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ABSTRACT

Five blade configurations of a 2-metre-diameter Darrieus wind
turbine have been tested in the LTV Aerospace Corporation 4,6~ x 6.1-m
(15- x 20-ft) Low Speed Wind Tunnel, Rotor solidity, Reynolds number,
and freestream velocities tested were in the following ranges:

Solidity: 13%-30%
Reynolds number: 1-3 x 109
Freestream velocity: 7-11 m/s

The airfoil section for all configurations was NACA 0012,

The parameters measured were torque, rotational speed, and tunnel
conditions. Data are presented in the form of power coefficient as a
function of tip-speed ratio for the various solidities, Reynolds number,
and freestream velocities tested,
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NOMENCLATURE

Turbine swept area
Blade chord
Wind tunnel cross-sectional area

Drag coefficient

Power coefficient, Quw 3
1/2pme AS

Torque coefficient, Q 3
1/2p, V_ RAs

Blade length
No, of blades
Pressure

Freestream static pressure

Barometric pressure

Gage pressure in tunnel

Turbine torque

Friction tare torque

Freestream dynamic pressure, 1/2pmVoo

Turbine maximum radius

Reynolds number per unit length,

mewC

Chord Reynolds number, T

Temperature
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Subscripts
u
wb

sb

NOMENCLATURE (cont)

Freestream velocity, V_
u

Turbine tip-speed ratio, %ﬂ

@

Uncertainty
Wind tunnel blockage factor

Freestream viscosity

Freestream density

Turbine rotational speed

Nel.
Ag

Solidity,

Uncorrected for blockage
Wake blockage
Solid blockage

Total blockage

1+ et)



SUMMARY

Five blade configurations of a 2-metre-diameter Darrieus wind turbine have
been tested in the LTV Aerospace Corporation 4, 6- x 6, 1-m (15- x 20-ft) Low
Speed Wind Tunnel, Rotor solidity, Reynolds number, and freestream velocities

tested were in the following ranges:

Solidity: 1 3% - 30%
Reyndlds number: 1-3 x 105
Freestream velocity: 7-11m/s

| The airfoil section for all configurations was NACA 0012, Two different test modes
were employed: constant turbine rotational speed with variable tunnel speed and

constant tunnel speed with variable turbine rotational speed, Data are presented in
the form of power coefficient as a function of tip-speed ratio for each of the various

configurations investigated,

The maximum power coefficient of all configurations tested was found to be
approximately 0, 35, Increasing Reynolds number increases the power coefficient
at all tip-speed ratios for all configurations, Decreasing rotor solidity increases
the tip-speed ratio range of operation for which useful powef is produced, In order
to maximize the peak power coefficient for a given Reynolds number, a solidity in
the range of 0, 2 to 0, 25 should be chosen, The tip-speed ratio for the runaway
condition increases for decreasing solidity and/or increasing Reynolds number and
windspeed, Two- and three-bladed configurations were tested at the same solidity
and Reynolds number; from the standpoint of aerodynamic performance, three
blades are slightly better than two, In the design of a starter system for a Darrieus
turbine, system friction as opposed to aerodynamic drag may dictate the character-
istics of the starter system at low tip-speed ratios, This was definitely true for

the small-scale wind tunnel model of this study, .

Selected results from an uncertainty analysis are presented in the appendix,
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I, INTRODUCTION

The "energy crisis'’ has forced a new look at an ancient source of energy—the
wind, Although the wind was one of the first energy sources that man harnessed, it
has been replaced over the years by various technological innovations, James
Watt's steam engine, invented in the late 1700's, hastened the demise of the European
grain-grinding windmill, Wind energy experienced a brief resurgence in the early
20th century after the Danes demonstrated the feasibility of wind-driven electric
generation, However, in Burope the internal combustion engine had lower initial
costs and produced cheaper power than the combined wind generator/battery instal-
lation, In the United States the downfall of farm-sized wind-driven electrical gen-
erators can be attributed to the Rural Electrification Association and other artifi-

