential-flow velocity, m/s
free-stream velocity, m/s

x-component of velocity in turbulent boundary-layer at height of
roughness element, m/s

upper surface
local velocity on airfoil, m/s

airfoil abscissa, m; axis in streamwise direction, tangential to
surface

chord location of roughness element, m

airfoil ordinate, m

angle of attack relative to zero-1ift line, deg
incremental change in quantity

boundary-layer displacement thickness, m

boundary-layer momentum thickness, m

kinematic viscosity, m2/s



p air density, kg/m3

T shear stress ét wall, kg/m-s2

PROGRAM AVAILABILITY

The program is available at a nominal fee through the following
organization:

Computer Software Management Information Center (COSMIC)

112 Barrow Hall, University of Georgia
Athens, Georgia 30602

Request the program by the designation PROFILE LAR-12727.

VARIABLE GEOMETRY

The previous version of the computer program (ref. 1) allowed the shape of
an airfoil analyzed by the panel method to be altered so as to correspond to
the deflection of a simple flap. Thus, that version only permitted the rota-

tion of a portion of the airfoil, the flap, about a specified hinge point.
Cherd-increasing flaps were not allowed. the present version of the program

can analyze this form of variable geometry. It should be noted that, while the
airfoil shape which results from the exercise of this option does have an
increased chord, it does not contain a slot and, thus, is still a single-
element as opposed to a multi-element airfoil. An application of this capa-

bility is described in reference 2.

FLAP Card

The variable-geometry option is selected by setting NUPU =1, 2, 3, or 4
on the FLAP card.

NUPA, NUPE, and NUPI are neglected.

NUPU = 1 — The F-words specify the pointé to be deleted. The five digits
of F; are denoted aaabb. Points aaa through aaa + bb
are deleted. If bb = 00, only point aaa is deleted.

It is recommended that the F-words be specified with decreasing values of

aaa as the points after point aaa (higher Eoint number) are renumbered. This
means that aaa for F, should be greater than aaa for F2 which should be

greater than aaa for 'Fy and so on,

Only one FLAP card with NUPU = 1 {s allowed.



NUPU = 2 - The F-words specify points to be added to the upper surface.
The new points are added after the point on the upper surface
having the greatest x/c remaining after the deletions which
resulted from the FLAP card with NUPU = 1, Thus, if point 1
(x/c = 1) was not deleted, only points with x/c > 1 can be
added.

x,/c [F5.4]

0.0IF]

0.01F, = yi/c [F5.4]

(F3.F4) = (xp/c,yp/c) and so on
It should be noted that the new points must be in order of increasing x/c.

NUPU = 3 — The F-words specify points to be added to the lower surface.
The F-words are interpreted just as they are for a FLAP card
with NUPU = 2,

NUPU = 4 — The F-words specify additional points to be splined in between
the points available so far. The F-words are interpreted just
as they are for an FXPR card. (See ref. 1, p. 45.)

It should be remembered that the points are renumbered during the
execution of each of the preceding FLAP cards.

The panel method is called automatically after a FLAP card with NUPU = 4
is read. Following this card, any other cards (in the.proper sequence, of
course) are allowed except another FLAP card. Only airfoil coordinates gener-
ated in the design mode or read in following an FXPR card can be altered by
FLAP cards with NUPU =1, 2, 3, and 4. Thus, a FLAP card with NUPU = 1, 2,
3, or 4 cannot follow another FLAP card.

Example

The following card sequence illustrates the use of the variable-geometry
option.



Teot £24 1250 400 145C 000 &S0 200 1250 400 2050 Sen 2250 500 2450 700
T T TN NN NN AR RN R AR R RV RN A UGN SN NN UNNNEU RPN NBEREEANEANRANNRS

TEAY 644 28%0 Q00 2940 900 030 10¥0 000 1700 ¥350 100 2550 200 4330 00

v )
il (TR NURBEIERRNEANEANENNNENNENNANGUERUESY

IO IO TN LELCE LA LD
TRA1Y 464 4SO 200 4750 100 4950 000 SIS0 2T00 4000 400
S T I T TR L N D L L O O T O CL L LT OO EEE LT YRR
TRA2 €64 40D 1250 200 1000 72¢ 400 250 200 00 710 1¢0 3Ir0 0f0 000
o T TR TR AR AR AR AR R AN NN AN Ae AU RN NI NNeI RGNS BERNARRRAT NS
ALFe 1 1 AP0

