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ABSTRACT

This report describes a multiple streamtube performance
prediction model for the Darrieus turbine. This model is
shown to predict the performance of small-scale rotors, for
which test data is available, much more accurately than the
single streamtube model. The model is capable of predicting
the overall rotor power output and the distribution of aero-
dynamic forces along the rotor blades. The model can be
used to study the effects of rotor geometry variations such
as blade solidity, blade taper, and variations in rotor
height-to-diameter ratios. In addition, spatial variations
in freestream velocity such as that produced by atmospheric
wind shear can be easily incorporated into the model. This
model will assist in the proper design and optimization of
large-scale rotors for which test data is not available.
Scale effects can be predicted based upon the proper use of
high Reynold’s number airfoil data.
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1.0 Introduction

Recent interest in the Darrieus Turbine as a wind energy conversion

device [1-4] has resulted in a need for an adequate performance predic-

tion model. Such a model is necessary so that large scale rotor systems

can be properly engineered and optimized. This model must accurately

predict the performance of small scale rotors, for which test data is

currently available, if there is to be any hope of predicting the

performance of large scale rotors whose blade Reynold’s numbers are more

than an order of magnitude greater.

There are several models from which one could select, ranging from

very complex to reasonably simple. One could, for instance, attempt a

solution using vortex theory, which has been successfully used in pro-

pellor and wing design. However, because of the complex structure of

the resulting vortex system applicable to the Darrieus Turbine configu-

ration, the computer time required to effect such a solution appears to

be excessive. Another approach which has recently been used [5] is to

visualize that the rotor is enclosed in a single streamtube. As this

streamtube passes through the rotor, the wind velocity is assumed to be

everywhere constant. The forces on the airfoil blades are then computed,

using this uniform velocity. The wind velocity in the streamtube at the

rotor is then related to the undisturbed freestream velocity by equating

the drag force on the rotor to the change in fluid momentum through the

rotor. While this approach is somewhat elegant in its simplicity and

predicts overall performance rather well for lightly loaded blades, it is

incapable of adequately predicting information which requires a more

precise knowledge of wind velocty variations across the rotor. These
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variations become increasingly large as blade solidifies and blade tip

speeds increase. In addition, it does not appear that wind shear effects

can be incorporated into the model.

A somewhat more sophisticated model than the single streamtube

model is one in which a series of streamtubes are assumed to pass through

the rotor. The same basic principles which were applied to the single

streamtube are now applied to each of the multiple streamtubes. The

multiple streamtube model gives rise to a velocity distribution through

the rotor which is a function of the two spatial coordinates perpendicular

to the streamwise direction. The multiple streamtube model, while still

somewhat inadequate in its description of the flow field, does predict

overall performance very well, yields a mre realistic distribution of

blade forces, and can easily be modified to include wind shear effects.

This report consists of the development and utilization of the

multiple streamtube mdel. The basic aerodynamic mdel is first developed

along with a description of a suitable digital computer solution technique.

The associated computer analysis is given the acronym DART for DARrieus

~urbine. The DART model is exercised to provide comparison with test data

and the single streamtube model. Effects of solidity and Reynold’s

number variations on overall performance are then investigated. The

contribution of various blade segments to the overall power output and

the effects of wind shear are investigated very briefly. Finally,

suggestions are made concerning further utilization to provide additional

engineering design information.



2.0 Aerodynamic Model

The performance analysis is based upon a simplified aerodynamic

model which is an adaptation of Glauerts blade element theory [6].

Basically, this theory utilizes the streamwise momentum equation, which

equates the streamwise forces on the airfoil blades to the change in

fluid momentum through the rotor. Computations are performed for a

series of streamtubes which pass through the rotor giving rise to a non-

uniform distribution of fluid velocities through the rotor. The DART

computer program is the computational vehicle for carrying out the calcu-

lations.

In figure 1 a typical streamtube is shown passing through the rotor.

The cross-sectional area of the

where Ah is the vertical height

sectional area is assumed to be

although it is apparent that it

velocity through the streamtube

function of the angle e and the

2.1 Momentum Considerations

streamtube is given by Ahr A6 sin 6,

of the streamtube. The streamtube cross-

constant as it passes through the rotor,

will diverge somewhat. The fluid

at the rotor is denoted by U and is a

vertical coordinate Z.