cially cheap sources of electricity,

The Wind Energy Conversion Branch of the Energy Research and Development
Administration (ERDA) has the responsibility of formulating and directing the re-
search and development activities of the Federal Wind Energy Program for the
United States. The general objective of this ERDA program is to advance the tech-
nology and accelerate the development and utilization of reliable and economically
viable wind energy systems, One element of the program is the investigation of
innovative wind energy concepts which might provide a significant improvement in
performance per unit cost as compared with more conventional wind energy systems,
Under sponsorship of the ERDA Wind Energy Program, Sandia Laboratories has
been investigating the Darrieus wind turbine as an alternative to the conventional

horizontal-axis wind turbine,

The Darrieus turbine was invented by G, J, M, Darrieus of France; patent
applications were filed in France and in the United States in 1925 and 1926, respec-
tively, It appears that the Darrieus turbine concept lay dormant until the mid-
1960's, when it was independently re-invented by the National Aeronautical Eltablish-
ment of the National Research Council of Canada (NAE/NRC), The previously pub-

lished experimental data on the aerodynamic performance of the Darrieus turbine



are contained in a series of NAE/NRC reports,l—4 In order to verify some of the
NRC findings, to expand the range of some of the pertinent parameters, and to
provide a comprehensive data base for the development of computer models for
the prediction of aerodynamic performance, Sandia Laboratories undertook an
extensive wind tunnel test program, The purpose of this report is to summarize
the primary results from the Darrieus turbine wind tunnel test series conducted at
the Vought Corporation, Vought Systems Division 4,6- x 6, 1-m (15- x 20-ft) Low
Speed Wind Tunnel,

13
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II,, TEST MODELS AND INSTRUMENTATION

Two configurations of the 2-metre-diameter wind turbine model are shown
installed in the test section in Figures 1 and 2, The turbine consists of the rotating
components (tower and blades) held by bearings in the upper collar and in the lower
support structure, The upper collar is restrained by steel cables which have a
predetermined tension and are affixed to the walls of the test section, The lower

support structure is mounted to the I-beams shown on the floor of the tunnel,™

The rotating tower is attached to the power and instrumentation train, shown
in Figure 3, which consists of a precision torque and rotation transducer, a right-
angle gear transmission with a two-to-one gear ratio, and a speed-controlled 5-hp

electric motor, Also included are several shaft flexible couplings,

The blades were machined from a high-strength aluminum alloy (7075-T6)
to the required NACA 0012 airfoil shape as a flat ribbon and then formed to the
straight-line/circular-arc configuration shown in Figure 4, This shape is an
economic compromise to the ideal troposkien (bending stress-free) shape, The
details of the troposkien geometry can be found in References 5-7, The blades
were inspected for accuracy of geometry after fabrication and were found to be

within the demanded rigid specifications,

Since the test matrix included several blade solidities (chords), it was neces-
sary to provide a means of alternating the blade sets on the tower, The method
selected consisted of a double-wedged foot (with a half-angle of about two and one-
half degrees) machined integrally on both ends of the blade, The hubs at each ex-
tremity of the tower included matching wedge surfaces with removable plates at

the inner surfaces, It was required to have both a two-bladed and a three-bladed

" These heavy I-beams are required for locating the turbine in the center of the
test section while avoiding damage to the moving ground plane apparatus located
on the tunnel floor at this location,



tower constructed in the above manner, The towers themselves were of solid steel
rod in a lattice structure geometrically scaled from towers considered representa-

tive of full-size wind turbines,

The seemingly extravagant wedge method of mounting the blades is necessary
because the blade centrifugal (tensile) stresses are highest at the blade location
where the juncture with the tower must be made, This prevents incorporation in
the blade ends of holes, steps, or other—more conventional—design approaches

which include unacceptable stress concentration factors,

The method selected permits blade changes to be made in the wind tunnel in
less than one-half hour; Entire tower/blade changes require about 1 hour, Thus,
the added fabrication costs were offset by the tunnel occupancy cost reductions

