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Understanding Polars
Without Math
Part 2

Bill Kuhlman




» Determining the Lift to Drag Ratio (ci/cq)
and Finding the Optimum Lift Coefficient (Ciopt)
* Applying Section Characteristics
to a (planar) Wing
it All Together




» Determining the Lift to Drag Ratio (c/cq)
and Finding the Optimum Lift Coefficient (ciop)
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* Applying Section Characteristics
to a (Planar) Wing

Non-planar wings include wings with end plates, winglets, or
Ing tips, C-wings, multi-wings (biplanes,

nd joined wings. Turbine blades are
rate within “cascade flow.”
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Charts and Tables




Charts 1-6
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Chart 1 - Chord, V, and Re
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Chart 2 — Wing loading, V, and C



FAI min. '

i

8888888888
111111111

o -
=
9( .
6 2=
SR B
g .

EZZ% LA 1




WING LOADING in oz/ft?
8 10

4 6
2400 /' /
2200 / /
/ 12
2000 /
1800 /
14
1600
/ 16
1400 /
/ 18
/ »
1200
22
o 24 / 24
2, 1000
5 /
£ 20
£ 18 § /
a & /
Q 16 — £ /
914 %
O 12 — | >
gm | — 7]
< 8 . — £
o <
w %4 — L
z 4= <
NSRS A S A S AN AT Sy e T A m
48 60 72 84 9% 108 120 132 144 156 80 96 112 128 144 160 176

SPAN in inches WEIGHT in ounces

Chart 3 — Span, chord, and area
Area, weight, and wing loading
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Chart 4 - Chord, span, and aspect ratio
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Chart 5 — Chord, area, and aspect ratio
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Tables 1, 2, and 3.3




LIFT COEFFICIENT
1 .2 3 4 5 .6 7 .8 9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

5 .0006 .0025 .0057 .0102 .0159 .0229 .0312 .0407 .0516 .0637 .0770 .0917 .1076 .1248 .1432 .1630 .1840 .2063

A

g 7 .0005 .0018 .0041 .0073 .0114 .0164 .0223 .0291 .0368 .0455 .0550 .0655 .0768 .0891 .1023 .1164 .1314 .1473
E 10 .0003 .0013 .0029 .0051 .0080 .0115 .0156 .0204 .0258 .0318 .0385 .0458 .0538 .0624 .0716 .0815 .0920 .1031
gf 12 .0003 .0011 .0024 .0042 .0066 .0095 .0130 .0170 .0215 .0265 .0321 .0382 .0448 .0520 .0597 .0679 .0767 .0859
R 15 .0002 .0008 .0019 .0034 .0053 .0076 .0104 .0136 .0172 .0212 .0257 .0306 .0359 .0416 .0477 .0543 .0613 .0688
¢‘ 20 .0002 .0006 .0014 .0025 .0040 .0057 .0078 .0102 .0129 .0159 .0193 .0229 .0269 .0312 .0358 .0407 .0460 .0516
é) 25 .0001 .0005 .0011 .0020 .0032 .0046 .0062 .0081 .0103 .0127 .0154 .0183 .0215 .0250 .0286 .0326 .0368 .0413

30 .0001 .0004 .0010 .0017 .0027 .0038 .0052 .0068 .0086 .0106 .0128 .0153 .0179 .0208 .0239 .0272 .0307 .0344

INDUCED DRAG COEFFICIENT AS RELATED TO ASPECT RATIO AND LIFT COEFFICIENT

Table 1 — D vs. aspect ratio and C.




