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Wind Tunnel Test of a Propeller
Working in a Low Reynolds Number Range

Kingo TAKASAWA, Masataka HASHIDATE

and Osamu NONAKA

ABSTRACT

An optimum design propeller, whose representative Reynolds number is 1 ~ 2 X 10°, has been

tested in the NAL large low-speed wind tunnel. The test results, after removing the wind tunnel

interference effects, were compared with predictions by a computer program based on Adkins and

Liebeck’s theory. Thrust predictions show very good coincidence with test results. Torque predictions

show fairly good coincidence. The difference between the theoretical predictions and experimental

values are thought to be attributable to the shrinkage of the drag bucket in propeller blade sections,

compared with the two-dimensional airfoil data. The aerodynamics design method of propellers working

in low Reynolds number range has been established. The computer program is very useful in designing

propellers for man-powered airplanes and motor soarers, as well as microwave powered airplanes.
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ag -0. 031663 0.010801 | -0.011135 | -0.054756
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1 & B

10 REM #x%xkkxk MAYO7O0 x*xx%x%%xx 7TH MAY 1990

20 REM x**x*x%% ADKINS F LIEBECK ./ 7°DA*3 YO skskokx*

30 WIDTH 1120,1440

40 CONSOLE 1,48,0

50 DIM CL(3,45),CD(3,45),R(40),AL(40),TP(40),EPS(40),FC(40),W(40)
60 DIM DI1(40),D12(40),DJ1(40),DJ2(40),RE(40),C(40),PHI(40),BET(40)
70 DIM Y1(40),Y2{40),DTHR(40),DPWR(40)

80 REM x*x%x%x% FX63-137 327h™% ) 29)% F -9 / 3IIIT ***xk

90 FOR I=0 TO 3 : FOR J=1 TO 45 : READ CL(1,J) : NEXT J : NEXT 1
100 FOR I=0 TO 3 : FOR J=1 TO 45 : READ CD(I,J) : NEXT J : NEXT 1
110 REM

120 REM

130 REM xxxxx J9UY Y49™4 ) 7°0O7° 7 / bylrd seskokokk

140 REM xxxx%x 573929 3™ HAB37309> ) tyF4{ skxskx

150 PI=3.14159 : RHO=1.225 : NU=1.4607E-05 : P0=1200 : TO=0 : IM=40
160 B=2 : RT=1.287 : RR=RT=*.2 : VC=21.,1976 : RPS=5 : OMG=2xPI%*RPS
170 REM k% YUY 5> /) tyF4 skk

180 DR=(RT-RR)/IM : FOR I=0 TO IM : R(I)=RR+DRx1 : NEXT I

190 REM %% tyb4 LhIhD 7°27)° ) tLyTA dxx

200 ALP=0%PI/180 : FOR I=0 TO IM : AL(CI)=ALP : NEXT I

210 REM *#%x VS,TPT,TP(I),EPS(1) / S3%F by 4 sx*

220 VS=0 : TPT=VC/ (OMGx*RT)

230 FOR 1=0 TO IM : TP(I)=VC/(OMG*R(I)) : EPS(I)>=0 : NEXT 1

240 REM xx% TC 9N PC / 49> *xx

250 C1=RHO*PI*(VC%RT)"2/2 : C2=Cl1l%*YC : TC=T0/Cl : PC=P0O/C2

260 REM k%% ZUNLY J4YD kkkxk

270 VSP=VS : IR=IR+1 : CPT=SQR(1/(1+TPT"2)) : SPT=TPT*CPT

280 REM *xx FC(l) ./ Y49 xxx*

290 FOR I1=0 TO IM : FS=B*(RT-R(1))/(2*%RT*SPT) : FS=(FS+ABS(FS))/2
300 FC(I)=(2/PI)*ATN(SQR(EXP(2%FS)-1))

310 REM #x%» A F AP / J4Y> %kxx

320 CP=SQR(1/(1+TP(1)%2)) : SP=TP(I1)*CP : A=VS*CP 2% (1-EPS(I)*TP(I))/(2%VC)
330 .AP=VS*CP*SP*(1+4EPS(I)/TP(I))/ (2%OMG*R(1))