Since energy is extracted by the blade elements as they pass through

the streamtube, the rotor streamtube velocity U is less than the

undisturbed freestream velocity U@. The time averaged streamwise momentum

equation can be used in conjunction with Bernoulli’s equation to relate

the velocities U and Um and the average streawise force Fx exerted by the

blade elements as they pass through

be written as:

FX = 2P As U (UO-U)

the streamtube. This expression can

(1)
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where p is the fluid density and As is the streamtube cross-sectional area

as defined previously.

The average force ;X in the st.reamtubecan be related to the streamwise

force Fx exerted by an individual blade element as it passes through the

streamtube by noting that each of N blade elements spend AO/npercent of

their time in the streamtube. Therefore the average force becomes:

~x. NFX: (2)

Eliminating ix from equations 1 and 2 yields:

NFx
.}(1.++

2nprAhsineU~ m cc

For convenience, the left hand side of equation 3 is denoted by F;

NFx
F; =

2nprAhsineU~

(3)

(4)

2.2 Blade Element Forces

As seen from equation 3, the streanwise force exerted on the blade

elements by the fluid must be found to obtain the ratio of rotor stream-

tube velocity to undisturbed freestream velocity. In addition, the force

Ft, which acts along the chord line of the airfoil and tangential to the

blade element flight path, rust be found in order to compute the torque

and power being produced by the element as it passes through the

streamtube. A complete set of aerodynamic forces on a blade element

would include not only the force Ft which is tangent to the airfoil chord

line and Fn, which is normal to the chord line, but also the force along

7
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and the moment about the spanwise coordinate axis. The spanwise force is

neglected since it does not contribute to the torque produced by the

blade element and contributes only slightly to the resultant force,Fx.

The pitching nmment about the aerodynamic center of the airfoil is

essentially zero, except at large angles of attack. In any event, the

pitching moment on the blade element as it passes through the downstream

portion of the streamtube is of opposite sign and of equal magnitude

(within the limitations of this model). Therefore, it is of noconse-

quence for calculation of rotor performance.

The two forces Fn and Ft, along with their resultant force Fx in

the streamwise direction, are shown in figure 2. From this figure, it is

seen that the resultant strearmviseforce Fx is given by:

Fx=- (Fnsin6sine+ Ftcose) (5)

The forces Ft and Fn can be expressed in terms of the fluid density p, the

plan area of the airfoil AhCsin6, where C is the airfoil chord length, and

the relative velocity UR of the fluid rmving onto the airfoil

Ahc U2Ft=l/2CtP~ R

(6)

Fn = -1/2 Cn p% U;

In non-dimensional form, these forces can be written as:

Ftsin6
F; = = ct(+)2

l/2pAhCU;
(7)

-Fnsin6 UR 2
F; = = cn(@

l/2pAhCU;
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where UT is the maximum tip speed at the rmtor equator.

The coefficients Ct and Cn are related to the more common a’

and drag coefficients CL and CD by:

Ct = CL sin~ - CD cosa

Cn = CL cosa + CDsina

rfoil lift

(8)

where a is the angle of attack between the airfoil chord line and UR.

Combining equations 4, 5, and 6, the non-dimensional strean?wiseforce

F; can be written as:

(9)

2.3 Relative Velocity Vector

The angle of attack and associated relative velocity in the plane

of the airfoil cross section can be obtained from consideration of

figure 3. The angle of attack

Tan~ =
Usinesini3
Ucose+ Ut

a is given by:

where Ut is the tangential speed of the airfoil blade element.

relative velocity UR in the plane of the airfoil cross section

from the identity:

URsina = UsinesinB

2.4 Solution of the Momentum Equation

Defining an interference factor by:

(lo)

The

is obtained

(11)

10

(12)



Usin@

\

e“ u

Ucos@ ‘,
\

‘t

vertical Lg>”
axis ~

“/=

Plan View——

I

I ~UsinOsin6

w’=
&vertical axis

View A-A—.

‘igure 3 Relative Velocity Vector

11



10

and using this notation in conjunction with equations 3 and 4, the

streamwise momentum equation can be written as:

a=F~+a2 (13)

Equation 13 forms the basis for an iterative solution of the streamtube

rmmentum equation. The function F: is a rather complex

making an explicit solution for “a” all but impossible.

for carrying out computations on a specified streamtube

* “a” is set equal to zero which indicates that U

* a is obtained from equation 10.

* Cm and C+ are obtained from airfoil data.

function of “a”

The procedure

is as follows:

= Um.

II

* UR is

* F: is

* Using

L

obtained from equation 11.

computed using equation 9.

the present value of “a” and F; in the right hand side of

equation 13, a new value of “a” is computed.