effected by these quick changes,

The bearing arrangement included one double-row type of self-aligning ball
bearing at the lower location and a set of two single-row radial contact ball bearings
in the upper collar, Because of the importance of precise determination of torques,
bearing selection and loading are critical, Turbine torque and rotational speed
were measured through a LeBow Torque Sensor Model 1404-200* and its associated
signal conditioning equipment, This device incorporates a two-channel (from strain
gage bridge legs) rotary transformer to extract the bridge signal from the rotating
shaft without mechanical contact, The bridge signal is indicative of the torque,
which is proportional to the shaft windup, The device is closely compensated for
temperature variation and is advertised as having a nonlinearity of only +0, 1 per-

cent of full scale,

The ''full-scale' recommended torque of the device selected was 200 pound-
inches but, because overloading is allowed, the transducer was calibrated to 300
pound-inches, The alternate approach of selecting a transducer rated at an initially
higher ''full scale' (the next increment was 500 pound-inches) would have seriously

degraded the torque resolution in the lower ranges and in the determination of the

i Lebow Associates, 1728 Maple Lawn Road, Troy, Michigan 48084
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tare torques of the turbine, The transducer was shaft mounted between the turbine
and the gear box and was restrained from case rotation by glass-fiber tape straps
attached to the lower structure to minimize mechanical noise input to the transducer.
The transducer performed exceptionally well, even in the "overrated' application,
and, except for a shortcoming in mechanically protecting a transformer component,

the entire system design is considered to be superior for this application,

The torque transducer is mechanically coupled to the electric motor by a
right-angle spiral bevel gear box, which permits two revolutions of the electric
motor for every revolution of the turbine, This permits the electric motor to
operate on a more optimum portion of its power vs rpm curve than in utilizing a

direct (one-to-one) coupling to the turbine,

A 3-phase, 440-volt controlled-speed electric motor system was considered
superior to competing turbine loading systems in that it could fix the turbine rpm
at a desired constant value in the unstable region, which occurs from the 'starting"
threshold to the peak of the turbine torque curves, In addition to a standard Morse
VLT-5 AC adjustable speed controller, a load bank (of varying wattage light bulbs)
was also included to permit the motor to act as a generator absorbing the power
produced by the turbine. The system was designed so that the speed controller con-
tinued to function, even when the turbine-produced energy caused the motor to act
as a generator, This speed control is maintained until "breakaway'' torque is ex-
ceeded. With the inclusion of the two-to-one gear box, however, breakaway did not
occur during the entire test series. The velocity extremes set forth in the text
matrix can cause load-matching problems in the controlled-speed motor system un-
less considerable attention is given to the design, adjustment, and operation of

this system,

Figure 5 is a schematic of the turbine, instrumentation, and load system,
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Figure 1,

Three-Bladed Darrieus Wind Turbine Model in the Vought Systems Division
15- x 20-Foot Low Speed Wind Tunnel (looking downstream)
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Figure 2,

Two-Bladed Darrieus Wind Turbine Model
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Figure 3, Torque Transducer, Couplings, Right-Angle Gear Box, and Electric Motor/Generator
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AS =2,5944 m
Z_ =1,0m
m .
R =0,9798 m
m
R=0,6733m
Zj = 0,5654 m
T‘"" Rj =0,6721 m

Circular
Arc

l-t R 'r,l

Figure 4, Geometry of Wind Tunnel Test Blade
(straight-line circular-arc approximation
to troposkien)
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Figure 5, Schematic of Wind Turbine/ Instrumentation/Load System
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III, TEST FACILITY

The Vought Systems Division Low Speed Wind Tunnel8 is a horizontal single-
return, tandem test section, closed-circuit facility, The facility contains a rec-
tangular 2,1- x 3,0-m (7- x 10-foot) test section with a rectangular 4,6- x 6,1-m
(15- x 20-foot) test section 11, 9 metres long located upstream of the 2,1- x 3.0-m
section, This section has a windspeed range of 3 to 23 m/s, Because of its size
and speed range, it was chosen as the facility to test the wind turbine models,
Figure 1 shows the wind turbine in the 15~ x 20-foot section, The photograph was
taken looking downstream into the contraction section of the 7- x 10-foot test sec-
tion, The wind tunnel control room is located behind the windows shown on the
right side of the photograph, The wind turbine instrumentation and the controls
for the operation of the wind turbine, as well as the facility controls, were oper-
ated from that station, The windows permitted visual observation of the turbine

