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ABSTRACT

Fifteen configurations of a Savonius rotor wind turbine were tested in the Vought
Corporation Systems Divigion 4.9- x 8. 1-m Low Speed Wind Tunnel to determine
aerodynamic performance. The range of values of the varied parameters wag

Number of Buckets 2 and 3

Nominal Freestream Velocity 7and 14 m/g

Reynolds Number per Metre 4.32 x 105 and 8.67 x 105
Rotor Height land 1,5 m

Rotor Diameter (nominal) 1m

Bucket Overlap 0.0-0.1m

The measgured test variables were torque, rotational speed, and tunnel conditions,
The data presented are in the form of power and torque coefficients ag a function of
speed ratio (or angular position for static starting torques), It ig concluded that
increasing Reynolds number and/or aspect ratio improves performance, The recom-
mended configuration consists of two gets of two-bucket rotors, rotated 90° apart,
with each rotor having a dimensionless gap width of 0. 1-0. 15.
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FIGURES
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I, INTRODUCTION

The Savoniug rotor is a novel fluid mechanical device that has been studied by
numerous investigators since the 1920s. Applications for the Savonius rotor have
included pumping water, driving an electrical generator, providing ventilation (attic
and vehicular applications), and providing water agitation to keep stock ponds ice-

free during the winter. It is also commonly used as an ocean current meter,

Savonius rotors generally cannot compete with either a propeller-type or a
Darrieus wind turbine on an aerodynamic performance basis. However, because
the technology required to fabricate a Savonius rotor is considerably less than that
regquired for more sophisticated types of wind turbines, Savonius rotors may find

more applications in developing countries as well ag in do-it-yourself projects.

Another application for the Savonius rotor is as a passive starter system for
the Darrieus rotor. The Darrieus rotor is not self-starting; however, the Savonius
rotor has very good starting torque characteristics. It is this application that moti-
vated the present experimental investigation of the Savonius rotor performance char-~

acteristics.

Numerous experimental studies of the Savonius rotor have been reported in the
literature. 1-15 A number of the references cited included wind tunnel tests of the
Savoniug rotor. However, most of them had severe funnel blockage problems: the
model occupied a significant fraction of the tunnel cross section. The gcarcity and
questionable reliability of the available test data gave rise fo an independent Savoniﬁs

rotor wind tunnel test program. 16, 17 The test program was conducted during May

1975 at the Vought Systems Division Low Speed Wind Tunnel, 18 The varying geometri-

cal parameters consisted of:

Numb_er of Buckets (N): 2,3
Gap Spacing (s/d): 0.0, 0.1, 0.15, 0.20
Rotor Height (H): 1, 1.5 m- :

13



The diameter of each bucket was 0.5 m. The torque characteristics as a function of
rotational speed (including zero rotational speed) were determined for each geometm—
cal configuration. Each conflguratmn was tested at nominal freestream velocities of

7 m/s and/or 14 m/s, corresponding to nominal Re/m of 4, 32 x 10" and 8.67 x 105,

respectively.

14 -



II. TEST MODELS AND INSTRUMENTATION

Representative three~ and two-bucket test models are shown in Figures 1 and 2,
respectively, The rotor consists of the rotéﬁh_g _compohents (buckets and endplateg)
held by bearings in the upper collar an_d. in the' 10We_r support structure. Four out-
rigger trusses are attached to the upper collar, - Guy cables extend from the outrigger

trusses to the wind tunnel floor. The lower. support structure is mounted to the I- beams

shown on the floor of the tunnel

A schemat;c of the model instrumentation, load, and contr01 gystem is shown in
Flgure 3. The precigion torque meter, rotational speed transducer, mdexmg mecha-~

nism, and shdmg vane air motor are shown in greater detazl in Figure 4.

The rotor buckets and endpl_ai_és ﬁvere fabricatéd from aluminum alloy, Type 8061
T8, 'Eéch pair of endplates accommodated several bucket configurations. The rotor
bucket segments We:t-é attached to the endplates with machine screws. The testing se-~
quenée was such that a rotor- configuration {buckets and endplates) could be assembled
while the previous config"ﬁration was being tested in the tunnel. Model changes in the

tunnel required about a half-hour.

The index plate, shown in.Figu_re 4, is affixed to the lower shaft extension of the
torque iransducer, This plate included detents for sequenti'al rotational positioning of
the rotor for ohtaining the static, or nonrotating, torque as a function of bucket position
relative to the flow. A pneumatmally actuated piston plunger engaged the index plate
at the deszred rotational position. The indexer could be operated both frorn the turbme
location and remotely from the control room. Only 180° of indexing was required, as

this range covered a combplete cyc},e of the two-bucket confzguratlons.