340 REM *»x TP(I), O WCIY J 74 Y kkx

350 TP(I)=VC/(OMG*R(I))*(1+A)/(1-AP) : CP=SQR(1/(1+TP(1)"2)) : SP=TP{(1)=*»CP
360 W(I)=SQR((VCx(1+A)) "2+ (OMG*R(1)%(1-AP))"2)

370 REM %% DI1(I),DI2(I),DJ1(CI1),DJ2(1) 7/ Y48 »xxx%

380 C3=4%(R(I)/RT)*(OMG*R(I1)/VC)*FC(I1)*SP*CP/RT

390 DI1(I)=C3%(1~-EPS(I)*TP(I))

400 DI2(1)=(VC/(2*OMG*R(I)))*DI1(1)*(1+EPS(I)/TP(1))%*SP*CP

410 DJ1(1)=C3%(1+EPSCI)/TP(I))

420 DJ2(I1)=(DJ1(13)/2)*(1-EPS(I)*TP(I))»*CP"2 : NEXT 1

430 REM *%x% 32 7°VULV2 = 3N 3772 5 CI1, Cl2, CJ1, CJ2 3 ErANL %%
440 CJ1=0 : CI2=0 : CJ1=0 : CJ2=0

450 FOR 1=0 TO IM-2 STEP 2

460 CI1=Cl1+DI1(I>)+4%DI1(I+1)+DI1(1+2) : Cl2=CI2+DI2(1)+4%DI2(1+1)+DI2(1+2)
470 CJ1=CJ1+DJ1(I)+4%DJ1([+1)+DJ1(1+2) : CJ2=CJ2+DJ2(I)>+4%DJ2(1+1)>+DJ2(1+2)
480 NEXT 1

480 Cl11=CIl1%DR/3 : CI2=Cl2%DR/3 : CJ1=CJ1%*DR/3 : CJ2=CJ2%DR/3

500 REM »%x%x VS, T, P ./ 49> *x*x

510 IF P0O=0 THEN 520 ELSE 540 ,

520 C4=Cl1/(2%ClI2) : VS=VCx(C4-SQR(C4"2-TC/CI2))

530 P=C2%(VS/VC)*(CJ1+(VS/VC)*CJ2) : GOTO 560

540 C5=CJ1/(2%CJ2) : VS=VC*(-C5+SQR(C5"2+PC/CJ2))

550 T=Cl%{(VS/VC)%(CI1-(VS/VC)%*Cl2)

560 REM %% RE b CL / 549> x%x

570 REN=80000!

580 FOR 1=0 TO IM : ID=0 : IF I=IM THEN 690

590 CP=SQR(1/(1+TP(1)72)) : SP=CPxTP(I) : ALP=AL(I)

600 1S=]D-3%FIX(ID/3) : GOSUB %*SUBCL
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610 WC=4xPI*R(I)*FC(I)*VS*SP*CP/(B*CLN) : REN=WC/NU : RE(IS)=REN : ID=ID+1
620 IF 1S<>2 THEN 600

630 IF ABS(RE(2)-RE(1))<20 THEN 650

640 REN=(RE(1)"2-RE(0)*RE(2))/(2*RE(1)-RE(0)-RE(2)) : GOTO 600

650 REM x*%% EPS(I), C, PHI J 749> »x%x

660 GOSUB *SUBCD

670 EPS(I1)=CDN/CLN : C(1)=WC/W(I) : PHI(IXY=ATN(TP(I)) : BET(I)=AL(I)+PHI(I)
680 GOTO 700

690 REN=0 : C(IM)=0 : WC=0 : PHICIM)=ATN(TP(IM)) : BET(IM)=AL(CIM)+PHI (IM)
700 REM PRINT R(I)/RT, "RE";REN, "C";C(l), "BET";BET(I), "GAM":WC*CLN/2
710 NEXT 1 : EPS(IM)Y=EPS(IM-1) : TPT=TP(IM)