and also allowed video and camera coverage,

All instrumentation pertaining to the operation of the facility and wind tunnel
flow conditions were provided by Vought. Sandia provided the instrumentation as-
sociated with obtaining turbine torque, Q, and turbine rotational speed, w. The
torque and turbine speed data were recorded by Vought along with their data for
dynamic pressure, q_, static temperature Tm, static pressure P_,» and wind
velocity, Vm . 'The data were recorded on punched cards for later computer data

reduction,



IV, TEST PROCEDURE

Two types of tests were performed with the Darrieus turbine, One type was
with a constant wind velocity where the turbine rotational speed was varied over a
tip-speed ratio from approximately unity to turbine runaway. Runaway is the high-
speed condition where the output torque is equal to the friction torque of the system
and no power is produced, The second type of test consisted of operating the tur-
bine at a fixed rotational speed and varying the wind velocity to span the range of
tip-speed ratios from 2'to runaway, The second mode of testing was included be-

S and

cause that would best simulate the synchronous operation of an actual system
it also would give a more realistic Reynolds number effect on the blade performance,
The actual wind velocity the blades see is a greater function of the turbine rotational
speed than the freestream air velocity, since the tip speed is several times the wind-
speed (the tip-speed ratio range of operation may be 2-10), The test matrix for the

wind turbine tests is shown in Table I,

The tension of the support cables from the tunnel walls to the top of the turbine,
as seen in Figure 1, was monitored by load cells at all times and was maintained at
a constant level for all the tests, These functions were performed to maintain a

constant load on the tower bearings,

Before the blades were installed on the turbine tower, the tower was rotated
by the motor and the tare torque for various speeds was obtained, This value was
very consistent over the rotational speed range and was considered to be caused
primarily by the friction in the bearings, This value of tare torque was recorded

for each configuration,

For the constant wind velocity tests, the wind tunnel was stabilized at the
prescribed operating condition and held at that condition for the duration of the test,
The turbine was then started with the electric motor and controller and brought to
a specified rotational speed, usually starting at a low-tip-speed ratio, A data

point was taken, and the turbine rotational speed was then increased by changing the

23
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Darrieus Rotor Tests in the Vought Systems Division

Low Speed Wind Tunnel

TABLE I

No., Rotor Wind
Run Configuration of Solidity Speed Velocity Chord Chord
No. Number Blades (%) (rpm) (m/s) {cm) Reynolds Number
1 1 3 30 180 Variable 8.815 104,000
2 1 3 30 267 Variable 8,815 150, 000
3 1 3 30 500 Variable 8.815 290,000
5 1 3 30 Variable 11 8.815 Variable
6 1 3 30 Variable 9 8.815 Variable
7 2 3 25 216 Variable 7.346 101,000
8 2 3 25 320 Variable 7.346 151,000
9 2 3 25 600 Variable 7.346 278,000
10 2 3 25 Variable 11 7.346 Variable
11 2 3 25 Variable 9 7.346 Variable
13 3 3 20 270 Variable 5,877 101,000
14 3 3 20 400 Variable 5,877 154,000
15 3 3 20 525 Variable 5,877 200,000
16 3 3 20 Variable 9 5,877 Variable
17 3 3 20 Variable 7 5,877 Variable
18 4 2 20 180 Variable 8.815 106,000
19 4 2 20 267 Variable 8,815 156,000
20 4 2 20 350 Variable 8,815 204,000
21 4 2 20 500 Variable 8.815 290,000
22 4 2 20 Variable 9 8.815 Variable
23 4 2 20 Variable 11 8.815 Variable
24 5 2 13 Variable 7 5 877 104,000
25 5 2 13 270 Variable 5,877 155,000
26 5 2 13 400 Variable 5,877 200,000
27 5 2 13 525 Variable 5.877 Variable
28 5 .2 13 Variable 9 5,877 Variable
L =2.5944 m>
R =0.9798 m



controller setting, The tip-speed ratio was increased in increments of approximately
0. 25, and a data point was taken at each step when the turbine speed had stabilized,