S I T I e O N L O P L DO LD O L O TR LCE N R EL )
tlaG 1
v T TR AR AR AN A AN A AT RN NN A NGV aE e NaNN SN NI NN NNONGBVURBNNANRRT ARG
FLaP 1 5209 7¢0 500 201

T T T NI AN AR AN A AA N AR T AR F RN AR AR N N GNG UV NA BN NUNB NI RNNURUNNRVBRANNANANNANG]
FLoP 21100 =35012000 -200

T T T TR AN AR A AN R A AR TN A AT ARG i Gu S G EuBI GO NN NN COURVERAnAnNARTARE] |

FLarP 2 2400 245 N0 -29010200 -43012000 -909)
T T T TN AR A AR E BN A R ANV EN R BT N B G N eI UN NI NN N NN NGNBEVANRRNANARTAND]
FLpP 45240051200%0200422000220001200

T N T L L R L N L I T R O L L N O T T RO ELE Y T LR DL L LT
oLFs 1t one

T S F T TN L T E R L EE T LR L O O T T O L L OO YL L L L LY LA LT
nIAG 2
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ENDE

1. hsrTsAm l)llu!lllllllllIDIBIHIIIIlllllll!l.lllﬂuullll.'llIllllllllllﬁlﬂﬂllﬂ..IllHBIDIH.I.I

The first FLAP card deletes points 52 through 61 as well as points 7, 5,

3, and 2 (in the x-y-v listing, N = 51 through 60, 6, 4, 2, and 1). If the
chord is to be increased, some of the points near the trailing edge should be
deleted. In other words, a short distance between points is required near the
new trailing edge, not the old one. The second FLAP card specifies two points
for the extension of the upper surface: (x/c = 1.1000,y/c = -0.0350) and

(x/c = 1,2000,y/c s'-0.09005. The third FLAP card specifies four points for
the extension of the lower surface: (x/c = 0.8400,y/c = -0.0265), ‘
ix/c = 0.9600,y/c = -0.0290), (x/c = 1.0800,y/c = -0,0490), and

x/c = 1.2000,y/¢c = -0.0900). The fourth FLAP card inserts in the equianguiar-
spacing mode (ref. 1) four points between points 52 and 53, two points between
points 51 and 52, two points between points 50 and 51, two points between
points 49 and 50, two points between points 2 and 3, and three points between
points 1 and 2. The panel, method is called automatically after the fourth
FLAP card.

This card sequence plo€s into one diagram (fig. 1) the velocity distribu-
tions for airfoilq664 with and without the_variable-geometry flap extension,
Two velocity distributions, each at a = 0° relative to the chord line, are
plotted. The following x-y-v listings are also generated.



0
1
2
3
L
5
[}
7
8

o

10
11
12
13

14
18
16
17
18
19
20
21
22
23
24
25
26
21
28
29
30
3
32
33
36
35
36
37
3e
39
40
«
«2
43

AIRFOIL 664
X

1.00000
«93¢23
« 98557
«96923
294774
«92110
« 82964
«25407
81512
«77353
« 73008
068549
64042
«59497
. 54049
«5N167
+45437
0727
035087
«31556
027205
23051
«190145
15521
«12216
+09258
060674
«04487
02714
«01371
«00468
.00023
« 001466
00903
002234
+04097
«N66T1
09334
12651
«163R0
120476
W24682
029552
034429

164632
Y

0,00000
" 400092
00361
008801
+01461
102193
«0300%
«03327
04342
«06020
07122
00197
09167
«08937
«10&642
«10940
«11026¢
«110060
«10933
«106790
010262
+08720
«09055
08277
+07401
006441
«05416
004348
«03261
«02183
«01155
«00229
-4,00521
-.01173
-,01817
~-es02623
-,02979
'003‘9?
-,03936
-es06341
-.04693
-«04390
-.0%229
-+05406

0. 00
VE;?g]TY DISTRIJGUTIONS FOR TriE ABOVE ANGLES OF ATTACK RELATIVE TO THE CHORD LINE
<799
282
«934%
978
«967
1.020
1,048
1.081
1.121
1.107
1,220
1.281
1.318
1,326
1.331
1.33¢4
1,335
1,335
1,334
1,330
1.324
1.315
1.301
l1.281
1.252
1.211
1,150
1,058
«909
661
'197
+562
o842
«954
1.004
1.028
1.239
1.046
1,052
1.057
1.060
l.oh‘
1.066