LIFT COEFFICIENT

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

0.001 100.0 200.0 300.0 400.0 500.0 600.0 700.0 800.0 900.0 1000 1100 1200 1300 1400 1500 1600 1700 1800
0.002 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0 550.0 600.0 650.0 700.0 750.0 800.0 850.0 900.0
0.003 333 66.7 100.0 133.3 166.7 200.0 233.3 266.7 300.0 333.3 366.7 400.0 433.3 466.7 500.0 533.3 566.7 600.0
0.004 25,0 500 750 100.0 125.0 150.0 175.0 200.0 225.0 250.0 275.0 300.0 325.0 350.0 375.0 400.0 425.0 450.0
0.005 20.0 400 600 80.0 100.0 120.0 140.0 160.0 180.0 200.0 220.0 240.0 260.0 280.0 300.0 320.0 340.0 360.0
D 0.006 16,7 333 500 66.7 833 100.0 116.7 133.3 150.0 166.7 183.3 200.0 216.7 233.3 250.0 266.7 283.3 300.0
R 0.007 143 286 429 571 714 857 1000 1143 1286 1429 1571 171.4 1857 200.0 214.3 228.6 2429 2571
A 0.008 125 250 375 500 625 750 875 100.0 1125 125.0 1375 150.0 1625 175.0 187.5 200.0 2125 225.0
G 0.009 111 222 333 444 556 667 778 889 1000 111.1 1222 133.3 1444 155.6 166.7 177.8 188.9 200.0
0.010 10.0 20.0 300 400 500 600 700 800 90.0 100.0 110.0 120.0 130.0 140.0 150.0 160.0 170.0 180.0
C 0.011 91 182 273 364 455 545 636 727 818 909 1000 109.1 1182 1273 136.4 1455 1545 163.6
o 0.012 83 167 250 333 417 500 583 66.7 750 833 917 1000 108.3 116.7 1250 133.3 141.7 150.0
E 0.013 77 154 231 308 385 462 538 615 692 769 846 923 1000 1077 1154 123.1 130.8 1385
= 0.014 71 143 214 286 357 429 500 571 643 714 786 857 929 100.0 107.1 1143 1214 128.6
F 0.015 6.7 133 200 267 333 400 467 533 600 667 733 800 867 933 1000 106.7 113.3 120.0
| 0.016 62 125 188 250 313 375 438 500 563 625 688 750 813 875 938 1000 1063 1125
C 0.017 59 118 176 235 294 3583 412 471 529 588 647 706 765 824 882 941 100.0 1059
| 0.018 56 111 167 222 278 333 389 444 500 556 611 667 722 778 833 889 944 1000
E 0.019 53 105 158 211 263 316 368 421 474 526 579 632 684 737 789 842 895 947
N 0.020 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900
T 0.021 4.8 95 143 190 238 286 333 381 429 476 524 571 619 667 714 762 810 857
0.022 4.5 91 136 182 227 273 318 364 409 455 500 545 591 636 682 727 773 818
0.023 4.4 87 130 174 217 261 304 348 391 435 478 522 565 609 652 696 739 783
0.024 4.2 83 125 167 208 250 292 333 375 417 458 500 542 583 625 66.7 708 750
0.025 4.0 80 120 160 192 240 280 320 360 400 440 480 520 560 600 640 680 720
0.026 3.8 77 115 154 185 231 269 308 346 385 423 462 500 538 577 615 654 69.2
0.027 3.7 74 111 148 185 222 259 296 333 370 407 444 481 518 555 593 630 66.7
0.028 3.6 71 107 143 172 214 250 286 321 357 393 429 464 500 536 571 607 643
0.029 3.5 69 103 138 167 207 241 276 310 345 379 414 448 483 517 552 586 62.1
0.030 3.3 6.7 100 133 161 200 233 267 300 333 367 400 433 467 500 533 56.7 600

LIFT TO DRAG RATIO

Table 2 - Caq, C, and C/C4 or

Co, C., and C_/Cp
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15
145

13.5
13
125
12
115
11
10.5

mroOZ>
®
o

MmO

XO0>AHA4>
n

15.00
14.50
14.00
13.50
13.00
12.50
12.00
11.50
11.00
10.50
10.00
09.50
09.00
08.50
08.00
07.50
07.00
06.50
06.00
05.50
05.00
04.50
04.00
03.50
03.00
02.50
02.00
01.50
01.00
00.50
00.00
-0.50
-1.00
-1.50
-2.00
-2.50
-3.00
-3.50
-4.00
-4.50
-5.00

15.18
14.68
14.18
13.68
13.18
12.68
12.18
11.68
11.18
10.68
10.18
09.68
09.18
08.68
08.18
07.68
07.18
06.68
06.18
05.68
05.18
04.68
04.18
03.68
03.18
02.68
02.18
01.68
01.18
00.68
00.18
-0.32
-0.82
-1.32
-1.82
-2.32
-2.82
-3.32
-3.82
-4.32
-4.82

15.36
14.86
14.36
13.86
13.36
12.86
12.36
11.86
11.36
10.86
10.36
09.86
09.36
08.86
08.36
07.86
07.36
06.86
06.36
05.86
05.36
04.86
04.36
03.86
03.36
02.86
02.36
01.86
01.36
00.86
00.36
-0.14
-0.64
-1.14
-1.64
-2.14
-2.64
-3.14
-3.64
-4.14
-4.64