720 IF ABS(1-VSP/VS)>1E-04 THEN 260

730 PRINT "2a9Y% 94%~4 J 7°0A* 5 J byy4"

740 PRINT "IM':;IM, "RHO";RHO, "NU";NU

750 PRINT "B";B, "“RT";RT, "RR";RR, "VC";VC, "RPS";RPS

760 PRINT “TO";TO, "PO";PO, "VS";VS, "T";T, "ETA":T*VC/PO

770 REM :

780 REM

790 REM xxxkk TLYTLFIN™4 4D T4YL wkskokk

800 PRINT " twhy4F N4 t4/)%9 ¥4y, v

810 REM =*xx%x 3™3N29 T3> r4Y5573%Y> /) tyF{ #kkxk

820 RHO=1.225 : NU=1.4607E-05 : VC=21.1976 : RPS=5 : OMG=2%P]%RPS
830 THE=0%*P1/180

840 PRINT "RHO";RHO, "NU";NU, "VC":VC, "PPS";RPS, "THED";THEx180/PI
850 REM *%% A,AP,TPT ./ 33%F byYFA{ skokxk

860 A=0 : AP=0 : TPT=VC/(OMG*RT) : IR=0

870 REM Xxx%xk 2UN1Y YAV skkkk

880 IR=IR+1 : FOR I=0 TO IM

890 REM *%* TP(I),PHICI)Y,W(I) J Y492 %%

900 TP(I)=VC/(OMG*R(I))*(1+A)/(1-AP) : PHI(CI)=ATN(TP(1))

910 CP=SQR(1/(1+TP(I)"2)) : SP=TP(I)*CP

920 W(I)=SQR((VC*(1+A))" 2+ (OMG*R(1)*(1-AP))"2)

930 REM *x%xx 273% LhIND /] 749> *%%

940 ALP=BET(1)+THE-PHI(I)

950 REM x%xx FC(I) / %4Yy k%

960 CPT=SQR(1/(1+TPT"2)) : SPT=TPT*CPT : FS=B*(RT-R(1))/(2*%RT*SPT)
970 FS=(FS+ABS(FS))/2 : FC(1)=(2/P1)*ATN(SQR(EXP(2%FS)-1))

980 REM *x* REN,CLN #3t™~ EPS(I) ./ 7MYl *x*xx%

990 REN=W(I)>*C(I1)/NU : GOSUB *SUBCL : GOSUB *SUBCD : EPS(I)>=CDN/CLN
1000 REM *xx A F AP /J Y4Y> sk

1010 IF I=IM THEN 1070

1020 A=B*W(I)"2%C(1)/ (2%PI*R(1)*VC"2*FC(I))*CLN

1030 A=(-1+SQR(1+A%CP*(1-EPS(1)*TP(I1))))/2

1040 AP=BxW(I)"“2%C(I1)*CLN/ (8*PI1*R(1)"2%VC*OMG*FC(I))

1050 AP=AP*SPx(1+EPSCI)/TPC(I))/(1+A) : Y1(I)=A : Y2(I)=AP

1060 GOTO 1090

1070 Y1 (IM)=2%Y1(IM-1)-Y1(IM-2) : Y2(IM)=2%xY2(IM-1)-Y2(IM-2)

1080 A=Y1(IM) : AP=Y2(IM) : TPT=TP(IM)

1090 NEXT 1

1100 IF IR<4 GOTO 880

1110 REM *%% 249327 » N7 J DAY k%

1120 THR=0 : PWR=0 : C6=4%P]*RHO*YC"2 : C7=4%PI*RHO*VC*OMG

1130 FOR I=0 TO IM ‘

1140 DTHR(ID=(1+Y1 (I *Y1(I)*R(I)*FC(I)

1150 DPWR(ID=(¢1+Y1(I))*Y2CI)>*R(I) "3%FC(I)*OMG

1160 NEXT 1

1170 FOR 1=0 TO IM-2 STEP 2

1180 THR=THR+DTHR(I)+4%DTHR(I1+1)+DTHR(1+2)

1190 PWR=PWR+DPWR(1)+4%xDPWR(I+1)+DPWR(1+2)

1200 NEXT 1
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1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640
1650
1660
1670
1680
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800