* U/Um is obtained from equation 12.

* The process is repeated starting with the calculation of a

until the desired accuracy in “a” is obtained.

This process yields the value of U/U@ for the streamtube. Normally,

convergence is rapid. For example, it has been found that computer (CEJC 6600)

processing time averages about 4 x 10-3 seconds per streamtube with a

convergence error of less than 1.0 x 10-3 on “a”.

2.5 Rotor Power Coefficient

Once the streamtube momentum equation has been solved, the torque

produced by a rotor blade element as it passes through the streamtube

can be obtained by:

12



T~ = 1/2 PrCt ~U~

In order to obtain the total torque

11

(14)

on a blade for a particular value of

e, T~ must be integrated or summed over the number of blade segments Ns

making up the blade. Each blade segment is assumed to be of a length

~h/sin6 with Ts being calculated at the center of each element. The torque

on a complete blade is thus given by:

Ns

TB=~Ts

1

To obtain the average torque

the value of TB must be time

Ts are obtained at Nt

rotor torque becomes:

values

Ns

~ Ts

1

(15)

produced on the rotor by all of the N blades,

averaged and multiplied by N. If values of

of e in increments of iT/Nt,then the average

(16)

For all of the work presented herein, calculations were made at every

10° intervals in e and at intervals in Z equal to one-tenth of the rotor

height, where Z is measured from the rotor base along the vertical axis.

Therefore, Ns = 10 and Nt = 19.

The rotor power coefficient in terms of the average rotor torque is

given by:

TU

Cp = ~3
l/2p ~ 2rAhUm

(17)

1

13
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where w is the angular speed of the rotor, Combining equations 14, 15,

16 and 17, one obtains:

Ns Nt
NC &“R)2 ~ ,Cp= I I [- “m ~ t

11

Nt INS r
1 i?

(18)

where R is the equatorial radius of the rotor. For convenience, the

quantity in brackets is denoted by CP1, which can be thought of as a

local power coefficient based on the local torque and

Therefore: ~
‘t

Cp = Is ~ CP1

11

lK

3.0 Discussion of Results

In order to test the accuracy of the DART mdel,

made for two rotor configurations which were recently

the area 2 RAh.

(19)

predictions were

tested by Sandia

Labs in the LTV wind tunnel. Comparisons were then made between the

DART model and the single streamtube model using exactly the same air-

foil data. The DART model was then used to predict solidity and Reynold’s

number effects for rotors with constant chord blades, height to diameter

ratios equal to 1.0, and uniform free stream velocities. Finally, the

contribution of various blade segments to the overall power output and

the effects of wind shear were investigated briefly.

14
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3,1 Comparison with Test Results

Wind tunnel tests of two 2-meter diameter Darrieus rotors were

conducted in the LTV wind tunnel in May, 1975. These tests will be

documented in an upcoming report. Both a two bladed rotor with a value

of NC/R = 0.18 and a three bladed rotor with a value of NC/R = 0.27 were

tested. The aluminum rotor blades were NACA 0012 airfoils. The tests

were conducted with freestream velocities of 7, 9, and 11 meters per

second. For the 9 meter per second windspeed, blade Reynold ’s numbers

on the rotor tip range from about 0.10 x 106 to 0.36 x 106 for tip to wind

speed ratios of 2 and 7 respectively. Data to be used in the DART model

were selected from reference [7] for the NACA airfoil for a blade Reynold’s

number of 0.30 x 106 (data is unavailable for Reynold ’s numbers as low as

0.10 x 106). The drag coefficient at zero angle of attack was also obtained

from reference [7] at the test Reynold’s number instead of the “effective

Reynold’s number.” The effective Reynold’s number is normally used to

predict performance under freeflight conditions and attempts to eliminate

the effect of wind tunnel turbulence. For large angles of attack, greater

than about 30°, the data in reference [8] was used. Values of Cn and

Ct are given in table 1 for a blade Reynold’s number of 0.3 x 106 as well

as for 3.0 x 106.

Figure 4 shows the relatively good agreement between wind tunnel

measurement of the rotor power coefficient and the DART rmdel predictions

using data for a blade Reynold’s number of 0.3 x 106. The failure to

agree exactly on the left hand portion of the curves is at least partially

due to the difference in blade Reynold’s numbers between test and analysis.