AIRFOIL 664 164632 0,00

N X Y VELOCITY DISTPIBUTIONS FOR TME ABOVE ANGLES OF ATTACK RELATIVE TO THE CHORD LINE
04 «39452 -.05522 1.070

45 46556 =,0%572 1,074

40 49678 -.05546 1.079

7 54754 =.05433 1.084

40 «5971¢ =,05219 1,090

49 54512 ~,04967 1,096

50 «59117 ~,04322 1.076

31 « 73561 ~.03567 1.036

52 «77909 =.0262] «957

53 82219 ~,01437 «875

S4 +86399 ~,00803 823

55 «90260 =.00224 TE7

56 e 93641 «00102 761

57 «9639¢% +00198 « 751

58 «98400 «00142 757

59 «995602 «00045 767

60 1,00000 =,0C000 «773
ALPHAO = 3,85 DEGPEES CM0 = =,0909 ETA » 1,131

VARIABLE GEOMETRY AIRFOIL 664
DELETED PNINTS 52 THROUGH 61
DELETED PODINT ?

DELETED PDINT ]
OELETED POINTS 2 THROUGH 3

INSERTED POINT ON UPPFR SURFACE AT X/C = 1.1000 Y/C = -,0350
INSERTEN POINT ON UPPEP SUPFACE AT X7C = 1,2000 Y/C = -.0900
INSERTED POINT ON LOWFP SURFACE AT X/C = L8400 YIC = ~,0265
INSEPTED POINT PN LOWER SURFACE AT X/C = .9600 Y/C » -,0290
INSERTED POINT CN LDWER SURFACE AT X/C = 1,0t00 Y/ = -.0490
INSERTED POINT ON LOWER SURFACE AT X/C = 1.2000 Y/C = ~.0900




PANEL METHND

ALRFOIL
N X

0 1,20000
1 1,19373
2 1417500
3 1.1429)
4  1.10C20
S 1.07054%
6 1.03709
7  1.00000
L] 96923
G « 92110
10 «85407
11 «R1%12
12 77353
13 «73008
14 68549
1% 64C63
16 «%9497
17 54069
18 . 50167
19 145437
20 40727
21 436087
22 31564
23 «2720%
24 23051
25 19145
26 15521
27 12216
28 009258
29 06674
30 «06487
31 02714
32 01371
33 200468
36 .00023
35 « 00146
36 .00902
17 02234
38 . 04097
39 086671
40 09334
“1 . 12651

664

AIRFOTIL

Y
-409000
=.NBb20
«+07496
-.,0570%
=.03500
~.02294
-.01132
0.00000

,00381
#02193
.03927
04542
«06020
07122
«CP197
09167
209937
«10482
«10840
«11029
«11060
«10913¢
«10670
2102062
+09720
08055
08277
«07401
«06&41
«05416
»04348
«03261
02183
«01155
«00229
-400521
-.01173
=e01817
=e02423
=-.02979
~.J3482
=.03336

664 CA = 1,58921, 6,78770 ALPHAD =13,18 DEGREES
16,63% THICKNESS 0,008 FLAP 0.00 DEGREES DEFLECTION
0.00
VELCCITY DISTYRIBUTIONS FOR THE ABOVE ANGLES OF ATTACK RELATIVE YO TME CHORD L INE
019
«920
1.021
1.137
1.261
1,290
1.294
14285
l.28b
14294
1,303
1.326
1,359
1.401
1,455
1.516
1e%54
1.563
«568
1.572
1.577
14562
1.289
1+596
1.605
1.614
1.623
1.633
leb 43
1.652
1661
1,663
1.661
1.612
1.553
«Bb3
072
282
o479
+597
71
. 722



AIRFNIL 664
N X
42 +15380
43 20474
(1) e2682
4«5 e 29552
bé 036429
47 239452
48 044558
49 49670
50 « 54754
51 « 59719
&2 84512
53 «69117
54 «T41P4
55 « 79102
56 «84000
57 .88180
58 «92188
€9 «96000
60 1.00411
61 1.06421
6? 1.08000
63 1.122080
&4 14158631
65 1.1R067
1} 1,19519
67 1,2000C