This process continued until the tip-speed ratio exceeded the runaway condition,

The constant rotational speed (constant Reynolds number) tests were per-
formed by operating the wind turbine at a constant rpm for the duration of the test,
The wind tunnel was then set at a given operating condition, usually starting with a
low wind velocity, and allowed to stabilize, Once the facility was operating stably,
a data point was taken, The facility windspeed was then increased to the next opera-~
ting point and allowed to stabilize for the next data point, This process was con-

tinued in increments of tip~speed ratios of approximately 0, 25,
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V. DATA REDUCTION

The wind tunnel turbulence factor for the 15- x 20~foot section is quite high:8
1,4 at a velocity of 20 m/s, Because this turbulence factor is determined by a
stationary turbulence sphere and the wind turbine blades are moving at a speed
greater than the windspeed, the use of a turbulence factor to correct to an effective
Reynolds number was not attempted. Repeating: no Reynolds numbers stated in

this report are corrected for the wind tunnel turbulence factor,

When an object is placed in a wind tunnel, the object produces some ''tunnel

'

blockage," which causes an increase in the wind velocity in the test section, This
increase has to be accounted for by the determination of a tunnel blockage factor,
€, sometimes called the velocity increment, The total factor is the sum of the

velocity increment caused by wake blockage and solid blockage,

€t - Ewb * Esb ’ (1)
where
A
_ AV _ s
“wo = V_ " ac “p, (2)
u
Esb (Blades) =0 (3)

~ Stand Frontal Area
€sb (STAND) = iC . (4)

The above relationships can be found in Pope and Harper.10 Templin4 shows that
the drag coefficient for a Darrieus wind turbine is a function of the tip-speed ratio
and theoretically goes to 1,0, A drag coefficient of 1, 0 was chosen as the uncor-

rected drag coefficient to apply for all tip-speed ratios, The tunnel blockage factor



was anticipated to be small, and the accuracy of assuming a constant drag coefficient

was thought to be within the accuracy of the correction, The calculated wake block-

age for the turbine (Eg., (2)) is 0, 023 and the calculated solid blockage for the stand
and hardware is 0, 003 for a total blockage factor, Gt, value of 0,026, This factor is

used to correct the freestream velocity and dynamic pressure as shown,

V=V, (1+€) (5)
u

n

q qa_ (1+ 2et)

(6)
* u

The data taken by Vought consisted of: q_, w, P_, T, . These data are punched

on cards and entered into the computer, The freestream density, P is calculated
by using the equation of state with the measured values of F_, and T,. Knowingp ,

one can determine the freestream velocity by

(7)

where q, has been corrected for the blockage factor, The Reynolds number per

unit length for each test condition is computed by

" . . (8)

T . (9)

27
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The computation of the performance data is as follows:

Rw

X_ = —{/_: (10)
Q + Qf .
CQ = 5 (11)
1/2p_ V_ RA_
Q+ Qf) w
cp - . (12)

1/2p, vi A

The data for torque and power coefficients are plotted as a function of the tip-speed

ratio and are corrected for tunnel blockage and tare torque,



VI, TEST RESULTS

The performance characteristics of five different turbine blade configurations
were evaluated both for constant turbine rotational speed and for constant tunnel-
freestream velocity. The detailed test matrix is presented in Table I, Rotor solid-
ity, which is the ratio of total blade planform area* to rotor swept area, + was the
primary variable that changed from one configuration to the next, This solidity
change was accomplished by changing the blade chord and/or the number of blades;
the rotor swept area and NACA 0012 airfoil section were kept fixed for all config-
urations. Each configuration was tested over a range of tip-speed ratios, Reynolds
numbers, and freestream velocities, The format chosen for presentation of the
pei'formance data was power coefficient as a function of tip-speed ratio for the var-
ious Reynolds numbers and freestream velocities, Various cross plots are also

presented,

Figures 6-~10 present the power coefficient data for each of the five configu-
rations tested at constant Reynolds number, As one would expect, increasing the
Reynolds number increases the power coefficient for all tip-speed ratios and con-
figurations tested. The tip-speed ratio for zero power (runaway condition) in-