The DART prediction of Cp would be expected to be higher in this region

15
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since increasing the blade Reynold’s number tends to delay aerodynamic

stall. Unfortunately, airfoil data is not available at the low Reynold’s

numbers, consistent with the test Reynold’s numbers, on the left hand

side of the Cp curve. On the right hand side of the curve, the test

Reynold’s numbers at the rotor tip and the Reynold’s numbers used in

the DART analysis are nearly the same. The DART prediction is again

somewhat high which may be in part due to blade Reynold’s numbers toward

the rotor hub which are again less than that used in the analysis.

3.2 Comparison with Single Streamtube Model

Also shown in figure 4 is a comparison between Cp predicted by the

DART model and the single streamtube model. As is typical, agreement

between the nmdels is quite good at low tip to wind speed ratios. This

is due to the fact that for lightly loaded blades (i.e. low tip to wind

speed ratios or low solidifies) the distribution of rotor streamtube

velocities is reasonably uniform and is almost equal to the freestream

velocity. For highly loaded blades, on the other hand, the distribution

of rotor streamtube velocities is extremely non-uniform and the uniform

rotor velocity approximation is invalid. Figure 5 depicts an example of

the variation of streamtube velocities through the rotor with a solidity

of 0.3 operating at a tip to wind speed ratio of 3.5 and a blade Reynold’s

number of 0.3 x 106. The single streamtube model predicts a uniform value

of rotor wind speed to freestream velocity of 0.756.

3.3 Solidity and Reynold ’s Number Effects

Figures 6 and 7 depict the effect of solidity at blade Reynold’s

numbers of 0.3 x 106 and 3.0 x 106. In figure 8 several quantities which

18
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characterize the Cp curve are given as a function of solidity and Reynold’s

number. It is somewhat interesting to note that two correlations can be

obtained from examination of figure 7. The first of these is that:

$ = (xm+xs)/2.22 (20)

The second is that Xs and Xm vary with solidity according to equations of

the form:

X-l -c,+~ (21)

where Cl is some function of the Reynold’s number. The variation of Xm

with Reynold’s number is dominated by the skin fiction drag coefficient.

On the other hand, variation of Xs with Reynold’s number is dominated by

profile drag due to aerodynamic stall.

3.4 Blade Power Distribution

To provide an example of the contribution that various blade

elements make to the overall power coefficient a rotor with a solidity

of 0.3 operating at a Reynold’s number of 3 x 106 was examined. The

results are plotted in

extending over various

particular example the

the total power output

figure 9 and depict the contribution of the blades

vertical heights about the equator. For this

central 60% of the rotor produces about 84% of

for a tip to wind speed ratio of4. It is

interesting to note, however, that as the tip to wind speed ratio

approaches 7 that the central 60% of the rotor is producing drag on the

rotor and is in fact being driven by the outer 40%.

3.5 Wind Shear Effects

In order to evaluate the sensitivity of the Darrieus turbine to

23
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atmospheric wind shear the common 1/7 power freestream velocity profile

was used [9-10]. The bottom of the rotor was assumed to be at ground

level resulting in the following relationship.

Um 2Z 1/7
—= (~)u
mc

(22)

where Umc is the freestream velocity upstream of the center or equator

of the rotor. The quantity Z/H is the ratio of the height above the

base of the rotor to the overall rotor height.

Figure 10 shows a comparison between power coefficient curves for

a rotor with and without wind shear present.

The difference between the two curves is small when the centerline

or equatorial freestream velocity at Z/H = 0.5 is used as the basis for

computing Cp and UT/Urn. If, however, the freestream velocity at a height

of Z/H = 0.45 is used, the Cp curves with and without wind

virtually identical.

4.0 DART Computer Model

While no attempt will be made to discuss the program “

the general features of the input - output characteristics

along with a listing of the DART program.

4.1 Input

shear are

n detail,

will be given

The turbine configuration is input in terms of the blade solidity

NC/R and the turbine height to radius ratio H/R. The blade shape is

that of a sine curve which closely approximates a troposkein.

Airfoil section data is input in tabular form in terms of Cn and

Ct for various values of the angle of attack a. The drag coefficient

25
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CDO
at zero angle of attack is also specified.

CDO
is subtracted from the

tabulated value of Ct to obtain the actual value of Ct used for computa-

tional purposes. Thus, when tabulating Ct, this somewhat anamolous

though conventional procedure of separating out CDO must be considered. A

choice of tip to wind speed ratios for which calculations are to be made

can be obtained by specifying the number of ratios to be examined, the

lowest value, and the increment between values. Finally the choice of a

uniform freestream velocity or a 1/7 power profile is made available.