. Y

=.06341
=.06693
=e04990
-.0%5229
= 0540¢
~.05522
-,0%%72
=.05545
~.05633
~+05219
~.048067
~e 06322
-.03661
-,03041
«.02650
-.02542
-,02639
=402900
=4036401
=.04078
-.04900
~.06177
-e07351
-.08254
~408212
-,0900%

16,632 THICKNESS 0.00% FLAP 0.N0 DEGPEES DcFLECTION
0,00
VELDCITY DISTRIBUTINNS FOR THE ABOVE ANGLES DOF ATTACK RELATIVE TO THE. CHORD LINE
«759
«787
+803
824
«€135
.11}
250
«855
%51
2854
2946
+801
«TRT?
« 709
«6E6
653
ob&5
o647
.11
647
«560
598
0736
e 757
o177
#9319



BOUNDARY-LAYER DISPLACEMENT ITERATION

The theoretical results for c  versus cq from the previous version of
the computer program (ref. 1) agree remarkably well with experimental measure-
ments. (For example, see ref. 3.) This good agreement, however, does not hold
for ¢, versus a or C, versus a, particularly for aft-loaded airfoils.
This is not surprising in that the boundary-layer displacement effect was only
accounted for by reducing the lift-curve slope from its theoretical value to
2n. An improvement could therefore be expected from a more detailed analysis
of the displacement effect.

There exfists, however, a fundamental flaw in the philosophy of the
application of displacement iterations. All displacement effects are of
second order in boundary-layer theory (ref. 4). Accordingly, it is inconsis-
tent to include the displacement effect while neglecting other pertinent
second-order effects which arise from the pressure gradient normal to the
surface within the boundary layer and other y-component terms in the Navier-
Stokes equations. This flaw becomes more significant as the boundary-layer
thickness increases.

At the trailing edge, difficult problems arise. The potential-flow
solution yields steep pressure gradients toward the trailing edge which
result in a very high slope for the displacement thickness. This high slope
can result in a rapid divergence for the displacement iteration, even for high
Reynolds numbers. The order (quality) of the trailing-edge treatment has a
significant influence on the results. The wake solution incorporated in the
present panel method gives very precise results for the 1ift coefficients of
airfoils with blunt trailing edges. It, however, also predicts steep pressure
gradients toward the trailing edge which, in turn, accelerate the divergence
of the displacement fteration. Moreover, this solution also clearly shows
that the small region which surrounds the trailing edge has a great influence
on the solution for the entire airfoil.

One solution to this divergence problem is to artificially smooth the
boundary-layer displacement after each fteration. But, even if convergence is
obtained and, furthermore, even if smoothing were not required for
convergence, the iteration process would still be questionable due to the
neglect of the second-order boundary-layer terms previously mentioned. A
wake solution which minimizes the pressure gradients near the trailing edge
could improve the iteration process but wouf% not eliminate the fundamental
flaw in philosophy.

10



The question remains as to what simple procedures can be developed to
obtain at least a rough estimate of the displacement effect. As previously
explained, multiple iterations are not logical. Accordingly, in the present
method, only one {teration is performed. The displacement thickness is
smoothed once and then added to the airfoil contour. The 1ift and pitching-
moment coefficients are then computed for the new contour and stored. Later
the 1inear portions of the ¢, - a« and ¢cp - a curves are adjusted by a
least-squares fit to these stored values. The separation corrections are then
applied as discussed in reference 1. Thus, only a few angles of attack require
this displacement {iteration. The remaining angles of attack are adjusted
according to the least-squares fit. The displacement effect 1s considered to
be line:r in o. A higher-order effect cannot be expected from such a simple
approach.

This simple procedure does not require much computing time. The results,
of course, depend on the smoothing proce;s. In the present version of the pro-
)

gram, the curvature of Gl(x) i.e., ——El is limited. JThe 1imit can be
dx dés

specified in the input. This limit (SLM) is preset to %'__Zl < 0.5 (= SLM).

dx

The single iteration is initiated by one input card, which must immedi-
ately precede an_input card which jnitiates a boundary-layer computation
(i.e., an RE , FLZW, or PLW card).

DPIT Card
NUPA, NUPE, NUPI, and NUPU are neglected.