15.55
15.05
14.55
14.05
13.55
13.05
12.55
12.05
11.55
11.05
10.55
10.05
09.55
09.05
08.55
08.05
07.55
07.05
06.55
06.05
05.55
05.05
04.55
04.05
03.55
03.05
02.55
02.05
01.55
01.05
00.55
00.05
-0.45
-0.95
-1.45
-1.95
-2.45
-2.95
-3.45
-3.95
-4.45

_4
15.73
15.23
14.73
14.23
13.73
13.23
12.73
12.23
11.73
11.23
10.73
10.23
09.73
09.23
08.73
08.23
07.73
07.23
06.73
06.23
05.73
05.23
04.73
04.23
03.73
03.23
02.73
02.23
01.73
01.23
00.73
00.23
-0.27
-0.77
-1.27
-1.77
-2.27
-2.77
-3.27
-3.77
-4.27

EQUIVALENT ANGLE OF ATTACK; ASPECT RATIO =10

_.5
15.91
15.41
14.91
14.41
13.91
13.41
12.91
12.41
11.91
11.41
10.91
10.41
09.91
09.41
08.91
08.41
07.91
07.41
06.91
06.41
05.91
05.41
04.91
04.41
03.91
03.41
02.91
02.41
01.91
01.41
00.91
00.41
-0.09
-0.59
-1.09
-1.59
-2.09
-2.59
-3.09
-3.59
-4.09

LIFT COEFFICIENT

_.6
16.09
15 59
1509
14 59
14 09
13 59
1309
12 59
12.09
11.59
11.09
10.59
10.09
09.59
09.09
08.59
08.09
07.59
07.09
06.59
06.09
05.59
05.09
04.59
04.09
03.59
03.09
02.59
02.09
01.59
01.09
00.59
00.09
-0.41
-0.91
-1.41
-1.91
-2.41
-2.91
-3.41
-3.91

_7
16.28
15.78
15.28
14.78
14.28
13.78
13.28
12.78
12.28
11.78
11.28
10.78
10.28
09.78
09.28
08.78
08.28
07.78
07.28
06.78
06.28
05.78
05.28
04.78
04.28
03.78
03.28
02.78
02.28
01.78
01.28
00.78
00.28
-0.22
-0.72
-1.22
-1.72
-2.22
-2.72
-3.22
-3.72

_.8
16.46
15.96
15.46
14.96
14.46
13.96
13.46
12.96
12.46
11.96
11.46
10.96
10.46
09.96
09.46
08.96
08.46
07.96
07.46
06.96
06.46
05.96
05.46
04.96
04.46
03.96
03.46
02.96
02.46
01.96
01.46
00.96
00.46
-0.04
-0.54
-1.04
-1.54
-2.04
-2.54
-3.04
-3.54

_9
16.64
16.14
15.64
15.14
14.64
14.14
13.64
13.14
12.64
12.14
11.64
11.14
10.64
10.14
09.64
09.14
08.64
08.14
07.64
07.14
06.64
06.14
05.64
05.14
04.64
04.14
03.64
03.14
02.64
02.14
01.64
01.14
00.64
00.14
-0.36
-0.86
-1.36
-1.86
-2.36
-2.86
-3.36

1.0

16.82
16.32
15.82
15.32
14.82
14.32
13.82
13.32
12.82
12.32
11.82
11.32
10.82
10.32
09.82
09.32
08.82
08.32
07.82
07.32
06.82
06.32
05.82
05.32
04.82
04.32
03.82
03.32
02.82
02.32
01.82
01.32
00.82
00.32
-0.18
-0.68
-1.18
-1.68
-2.18
-2.68
-3.18

17.01
16.51
16.01
15.51
15.01
14.51
14.01
13.51
13.01
12.51
12.01
11.51
11.01
10.51
10.01
09.51
09.01
08.51
08.01
07.51
07.01
06.51
06.01
05.51
05.01
04.51
04.01
03.51
03.01
02.51
02.01
01.51
01.01
00.51
00.01
-0.49
-0.99
-1.49
-1.99
-2.49
-2.99

17.19
16.69
16.19
15.69
15.19
14.69
14.19
13.69
13.19
12.69
12.19
11.69
11.19
10.69
10.19
09.69
09.19
08.69
08.19
07.69
07.19
06.69
06.19
05.69
05.19
04.69
04.19
03.69
03.19
02.69
02.19
01.69
01.19
00.69
00.19
-0.31
-0.81
-1.31
-1.81
-2.31
-2.81