KL A4/ VXEEO T o~x5 RARAR

THR=C6*THR*DR/3 : PWR=C7*PWR*DR/3 : ETA=THR*VC/PWR
PRINT "THR";THR, "PWR";PWR, "ETA",ETA

END

REM

REM *k*% 29U% 7429 /) &> *SUBCL, *SUBCM, *SUBCD s#*#kx*
*SUBCL

GOSUB *SUBCLASS
CL1=(-CL(I11,J1)*(REN-RE2)+CL(12,J1)*(REN-RE1))/(RE2-RE1l)
CL2=(-CL(11,J2)%(REN-RE2)+CL(12,J2)*(REN-RE1))/(RE2-RE1)
CLN=(-CL1*(ALD+20-J2)+CL2%*(ALD+20-J1))

RETURN

REM

*SUBCD

GOSUB =*SUBCLASS
CD1=(-CD(I1,J1)*(REN-RE2)+CD(12,J1)*(REN-RE1))/(RE2-RE1)
CD2=(~-CD(I11,J2)*(REN-RE2)+CD(I2,J2)*(REN-RE1))/(RE2-RE1)
CDN=(-CD1* (ALD+20-J2)+CD2% (ALD+20-J1))

RETURN

*SUBCLASS

ALD=ALP*180/PI

IF ALD<-198 THEN ALD=-19

IF ALD>24 THEN ALD=24

J1=INT(ALD)+20 : J2=J1+1

IF REN<50000! THEN REN=50000!

IF REN>350000! THEN REN=350000!

IF REN<C100000! THEN 1470 ELSE 1480

RE1=60000! : RE2=100000! : I1=0 : I2=1 : GOTO 1510

IF REN<130000! THEN 1490 ELSE 1500

RE1=100000! : RE2=130000! : I1=1 : 12=2 : GOTO 1510
RE1=130000! : RE2=260000! : I1=2 : [2=3

RETURN

REM

REM xokskokskk CLDDT skkkkk

35

REM #*x%x CLDT 4% ./ 1803 / 57~-% N DECO98L J 2294327 } AP=DA" I #kk*

DATA -.291806, -.282105, -.255343, -.218127, -.180096
DATA -.151864, -.14236 , -.156058, -.190855, -.237457
DATA -.280861, -.303891, -.291982, -.237732, -.143603
DATA -.021588, .110286, .233526, .334827, .409674
DATA .4625 , .503419, .542992, .58736 , .635889
DATA .682335, .718847, .740811, .750065, .754822
DATA .766223, .793144, .8378 , .894365, .951403

[

DATA .997018, 1.02428 , 1.03426 , 1.03523 , 1.0383

DATA 1.05181 , 1.07708 , 1.10771 , 1.13283 , 1.14253
DATA -.261825, -.262273, -.259719, -.245736, -.215025
DATA -.172267, -.13312 , -.117623, -.138913, -.193347
DATA -.258052, -.298275, -.281724, -.193115, -.041604
DATA .142832, .322492, .468207, .570855, .642814
DATA .709155, .79357 , .906382, 1.04053 , 1.17696
DATA 1.29587 , 1.38734 , 1.45567 , 1.51517 , 1.57996
DATA 1.65359 , 1.72409 , 1.76741 , 1.75785 , 1.6805
DATA 1.54002 , 1.36141 , 1.18269 , 1.04222 , .966034
DATA .959706, 1.00758 , 1.07916 , 1.14004 , 1.16364
DATA -.264665, -.258905, -.242595, -.218702, -.192157
DATA -.169333, -.156666, -.15842 , -.174173, -.197064
DATA -.213942, -.208041, -.163852, -.07273 , .062949
DATA .229077, .40344 , .562792, .690829, .783832
DATA .851448, .912044, .984488, 1.0799%92 , 1.19717
DATA 1.32395 , 1.443 » 1.54023 , 1.61057 , 1.65874
DATA 1.69438 , 1.72448 , 1.74714 , 1.75069 , 1.719