The F-words specify the angles of attack for which a displacement iter-
ation is performed and also the plot mode mbt. The five digits of

F. are denoted abcde. The variable abc f{s interpreted as an integer
n and a displacement iteration is initiated for the nth angle of attack
on the preceding ALFA card. A displacement iteration is performed for each
Reynolds number from the immediately following RE , FLZW, or PLW card.
The variable d determines the plot mode. If d > 0, a diagram
containing the airfoil contour (including the displacement thickness) and
the velocity distribution for the angle of attack under consideration is
plotted after each displacement iteration. The plot mode mbt is set
equal to d - 1 and is described under "DIAG Card" 1n reference 1 (p. 52)
and reviewed below.

d = 1 — Axes are drawn, one set of data is plotted, and the diagram
is terminated (i.e., closed to further plotting).

d = 2 — Axes are drawn, one set of data is plotted, and the diagram
is open to further plotting.

11
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d = 3 — No axes are drawn and one set of data is plotted into the
existing diagram which is then terminated.

d = 4 — No axes are drawn and one set of data is plotted into the
existing diagram which remains open to further plotting.

If d =2or 3, the RE , FLZW, or PLW card must specify only one
Reynolds number.

Up to five F-words are allowed which means that displacement iterations
can be performed for up to f;ve angles of attack.

d¢s
If Fg <0, the 1imit for _-El is set to SLM = -0.bcde. This new

dx
T1imit is used until it is reset by another DPIT card with Fg < O.
Obviously, only four angles of attack can be specified on DPIT cards
with Fg < 0.

Examples

The following card sequences illustrate some of the DPIT-card options.

TRA1 0315 1650 400 1750 100 1350 400 2050 410 2250 430 2450 470 2650 S0
it IIIlllIl|illtlll-lllllllIﬂlll"IIII'I!I"”I..MI..I'“IIIllllliu.lllll.ﬂ.“llll’.lIN.BNll"ﬁa
TPAYL 0315 2350 710 %050 1030 NOP 1670 3250 30 Y450 70 Y650 90 23S0 {00
ol ‘llIIl-"|IVIKII"Il.llIDIII"...HIlllllllll.ll...l.lll-lﬂI.ﬂllllII.II.I!.II.'..'""ﬂ‘ll-"m]
TRAL 0315 40N 85 4250 55 4450 05 4450 =125 435N 2SS 6000 100
'R lllIClIIInllﬁlllllllllIIIIIHIIII!ﬂllll’ll.tl.ﬂll‘“lll!lIﬂ!l‘lll'.ﬂﬂuﬂll”l.!llIBIllﬂm‘
TRA2 31T 400 1650 200 400 2770 400 1150 200 200 4S50 %00 200 000 000
1 A T IR RN NN NN BN NBNINENEB YNNG UEN VSN N RUS OB NREUNGNBEONNRNOREANNRNE
ALFa  1h 000 100 200 300 400 S00 <00 700 200 200
1

PI4G

] IIlIllIII!l!llll"l'lﬂIBlIlllIlIﬂ.ﬂlll".l.lll..llﬂll.“"Iﬁlllllllll.ﬂ.l.l'l.I'lIllll"ll!]
PIT 10 St0 910 ,
Pl T NNUBEN RN MERN EBNA AN BN SN N NN ENSUEQUABUEEENTUNRIUNNANLEONEE
RE 0z 200003 €000
i IID‘IllI)lll“lll'lll.ll!lﬂ'lll’lIlllllllllll..llllﬂlllﬂl..l‘Ilﬁl'ﬂll.“l“ll.l'..l"lllllﬂﬁa
53 Jor
,“ 11T NN NN NN NN AN RN N ADNERTN NN QNGB NN SN NN QUSSR ERNIANNEREN®

ENDE

RN lllllIlﬂll!lllll'llnnllllllll’lﬂlhlllllll‘lﬂ.lll"l.!llIlllkllllll.llﬂll.llﬂ..lllI’lnlllnll.l
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After the RE card is read, displacement 1tera810ns for the first, fifth,
and ninth angles of attack (i.e., a = 09, 49, and 8" relative to the zefo-lift
line) are performed for both R = 2 x 105 and R =6 x 106, A dia%ram is
plotted for each displacement iteration. A potential-flow diagram {(no dis-
placement iteration) is also plotted (DIAG card). Thus, one diagram containing
10 velocity distributions (DIAG card) (fig. 2) and six diagrams containing one
velocity distribution each (DPIT card) (fig. 3) are plotted. The ¢, - a
and ¢ - a portions of the boundary-layer summary and its plot (CDEL card)
are ad?usted according to the computed displacement effect.