1.3

17.37
16.87
16.37
15.87
15.37
14.87
14.37
13.87
13.37
12.87
12.37
11.87
11.37
10.87
10.37
09.87
09.37
08.87
08.37
07.87
07.37
06.87
06 37
05 87
0537
04 87
04 37
03 87
03 37
02.87
02.37
01.87
01.37
00.87
00.37
-0.13
-0.63
-1.13
-1.63
-2.13
-2.63

1.4

17.55
17.05
16.55
16.05
15.55
15.05
14.55
14.05
13.55
13.05
12.55
12.05
11.55
11.05
10.55
10.05
09.55
09.05
08.55
08.05
07.55
07.05
06.55
06.05
05.55
05.05
04.55
04.05
03.55
03.05
02.55
02.05
01.55
01.05
00.55
00.05
-0.45
-0.95
-1.45
-1.95
-2.45

1.5

17.74
17 24
1674
16 24
1574
15.24
14.74
14.24
13.74
13.24
12.74
1224
11.74
1124
10.74
10.24
09.74
09.24
08.74
08.24
07.74
07.24
06.74
06.24
05.74
05.24
04.74
04.24
03.74
03.24
02.74
02.24
01.74
01.24
00.74
00.24
-0.26
-0.76
-1.26
-1.76
-2.26

Table 3.3 - AOA, C,, and AoA.iv at AR=10
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Putting It All Together
* Exercise 1
* Exercise 2
* Exercise 3

cise 4



e Exercise 1




Find the stalling speed of a sailplane

and the angle of attack and Reynolds number at
which it occurs.

Then find the cq4 and actual angle of attack of the
salil Ing section at a C, of 0.5.




* Note the sailplane wing loading (using Chart 3 if necessary)
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* Find the wing loading value on Chart 2 and draw a horizontal
line across the chart




* Determine wing spect ratio (using Chart 4 if necessary)

20

=10
—T® AR=12

AVERAGE CHORD in inches

=15
8
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AR=25 |-
6 »
=30

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

SPAN in inches




* Using the appropriate Table (aspect ratio 10) to find the new C,
curve.

* Find the angle of attack for C max

Re = 10°




* Find the curve on Chart 2 that matches the wing section C. max

* Find the Velocity by dropping a vertical line




* Using Chart 1, draw a vertical

/ /JJOOO
line through the (average) chord 0 Z
axis note where it intersects 2 /-iZE
stall speed. A A
- - / 150
* Draw a horizontal line through " L 4
the intersection to determine Re o / 7 /j / 7 fe
at stall. ; ‘) 1=t
: / /]




* Draw a horizontal line through ¢=0.5

* As previously for stall, find Re at C,=0.5 (may have to
Interpolate). Does not account for D,.

* Now find angle of attack at C,=0.5

Re = 10°
2x10° AR = oo [1

. 3x10° >
C : - - AK = 10
/




 Exercise 2




Find the moment coefficient (cm4) Of the wing
section at best c/c, for a specific Reynolds
number of your choosing.

Determine the velocity for that Re.

Then find the wing loading needed to achieve
this performance.




* Find best cl/cd for chosen Re
* Draw horizontal line through point

* Draw vertical line through cm,c/4 curve

» Draw horizontal line through intersection




* On Chart 1 find V based on chosen Re and (average) wing
chord

* From Chart 2, with V and CL known, find the wing loading
required for this V.

A




 Exercise 3




First, find the velocity of your sailplane for each
of the polar cq curves.

Then construct a polar diagram for your model
which relates the section cq to the sailplane C,
at each of these velocities.

Finall ct another polar diagram which

ates cq4 to Cjopt.




e Determine the Re values for each ¢4 curve

Re =10°
2x10°
3x10°




* Determine the V for each of these Re by using Chart 1
* Find the wing loading from Chart 3

* From Chart 2, and knowing the wing loading, find the sailplane
C. for each V
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* Draw the C. curve based on wing aspect ratio

* Draw a horizontal line through each C, value and across the
appropriate cq curve

e Connect cq4 intersections with a new curve

Re = 10°




* Vertical lines from the intersections on the C. curve give AoA for
each Reynolds number

Re = 10° G

2x10° —1

- 3x10° - i
CI J ,,,,,,,,,,, ’// :




* Draw lines from O’ tangent to each cq4 curve to determine I/d max

* A curve through each intersection will provide c, o for a range of
Reynolds number

Re = 10°
2x10°
3x10°




e Exercise 4




Assume a tailless sailplane using the EH 2,0/10,0
airfoil across the span.