creases with increasing Reynolds number,

The maximum power coefficient achieved by any of the configurations was
approximately 0,35. One might be inclined to conclude that the maximum power
coefficient for Darrieus-type wind turbines is less than the often-quoted
Cp = 0,4-0.45 for high-performance horizontal-axis wind turbines., However,
theoretical calculations by Sf;rickland11 have shown that the maximum Cp is approx-
imately 0,48 for a blade Reynolds number of 3 x 106 and solidity of 30 percent,
Therefore, from the standpoint of maximum power coefficient, it is felt that the
‘Darrieus turbine is comparable to the horizontal-axis turbine at comparable

Reynolds numbers,

*The blade planform area for a constant chord blade is the number of blades
times blade chord times blade length,

tA rotating blade of the Darrieus turbine sweeps out a volume which is sym-
metric about the axis of rotation; this is called the swept volume, The area com-
mon to the swept volume and to a plane containing the axis of rotation is called the
swept area,



30

9 .
If a wind turbine is to be operated synchronously, ~ the maximum torque
point is of considerable importance, (The torque coefficient is defined through the

relationship C_ = CP/X«.)' The data points corresponding to maximum C_ are

Q Q

indicated in Figures 6-10 by closed symbols, For the Darrieus turbine, peak CQ

always occurs at a lower tip-speed ratio than does peak CP‘ With increasing

Reynolds number, the tip-speed ratio corresponding to peak CQ decreases,

The effect of solidity on the power coefficient is shown in Figures 11 and 12
for Reynolds numbers of ap; roximately 1,5 x 105 and 2,0 x 105, respectively, All
five configurations were tested at Rec =1,5x% 105, but only two at ReC =2,0x 105.
The most noticeable influence of solidity is that the runaway-condition tip-speed
ratio increases with decreasing solidity. For a synchronous application, this
implies that power can be produced over a greater windspeed variation for a given
turbine rotational speed, The tip-speed ratio at which the power coefficient is a

maximum increases with decreasing solidity, If it is desired to maximize the

power coefficient, a solidity in the range from 0,2 to 0,25 should be chosen,

The theoretical turbine performance model developed by Strickl:a.nd11 indi-
cates that the only influence of the number of blades is through its effect on solid-
ity (@ = NCL/AS), It is obvious that a blade in the downwind half of its revolution
does not see the same induced velocity field as when in the upwind half of its revo-
lution and that the interference effects should probably be some function of the
number of blades, In order to determine the magnitude of this effect, the solidity
and Reynblds number were kept fixed while the number of blades was varied, The
results of these tests are presented in Figures 13 and 14 for Reynolds numbers of
approximately 1.5 x 105 and 2,0 x 105. It appears that the three-bladed configura-
tion is slightly better than the two-bladed configuration, The difference seems to
be the most pronounced in the tip-speed ratio range of 3 to 4 and increases with
increasing Reynolds number. The peak power coefficient does not appear to be
markedly affected by the number of blades for a given solidity, A satisfactory ex-

planation for this behavior has not been found.

Each of the five configurations was also tested at a constant freestream ve-
locity of 9 m/s and of either 7 m/s or 11 m/s. With certain configurations, the

11-m/s tunnel speed would have caused excessive turbine rotational speeds; hence,



this condition was not tested, The basic constant freestream velocity data are
presented in Figures 15-19, As one might expect, at a given tip-speed ratio the
power coefficient increases with increasing windspeed, This can be visualized
by noting that for a constant tip-speed ratio the blade speed (and hence Reynolds

number) is directly proportional to the tunnel speed.