It should be noted that each displacement iteration requires a solution
from the panel method. Thus, for an airfoil having 61 points, each displace-
ment iteration requires approximately 8 seconds CPU time on a Control Data 6600
computer.
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The preceding card sequence plots cne diagram (fig. 4) which contains both
potential-flow and displacement-iteration shapes and velocity distributions
for a = 30 and 79, Note that only one Reynolds number is cgnsidered and that
displacement iterations are only performed for a = 3° and 7Y. The boundary-
layer summary which follows contains the adjustments due to the computed dis-
p]acement)effect. AC is the adjusted angle of attack (relative to the zero-
1ift line).
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SumMARY AIPFOIL 315

ANGLE OF ATTACK RELATIVE 7O THE ZERO-LIFT LINE

* INDICATES VFLOCITY REDUCTION WITHIN BURBLE BELOW .94

R s 6000000

ALPHA = 0.00 DEGPEES
1 S TuRs $ SEP
UPPER «5749 0.0000
LOWER «4107 0.0000
TOTAL CL = 0,000 TN =
CH = =,0662 AC =

ALPHA = 1,00 DEGREES
1 § TuRd S SEP
UPPER «5676 0,0000
LOWER «4086 0.0000
TOTAL CL s 4,110 CD =
CM o =,0682 AC =

ALPHA = 2,00 DEGREES
1 S TuPh S SEP
UPPER 5980 0,0000
LOWER <4069 0.0000
TOTAL CL = ,220 170 =
CH » =-,0702 AC =

ALPHA » 3,00 DEGREES
1 § Turd S SEP
UPPER «5067 0.0000
LOWER «4052 0.0000
TOTAL CL = +330 CO »
CM = =,0722 AC =

ALPHA » 4,00 DEGREES
1§ TUuRB S SEP
UPPER «%147 0.0000
LOVER +4036 0.0000
TO0TAL CL & (440 CD =
CH » -,0742 AC =

ALPHA = 5,00 DEGREES
1 S Ture S SEP
UPPER «6569 0,0000
LOWER 4022 00,0000
TOTAL CL = ,550 CO »
CM & =,0762 AC =

1t

MU = 3

()
<0030
«0017
« 0047

.18

cn
+0032
0016
«0048
1.11

co
»0034
«001%
20049
2.05

o
2036
«0015
«0050

2.98

co
0038
«001¢%
«0052
3.91

co
Jus2
«00113
«0056
4.85

ALPHAO » 2.95 DEGREES



ANGLE OF ATTACK RELATIVE TO THE ZcRO-LIFT LINE

¢ INOICATFS VELOCITY REDUCTION WITHIN 3UBBLE BELOW .94

SuUmmaey AIRFPIL 31%
R = 6000000 Ky = 3
ALPHA = 6,00 DEGREES
1 S TUeS S SEP co
uPPER ¢7%2% 00,0000 40051
LOWER «4007? 0,0000 ,0013
TOTAL CL = o660 CD = 0064
CH s =,0702 AC = 5,78
ALPHA = 7,00 DEGPREES
1 S Ture S SEP co
uPPER «9630 «00086 ,0043
LOWER «3992 0,0000 .0012
TOTAL CL o 769 CD » L,0C?5
CM s -,0801 AC = b.71
ALPHA = 8,07 DEGREES
1§ TuPB S SEP co
USPEPR 29073 «003F L0074
LOWE® +3978 0.,0000 .0012
TOTAL CL = 876 CD » ,00806
CH s -,0813 AC = 7,64
ALPHA & 9,00 DEGREES
1 S TURB S SEP co
UPPER 09467 «0071 .,0085
LOVER +3962 0.,0000 .,0011
TOTAL CL = ,982 CO = ,0096
CM » =,0823 AC = 8,58

ALPHAOD = 2,95 DEGREES
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SINGLE ROUGHNESS ELEMENTS

Recent flight and wind-tunnel experiments indicate that single roughness
elements such as flap and aileron hinges and poorly faired spoilers signifi-
cantly degrade the overall performance of an airplane (ref. 5). With the
previous version of the program (ref. 1), only the effect of roughness on
boundary-layer transition could be considered. Fixed transition points could
be specified using transition mode 1 or 2, whereas premature transition due to
distributed roughness or free-stream turbulence could be analyzed using
transition modes greater than 3. (See "RE Card," ref. 1, p. 56.)