The span is 100" and the chord is a constant 10"
The fuselage has a constant cqy of 0.005.
The glider weighs 75 ounces.

—

D

e alrcraft maximum L/D.




1 EH2,0/10.0

Re = 10°
. S

¢] — 20

] 4x10




Find the aspect ratio on Chart 4
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Wing area (1000 in?) is found on the left side of Chart 3, the
wing loading is determined by using the right side of Chart 3
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Use Chart 1 to find V for Use Chart 2 and 11 oz/ft?
each of the cq4 curves. to determine the C, for
Re =10°, V =13 mph each of the Vs found.

Re = 2x10°, V = 26 mph

Re = 3x10°, V = 52 mph
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Polar for EH 2.0/10.0 (2% camber, 10% thickness)

* Cq curves are not real curves, but connected straight line segments

* No clearly defined stall point on the ¢ curve

* The ¢y, curve is superimposed over the AoA axis, so ¢, = ~0.0 over entire range
* Note the S.U., T.U., and T.L. curves on the right side of the polar

] EH2.0/10.0
- Re = 10°
C 2x10°
! 4x10°
0.5
0 |




* Horizontal lines through each of the ¢, values determined previously
* Note: The cq4 curve for Re = 10° does not go past ¢
11 oz/ft? is over 1.4, so there’s no intersection with the Re = 10° ¢4 curve
* Construct a cq4 curve for Re = 1.5x10° through interpolation. V at Re = 1.5x10° is
19.5 mph and the required ¢, is 0.7 (within cq range depicted on polar)
* Now connect the three intersection points

~0.7, but CL required for

1 EH 2.0/10.0 i 1
1 Re =10° - -
0 2107 i} /
Z%10° | , :
g | terpolated cy
0.5 / for Re = 1.5x10°
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_ , -0.05
: - £ 5 5 a°10 15
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- 5 10 5 103Cd 20 - 0.5 1
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* From Table and using aspect ratio = 10, find the Cp, for each C, value
* Add these induced drag values to the newly constructed cq4 curve
* This results in a Cp curve because the effects of aspect ratio have been

incorporated
1' EH 2,0/10.0 | 1
Re = 10° -
o 2x10°
4x10™ e "
0.5 . d __—
: ; / ‘// :
1AL
- - Z -5 5 a°10 15
O ||||||=|=|!|=||=|!=|!|
T I 1 ¥ I 1 ¥ I 1] H 1 ¥
- 5 10 15 103Cd 20 0.5 1
0.05 -




* Now add the fuselage drag, cq = 0.005, to the last curve
* This last curve represents total aircraft drag, including wing profile drag (cq.w),
induced drag (cq,), and fuselage drag (Cq;)

1 17 EH2,0/10.0 1
i Re = 105
3 1 ox10° |
| 4x105 ——— :
0 5d /‘ >
//// -
- .
~TIT .
// // 0-65 i
: AR OO AP AP ;
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* Draw a straight line from the Origin O’ tangent to the last curve to find L/Dmax
* The best L/D occurs at C. = 0.53, Cp = 0.026
* From Table 2, determine the L/D represented by that point.

EH 2,0/10.0

Re = 10°

J 5 5
¢ | 2x105 i
4x10




* The best L/D for this sailplane is 20.4 (The best I/d at Re = 2x10° is 57.25 as
shown in the polar below)
* Use Chart 6 to determine the sink rate

1 EH 2.0/10.0
1 Re = 10° g
a CI i 2X105 ’ -
T 4x10° 7
0.5 ///
O I ¥ I ‘l\\'\\l L I [ ] 3 I
- 5 10 . 5 10 Cy 20
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What performance improvements would you expect to find if
* Span is increased to 120™? * Aircraft weight is lowered to 60 ounces?
* The fuselage is eliminated?

Here’s the polar for the EH 1,0/9,0 (Camber = 1.0%, thickness = 9.0%). It has half
the camber and is 1.0% thinner than the EH 2,0/10,0. Compute the best L/D.

EH 1,0/9.0

Re = 10°
2x10° ¥
4x10° ¢




The End
of Part 2
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