For a constant freestream velocity test condition, the blade Reynolds number
is directly proportional to the tip-speed ratio, Since some of the data in Figures
15-19 are for a tip-speed ratio range from 1 to 8, there is a Reynolds number
variation by a factor of 8. The constant Reynolds number data showed that a change
in blade Reynolds number by a factor of 2 could produce a considerable change in
the power coefficient data, Consequently, it is felt that any analytical model at-
tempting to predict constant freestream velocity data must be able to handle aero-

dynamic section data as a function of Reynolds number,

The effect of solidity on the power coefficient data for a constant freestream
velocity of 9 m/s is presented in Figure 20, The shape of the power coefficient
curve for the constant freestream velocity runs exhibits the same trends with so-

lidity as does the constant Reynolds number data,

Figure 21 compares performance data for two of the Sandia configurations
tested at constant freestream velocity with NRC data presented by Templin,4 The
indicated freestream velocity range for the NRC data was 4,7-6.1 m/s; however,
the specific rotational- and tunnel-speed combination were not known for the in-
dividual data points., The NRC data exhibit a slightly higher peak power coeffi-
cient occurring at a higher tip-speed ratio than the Sandia data, Some unexplained

discrepancies obviously exist between the two data sets,

It is well known that the Darrieus turbine is not self-starting because the
torque coefficient is negative in the tip-speed ratio range of approximately 0 to 2,
The relative uncertainty in the performance data in this tip-speed ratio range is
high because the torque levels were of the order of 1 percent of full-scale torque,
Even though the data uncertainty may be relatively high, the friction-only torque
was always very close to the torque measured in the tip-speed ratio range of 0 to
2. This leads one to the very important conclusion that the design of a starter

system for a small Darrieus turbine will be dictated by the mechanical friction
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in the system and not by the fact that the C . curve is negative for Xa in the range

Q

of 0 to 2, At this time, it is not known whether the same statement will hold true

for large-scale systems,

It is not considered necesgsary to include the raw data in this report, because
most readers are interested only in the general results; however, those people
attempting to develop prediction models may be interested in the details of the raw
data. Consequently, a separate report containing the raw data will be published at

a later date and a copy may be obtained directly from the authors,

Selected results from an uncertainty analysis are presented in the appendix,
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APPENDIX

UNCERTAINTY ANALYSIS AND DATA REPEATABILITY

The method of Kline and McClintock12 will be used to compute the experimen-
tal uncertainty associated with the power coefficient and tip-speed ratio calculations.

The relationship that defines the power coefficient is

(Q+ Qu
C & —— . (1)
P 1/20 V_A_

The torque and rotational speed are both measured directly, whereas the freestream
velocity is a function of the measured (and uncorrected) dynamic pressure and the
tunnel blockage factor. These relationships are
V =V (1+¢) (2)
© ® t
and

. (3)

Dm=ﬁ: s | (4)

where the static pressure is computed from the sum of the barometric pressure and

a gage pressure

P =P +P (5)
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Substituting Egs. (2)-(5) into Eqg. (1), one obtains

w(Q + Qf) Pbar + P

- RT
Poaa q3/2(l + et)3 ®

g (6)

C

s
The power coefficient can be represented as a function of eight variables:

- . 7)
Cp = Cpler @ Qa1 € Py Py T) (

Following Kline and McClintock, 12 the uncertainty in the power coefficient (6Cp) can

be written as:

2 6q_ \2 5 2
6C 50 5Q . 6Qf 3 u €
C w Q+Q Q+Q 2 1+ ¢
p f f ®y t
21/2
1 5Pb 1 &P 1 8T
s Tbar ) f1 g ) 1 = : (8)
2P +P 2P +P 2 T
bar g bar ©

It will be assumed that the uncertainty in swept area AS is much smaller than that

associated with the eight primary variables in Eq. (7).

Table A-1 tabulates the assumed uncertainties for this analysis. The major-
ity of them are self-explanatory, but the torque and dynamic pressure require a few
words of explanation. The calibration curve for the torque meter was linear to with-
in 0.4 in-1bf; the indicator was accurate {o within 0.3 in-1bf and can be read to within
0.1 in-1bf for a total of 0, 8 in-1bf uncertainty. Reference 8 indicates that the tun--
nel dynamic pressure was uniform to within +1. 5 percent and that a prescribed value

of the dynamic pressure can be set to within 0.017 psf.