’I‘hese heav-y I-beams are requlred for locating the rotor in the center of the
test section while avoiding damage to the moving ground plane apparatus located on
the tunnel floor at this location,. :

15



16

Figure 1.

Savonius rotor wind turbine model (1-metre) in the Vought
Corporation Low Speed Wind Tunnel (looking downstream).



Figure 2.

Savonius rotor wind turbiné model (1-1/2~metre) in the
‘Vought Corporation Low Speed
upstream).

Wind. 'unnel (looking
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Figure 3. Schematic of the Savonius rotor/ins‘irumentatior_l load system.

Figure 4. Savonius roteor stand showing the torque
transducer, indexer, and air motor.

and rotational speed



The bearings for the turbine included one double-row self-aligning ball bearing

at the lower location and a set of two gingle~-row rédial-contact ball bearings in the

upper collar, Becauge 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 asgociated gignal 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 mechani-

cal contact. The bridge gignal 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 total nonlinearity of only +0. 1 percent of full scale.

The "full scale” recommended torque of the device selected was 200 in-1bf but,
because overloading is allowed, the transducer was calibrated to 300 in-1bf, The
alternate approach of selecting a transducer rated at an initially higher "full scale"
(the next increment was 500 in-1bf) would have seriously degraded the torque resolu-~
tion in the lower ranges, particularly in the determination of the tare torques of the
turbine. The transducer was shaft mounted between the turbine and the load, and its
housing was restrained from rotating by a strap attached to the lower structure. The
transducer performed exceptionally well, even in the foverrated® 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 turbine load was a Gast Model 8 AM Air Motor, T This device, which is
a radially sliding vane motor, includes eight vanes {in contrast to the ususl four for
this model). This wags required to achieve the degree of load control degired. The
device was operated both as a2 motor and ag a compressor by adjusting input and/or
output flow or pressure. These adjustments were made remotely in the wind tunne]
control room. Note from Figure 2 that the air motor was mounted with the rotation
axis vertical. This orientation required special lubrication congiderations. Air line
lubricators were supplied to both ports of the vane motor. One of these ig visible to
the immediate lower left of the motor in Figure 4. TFor extended operation, it is re-
quired that a very large quantity of moderate pressure air (100 psi) is available for

~ this device when it is operated at rated capacity.

%LEBOW Associates, 1728 Maple Lawn Road, Troy, Michigan"48,084..

Tzﬂw"aimble from Gast Manufacturing Corp., P.0O. Box 8, Benton Harbor,
Michigan 49022. ' S ' : '
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The lower support structure consmted of several modular components so that
a gselected combination would position either the 1 0- or 1.5-m-~high rotors at the
wind tunnel centerline. The tiedown cables included strain gage load cellg go that
the bearing loads produced by the cable tensions would be consistent from one run

to the next.

A schematic of the bucket orientation for the two-bucket configuration is shown
in Figure 5. The buckets, which were hemicircular, contained a full 180° arc with
a radius, r, of 0,256 m. The gap width, 5, separating the inside edges of the buckets
wag one of the variables for the tests. The dimensionless gap width, s/d, where d is
the bucket diameter, was varied from 0.0 to 0.20. The radius of rotation, R, was
measured from the axis of rotation to the outer edge of the buckets. The bucket

height, a gecond variable, was either 1 or 1,5 m.

The buckets for all the three-bucket rotors (Figure 6), with the exception of
Configuration 21, were constructed with a 150° arc and a radius, r, of 0. 25 m. The
buckets for Configuration 21 were the same as those used for the two-bucket configura-
tions. For practical design congiderations, the arc of the buckets was shortened by
20° on the outer edge and 10° on the inner edge. * The gap distance is defined as for
a two-bucket configuration; i. e., the gap distance, s/2, is the distance from the axis
of rotation to the end of the bucket arc, assuming the arc is carried to the full hemi-

circle (Figure 6).

*If a three~bucket Savonius configuration is to be used to start a three-blade
Darrieus configuration, there will be & mechanical mterference between the Darrieus
and Savoniug blades unless the arc is shortened. :



Figure 6. Schematic of the three-bucket Savonius rotor with 150° buckets.
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[I TEST FACILITY

The Vought Systems Division Low Speed Wind Tunnel18 is a horizontal single-
return, tandem-test-gection, closed-circuit facility. The facility containg a recian-
gular 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 11.98 m long located upstream of the 2.1- x 3. 0-m section.
This section has a windspeed range of 3 to 23 m/s, It was chosen as the test facility
because of its size and speed range. Figure 1 shows the wind turbine in the (4.6- x
6.1-m) section. The photograph was taken looking downstream into the contraction
section of the 2. 1- x 3.0-m test section. 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 operated from that station. The windows permitted visual

observation of the turbine and also allowed cine and television camera coverage.