In the present version of the program, an option has been added which
allows the analysis of the effect of single roughness elements on a turbulent
as well as a laminar boundary layer. The method is described in detail in
reference 5 and reviewed below.

The increase 462 of the boundary-layer momentum thickness &, due to a
single roughness element of height h is assumed to depend only on the local

uph
roughness Reynolds number Rh = —%— where up is the x-component of the

velocity in the turbulent boundary layer at a distance h from the surface.
For a turbulent boundary layer, the increase of &, due to the roughness
element is assumed to be :

h h
(o}

]
o
—
[6,]

1=

where ¢ is the airfoil chord and U, is the free-stream velocity. An expres-
sion for the ye]ocity un is taken from reference 6 and transformed to the
variables available in the boundary-layer method. This yields

Un _ U h
T Ce [2.17 ]n(\’CfU_RE' )+ 6.5]

o«

T
where U is the local potential-flow velocity, C¢ (= ——%-)is the local skin-
Uc pU

friction coefficient, and R (= = is the Reynolds number based on free-

stream conditions and airfoil chord. In the skin-friction coefficient, 10 is
the shear stress at the wall and p 1is the air density.
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If the boundary layer is laminar at the position of the roughness element,
transition is assumed to occur at that position. This is specified as h = 0
which acts as a "latest" transition point. Upstream of that position, any
transition mode except 1 or 2 (fixed transition) is allowed. This approach is
more logical for many analyses than fixed transition, in front of which no
other transition criterion 1s applied except transition following laminar
separation. Fixed transition (mode 1 or Zg alone could result in delayed
transition at some (high) angles of attack - an effect which is obviously not
intended.

RE Card

F-words 11-14 contain the data for single roughness elements. These
words previously only contained the transition points for transition
modes 1 and 2 (fixed transition).

If F1g4 <0, F-words 11-14 specify single roughness elements and,
therefore, transition modes 1 and 2 cannot be used. The five

digits of Fy3 - F 4 are denoted abbcc. For Fqy - Fi3,_ 2 is
efther a b]anl or For Fya, @ is a minus sign (-). The digits
bb specify the location of lﬁe roughness element xp in percent
chord. The digits cc which are read as 0.cc specify the roughness
height h in percent chord, Thus, roughness heights can be specified
over the range 0.0001 < h/c < 0.0099. Fy; and F12 specify roughness
elements on the upper surface whereas Fy3 and F are for the
lower surface. If xp =0 s specified, no roughléss element is
introduced for that F-word. Thus, 0, 1, or 2 roughness elements can
be specified on each surface. S

Fu - F are read from each RE card which specifies at least one
Reyno1as numaér. The roughness elements remain in effect until an RE card
with Fy # 0 1is read.

Roughness elements can only be analyzed at positions which are actual air-
foil coordinates. If xg 1is specified at an x/c_which does not correspond
to any of the airfoil coordinates, the roughness-element location is shifted
to the next airfoil coordinate downstream of xg. If there is no airfoil
coordinate close enough to the desired roughness-element location, one can be
inserted using a PAN or FXPR card. (See ref. 1.)

Examples

The following RE card specifies two roughness elements on the upper
surface at x/c = 0.60 and x/c = 0.80, each with a height h/c = 0.0010, and

one roughness element on the lower surface at = 0.
h/c = 0.0015. x/c = 0,70, with a height

RE 03 4000 6010 2010 0000-7015

.T PO IHIIﬂnul’llllulllullllﬂllIlllllllll‘lll.llﬂ.ll.llllllllnhIlllllIllﬂnllll?lll'lll'l!lll"ll.l
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The following RE card specifies the same roughness elements on the upper
surface and none on the lower surface.

RE 03 4000 6010 8010¢ 0000-VUU1

.1!0! T IIIRHBUNR NSNS DNREN RN RN A NANNNDQHCEUAGI GG BN NN NN NDENCURERUNERTNANARNED
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Figure .- Variable geometry. (Airfoil 664; & = 0° relative to chord line)
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Figure 2. - Diagram without boundary-layer displacement iteration.
( a =00 - 99 relative to zero-lift line)
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Figure 3. - Diagram with boundary-layer displacement iteration.
( a relative to zero-lift line)
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Figure 3. - Continued.
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Figure 3. - Continued.
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Figure 3. - Continued.
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Figure 3. - Continued.
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Figure 4. - Diagram with and without boundary-layer displ acement iteration.
( a relative to zero-lift line)

28