TABLE A-I

Uncertainty in Primary Variables

Variable Uncertainty
w rotation speed dw=1rpm
Q torque 8Q = 0.8 in-1bf
Qf friction torque 6Qf = 0,8 in-1bf
qa, dynamic pressure 6q, =0.015q_ + 0.017 (psf)
u u u
€ total blockage 5§ =0.5¢ =0.013, ¢, = 0,026
t € t t
Pbar barometric pressure 6Pbar = 0,02 in-Hg = 1.4 psf
P gage pressure 8P = 1.5 psf
g g
T temperature 8T = 1°F
-] -]

The assumed blockage uncertainty is constant for all runs, and the uncer-
tainty associated with the freestream density is constant for all practical purposes.

The above assumptions allow Eq. (8) to be written as

2
5Cs |fow i 5Q © s M
_(—:_Ez o + 2 QT—Q— + E q + 0.00145 . (9)
p f ®u

The blockage uncertainty accounts for essentially all of the constant factor in
Eq. (9); the sum of the squares of the density uncertainty terms is approximately

1.1 x 10",

Several general conclusions can be drawn about the power coefficient uncer-

tainty with the aid of Eq. (9) and Table A-~I, The minimum achievable uncertainty

is approximately 4.1 percent \/0. 01 52 + 0,00145), whereas the maximum percent-
age uncertainty can reach infinity at the point where (Q + Qf) is identically zero.

For all cases, the uncertainty decreases with increasing rpm, torque, and dynamic
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pressure. For the data of this report, the following approximate bounds can be

established:
5 \2
5w [53]
0.00167 < y < 0.0167 0.,0000279 <« - < 0,000279
8q_ 5q_ \2
0.0025 < Y <0.185 0,0000141 < —32- 3 4 < 0,0770 (10)
o0 )
u u

-13.2sQ+ Qf < 298.6 {in-1bf) .

From the above bounds, the uncertainty in rotational speed is not a major contribu-
tor to the uncertainty in power coefficient, For the constant rotational speed data,
both low torque and low dynamic pressure occur simultaneously at the tip-speed
ratios associated with runaway. Consequently, the uncertainty will be very high for

the test condition of high tip-speed ratio and constant rotational speed.

One can perform a similar analysis for the uncertainty associated with the

tip-speed ratio. From the definition of the tip-speed ratio, one can write

_ Rw
Xm i
o
P +P 1/2
_ Rw _8 bar
) 1/2 RT ) (1)
’\/3(1 + €)q ©
t e
u
The tip-speed-ratio relationship can be expressed functionally as follows:
X_= Xm(w, e P Poar Tm) . (12)



The fractional uncertainty can now be expressed as

6q_ \2 2 2
5X 5 2 ® de, 1 8P
= -] |z ) e
© w 9 € bar
u
1/2
5P, 2 5T \2
Ay bar — (13)
2 P +P 2T )
ba ©

Inserting the uncertainties that are approximately constant into Eq. (13), one

obtains

1/2

éxw bW u
< (—u';_) + 7 + 0,000162 . (14)

Utilizing Eqs. (9) and (13) in conjunction with the data in Table A-I, a com-
plete uncertainty analysis was performed for some of the performance data for test
configuration 1. The results of this analysis are shown in Figures A-1 and A-2 for
the constant Reynolds number and constant freestream velocity test conditions,
respectively. The bars around each data point represent the uncertainty bounds.
For those data points that do not have the uncertainty bars, the uncertainty lies

within the plotting symbol.

For the constant Reynolds numbér runs shown in Figure A-1, increasing the
Reynolds number decreases the uncertainty for a given tip-speed ratio. The uncer-
tainty in the low Reynolds number data (Run 1) is fairly large at the high tip-speed
ratios. This is primarily due to the small dynamic pressure involved. Several data
points in Figure A-1 were repeated, as indicated by the solid symbols. The degree
of repeatability follows the trend of the uncertainty band quite well. The data scat-
ter is very small for a given run; this indicates that the measurement errors are

not of a random nature.
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For the constant freestream velocity runs shown in Figure A-2, increasing
the freestream velocity decreases the uncertainty for a given tip-speed ratio. At
low tip-speed ratios the absolute uncertainty in both Cp and Xm is small but the per-

centage uncertainty is relatively large.

The uncertainty trends presented for test configuration 1 should be taken as

being representative of the other configurations tested.
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