Input data code names are given in Table 2.

4.2 Output

The output is tabulated for each streamtube for which calculations

are made. The streamtube position is identified by the angle e in

degrees and the vertical distance from the rotor base which is character-

ized by Z/H. The blade element angle of attack a in radians and the

non-dimensional forces F: and F~, which are defined by equation 7, are

next tabulated. The ratio of local streamtube velocity to freestream

velocity U/Um is given next and is based upon the appropriate value of Um

for the given value ofZ/H. In the next two columns the local power

coefficient, as defined by equations 18 and 19 along with its summation

are given. At the conclusion of each tabular set of data, as indicated

above, the overall value of Cp is given along with the corresponding rotor

tip to wind speed ratio.



function

rotor geometry

airfoil data

code name

s

HR

Xcoo

TA

TCN

TCT

NTBL

tip to wind NTSR

speed selection TSRI

DTSR

wind shear I SHEAR

Table 2. DART Input Code

quantity

NC/R (solidity)

H/R

CDO

tabular value of a in degrees

tabular value of Cn

tabular value of Ct

number of tabular values

number of turbine speed ratios

initial turbine speed ratio

difference in turbine speed ratios

SHEAR = O. , Um = const.

SHEAR = 1. , umJ/7

28



4.3 Computer ”Listing ‘

P!?OC~AP’ !)AQT

27 “
,,.

C!)C 660!) FTN V3.0-V34A O~T=I

5

10

15

?0 “
c
c

30 0

35

40 c

c

c

c

f~!?fIcDAK DAPT(IN~UT,OUTPUTl

Cf)’4WON/TAt3LS/TA{50),TCN(50) !TCT(5!I) ,NT!7LI,xCO0
SHFAF?=O.
NT=19
ERQ=.001
PY=fi.zATAN(l. )
fJTQ=PY/180.
READ I,XEDO

1 FO?!IAT(6F1O.O)
P!?INT 19,XCf)0

l’9 FCJ’2!4AT (30X,4E14.61
PEA~ 209NTFJL

20 FORMAT(I2)
NTflLl=NTBL-1
DO 21 I=ltNT9t
READ 1, TA{T), TCN(I)~TCT(I)

21 P!?TNT 22, I.TA(II, TCN(I),TCT(I)
P2 FfV?kf&T( 5X+T292X,3E14 .6)

READ 3,NTSRPTSP1tllTSQ
3 FOQMAT(110,2F10. O)

HR = H/R
s = NCIR
REdD It H~,S
PRINT 141Ys S~H~

14(J F(l&MAillxs-5==~E3.Z9 =i-iiR==si?5.z;
110 60 J=l~NTSR
Pf?INT 5

5 FOqt-JAT(6X>*THETfl*T8X V*71H*~10YVWALPH4~ V8XO*FNP”LUSV ,7X9
l*FTPLUS~,7X,*U/U1Nr~,7X, *CPLOC*, 8X9*CPSUM*I
X=UTMfiX/UINFCE!’TER
X=TSI?I+ (J-i.l*tJTSR
IF(SHEA~.EQ.l.) GO TO 6
NZH=5
GO TO.7

6 WH=1O
7 cPsutl=o*

RRSUM=O.
00 90 T=1,N7H
IF(SHEAR.EQ.I.) GO TO E!
ZH = Z/H
ZH=(2e=I-1.tl(4.*NZHl
U1 = UTMAX/UINF

Ul=x
GO TO 9

8 ZH=(2.+1-l.}/(2.=NZH)
UI=X/((Z.*7H)~s(l./70 ))

9 CONTINUE
RF? = RLOCAL/RMAX

RR=STN(PY+ZH)
PRSIJV=f??SIJP+R~
RETA=ATANf~n/(PYFCOS(PY~ZH\ )1
SRETA=SI!l(RKTA)
DC! 89 K=l,tlT
~

= THETA IN DEGREES
T=90.*r20~Y-l.)/NT
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75

80

85

90

95
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TH5TA=”T*DTP
STl~=STNITHFTA)
CT}{=CO S(THETfll

c AA = INT~RFCRF/!CE FACTO?
60 AA=O .

NT?Y=O
c U2 = U/UINF ..