, 1.37172 , 1.23029 , 1.125877

DATA 1.64092 , 1.51883
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36 e FE R RS 10715
1810 DATA 1.07717 , 1.08322 , 1.12298 , 1.16527 , 1.18293
1820 DATA -.241667, -.244029, -.246887, -.240703, -.218018
1830 DATA -.18031 , -.139571, -.112957, -.112989, -.13871
1840 DATA -.17306 , -.188532, -.158708, -.069983, .072415
1850 DATA .247029, .425861, .586045, .T717746, .824904
1860 DATA .919495, 1.01325 , 1.11162 , 1.21282 , 1.31132
1870 DATA 1.40279 , 1.48658 , 1.56432 , 1.63593 , 1.69627
1880 DATA 1.73565 , 1.7446 , 1.72035 , 1.67098 , 1.61362
1890 DATA 1.56698 , 1.54162 , 1.53361 , 1.52556 , 1.49555
1900 DATA 1.42968 , 1.33173 , 1.22431 , 1.14034 , 1.10856
1910 REM #**%% CDDT 4% / 1803 / ¥~-% )\ DEC098D ./
1920 DATA .261826, .251829, .229125, .209048, .201508
1930 DATA .203094, .201885, .190022, .171756, .159115
1940 DATA .159245, .16573 , .162755, .139094, .078987
1950 DATA .078987, .078987, .078987, .078987, .078987
1960 DATA .078987, .078987, .078987, .078987, .169568
1970 DATA .217081, .243012, .242684, .228162, .218618
1980 DATA .226708, .251108, .279874, .301038, .31208
1990 DATA .321515, .341923, .379741, .429097, .474017
2000 DATA .497712, .493086, .467694, .439848, .428006
2010 DATA .280597, .284965, .291145, .285104, .259456
2020 DATA .221249, .186764, .168665, .167237, .172419
2030 DATA .172771, .162394, .141204, .111742, .077993
2040 DATA .039054, .039054, .039054, .039054, .039054
2050 DATA .039054, .039054, .039054, .039054, .039054
2060 DATA .039054, .039054, .039054, .039054, .039054
2070 DATA .039054, .039054, .039054, .039054, .039054
2080 DATA .093069, .208604, .338074, .428432, .454756
2090 DATA .43592 , .413709, .415532, .434946, .446058
2100 DATA .258748, .255923, .247543, .234273, .218074
2110 DATA .202307, .19056 , .184515, .182195, .178119
2120 DATA .165884, .141955, .108336, .072177, .030126
2130 DATA .030126, .030126, .030126, .030126, .030126
2140 DATA .030126, .030126, .030126, .030126, .030126
2150 DATA .030126, .030126, .030126, .030126, .030126
2160 DATA .030126, .030126, .030126, .030126, .082026
2170 DATA .116167, .168765, .240248, .321313, .394174
2180 DATA .440408, .451455, .434757, .410399, .399331
2190 DATA .25141 , .246575, .233505, .215988, .198777
2200 DATA .18581 , .178577, .175228, .170944, .159816
2210 DATA .13779 , .105344, .068174, .017196, .017196
2220 DATA .017196, .017196, .017196, .017196, .017196
2230 DATA .017196, .017196, .017196, .017196, .017196
2240 DATA .017196, .017196, .017196, .017196, .017196
2250 DATA .017196, .017196, .017196, .071729, .105962
2260 DATA .140048, .165677, .18055 , .191673, .212366
2270 DATA .253956, .317074, .388355, .445301, .467091
[{STP] BASIC 801
a9Y7 $45%4 ) 770N F ) d9hd
IM 48 RHO 1.225 NU 1.4687E-85
B 2 RT 1.287 RR .2574 VC 21.1876 RPS 5
18 8 P8 1288 VS 1.26396 T 58. 8694 ETA .898592
to¥43 784 240 S48y
RHO 1.225 NU 1.4687E-85 VC 21.1976 PPS 5§
THED 8
THR 58. 8281 PWR 1199.64 ETA .898581

29932 b WIZSAT T wkkk
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