1(TO U2=1, -AA
c L13 = UT/U

65 u3=PQ+lJ1/u?
ALP}{A=ATAtl(sTH+’S?ETA/(cTH+u3) )
lF(ALPHA.LT.O.I flLPHA=PY+ALPHh
SAL=SIN(ALPHAl
ALO=ALPHA/13TR
CALL CNCT(ALO,CN,CT)

c U[, = LJQ/u
L!4=sTH~sWZTa/sAL

c U5 = (uD/[JINF)-+~

U5=(U4=U2)~~2
FX=S~U5=(CN-CT&CTH/(STHwSBETA) )/(4.*PY~PQ)
ANEW=AA+AA+FX
NTQY=MTf?Y+l
IF(NT?YoLE.l!)O) GO TO 31
U2=-U2
GO TO 130

81 IF(ANFW.GT.i.) GO TO 70
IF(ARS(ANEW-AA) .LT.EQI?) GO TO 130

AA=ANEW
GO TO 100

70 U2=0.

130 CpLOC=(CT+S4Y’~Q%(X+U2+U4/Ul )W*2)/(2.~SBETA)
CPSUW=CPSIJM+CPLOC
F N=- cN*u5/(ul+*2}
FT s-cT%FN/cN

PRINT 80,T, ZH, ALPHA,FN,FTtU2 ,CpLOC,CPSUM
89 CONTIN(JE
80 FoQrt4T(ixT8E13*41
90 CONTINUE

CP=CPSUN/(NT=f?RSIJN)
PQTNT 30,CP,X

xc FO?MAT(lX~ *CP=*!E14* 6sWJTHAX/UINrCEN”TEQ=* sE14.6J -
60 CONTINUE

END

stjpPouTT!/E CNCT

SU~RC~JTTNE CNCT(A,CN,CT)
coMM~)N/Tfi!3Ls/TA(5C),TcN(5CI) ,TCT(50),NTDL1,XCIT0

DO 1 I=1,NT!3LI
J= I
TF(A.GF.TA(I) .AN13e A.LE.TA(I+lII GO TO 2

1 COWXNUE
2 X=(A-T.fl.(J))/[TA(J+l) -TA(J))

ch!=TC}! (Jj+Y*( TC?l{J+ll-TCN (J))
CT=TCT(J) +Y’$(TCT(JIi)-TCT [J))
IF(A.LF.15.) CT=CT-XCf)O
PE T(JRN

Evil
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5.0 Conclusions and Recommendations

In conclusion, the multiple streamtube model appears to be a

substantial improvement over the single streamtube nmdel in that: it more

precisely predicts measured values of C
P’

it more precisely pred

distributed effects such as blade forces and rotor wake velocity

butions, and it is adaptable to inclusion of spatial variations

Cts

distri-

n free-

stream velocity. On the other hand, the model is inadequate in

describing many of the details of the flow field such as are related to

streamtube distortions and interactions. The most serious deficiency is

that, under conditions of large solidity and high tip to wind speed

ratios, the simple mmentum considerations inherent in the model break

down. This deficiency is also suffered by the single streamtube model.

In considering recommendations for further study, the work can be

categorized according to the magnitude of modification necessary to the

present mdel. The first category involves work which can be conducted

with the present DART model without any modifications. The second

category involves work which can be conducted with modifications in

input information with little change to the basic model. The third

category involves reasonably major changes in the model.

The present DART model should be used to make investigations

concerning blade aerodynamic force distributions for examination of rotor

structural and vibration problems. In addition, these blade force

distributions can be used to assess the transient behavior of a rotor

during a single period of revolution. A more extensive investigation

of the effects of windshear, including vertical distributions different

from the 1/7 power profile as well as horizontal distributions, should be
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undertaken. A study using symmetric” airfoil data other than that for

the NACA 0012 should be undertaken to investigate the effect on C
P“

With regard to the second category, which requires minor modifications

to the DART program, a systematic study of the effects of blade taper or

non-uniform blade chord distributions should be made. An investigation of

the effects of various spanwise blade shapes should also be made in

conjunction with both straight and tapered blade chord distributions. An

attempt to use the local blade element Reynold ’s number in the calculations

should be made. This will undoubtedly require not only interpolation

between Reynold ’s numbers where airfoil data exists, but also extrapolation

of such data in some cases. The potential of non-symmetrical airfoils

should be examined. This will require some minor modification of the DART

program to accommodate such input since calculations will be required over

the range e = O to 360° instead

symmetrical airfoils.

Investigations which would

of the present range of O to 180° for

require more extensive modification of

the DART model might include; the inclusion of most wake effects, the

modification of the momentum equation for cases when it breaks down, and

inclusion of some of the effects of streamtube distortion and interaction.

32
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