All instrumentation pertaining to the operation of the facility and wind tunnel
flow conditions were provided by Vought. Sandia provided the ingtrumentation
associated with obtaining turbine torque, Q, and turbine rotational speed, §l. The
torque and turbine speed data were recorded by Vought along with their data for
dynamic pressure, q_ . The data were recorded on punched cards for later com-

puter data reduciion. 4



IV. TEST PROCEDURE

The Savonius rotor wind turbine, complete with support cables, was installed
in the wind tunnel as shown in Figure 1. The tension of the gupport cables from the
floor to the top of the turbine was monitored by load cells. It was checked before

each run in order to provide a consistent load on the tower bearings.

Before each configuration was tested, the rotor was rotated by the air motor
at a very low, but constant, rotational speed to obtain the tare torque of the system
caused by the friction in the bearings. These values, of the order of 6 in-1bf, were

recorded for each configuration and used in the data reduction,

The test matrix for the wind turbine tests ig shown in Table I. Two types of
tests were perfofmed with the models for all fifteen configurations. The first type
consisted of static tests, where the turbine rotor was locked at a particular angle
relative to the flow. The static torque produced by the {urbine was recorded. The
rotor position was then changed by 10°, and a new value of static torque wag obtained.
This was done with the aid of the 18-position indexer, previously identified in Fig-
ure 3. These tests were conducted at nominal tunnel speeds of 7 and 14 m/s, In
three cases with 1. 5-m-~high buckets and a nominal 14-m/s speed, the static torgue

exceeded the capacity of the torque transducer and data were not obtained,

In the second type of tegt, the dynamic tests, the model was rotated and a load
was provided by the Gast Air Motor, as explained in section II, The turbine rotational
speed was varied from 1*1,1nawayﬂc down to a rotational speed where the torque exceeded
the capability of the air motor. Typically for a test run, the wingd tunnel speed was
brought to a steady-state value, neominally 7 or 14 m/s, and the rtur-bine. with a pre-

determined load provided by the air motor, was allowed to rotate, When steady-state

_E‘Runéway is the high-speed condition where the output 'to'rque is equal to-the
-friction torque of the system and no power is produced.
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rotation was achieved, a data point was taken. A slight change in the load then
caused the turbine to come to a new rotational speed. When the rotational speed

was gtabilized, another data point was taken,

In some cases, the air motor was used to drive the turbine at a speed in
excess of the runaway speed to obtain information on the torque required to operate

the device in a powered mode of operation.
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V. DATA REDUCTION

The wind tunnel turbulence factor for the 15~ x 20-foot secﬂ}:ion18 is quite high:
1. 4 at a velocity of 20 m/s. Since this turbulence factor is determined by a stationary
turbulence sphere and the wind turbine buckets are moving at a speed other 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 cor-

rected for the wind tunnel turbulence factor.

When an object ig placed in a wind tunnel, the object progduces some ''tunnel
blockage, ' which causes an increase in the local 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 inerement. The total factor is the sum of the velocity
increment caused by wake blockage and solid blockage. The determination of these two
blockage corrections is very difficult when an unusual shape, such as the Savoniug rotor
test models, is tested in a wind tunnel. Pope and Harperlggsuggest that the total tunnel

blockage correction be determined by the following equation:'

Model Frontal Area

Test Section Area (N

=
4

The model frontal area was taken io be the turbine-sweptarea, AS, plus the frontal
area of the stand and related hardware, This gave a value for ¢ of 0, 0125 for the 1-m-

high Savonius rotor and of 0.0162 for the 1-1/2-m-high rotor,

Recent analytical studies, 20 along with unpublished data of the authors, indicaie
that the Savonius rotor experiences side forces that are of the same order of magni-
tude as the downwind (drag) force. For this case, one should question the validity of
the blockage given by Eq. (1), At present, however, there are no proved blockage

correction factors for Savoniusg rotors; hence, it is felt that Eq. (1) should be applied.







For the uncertainty analysié presented in the Appendix,' it was assumed that the un-
certainty in ¢ was 50 percent, Despite this large uncertainty, the uncertainty in ¢
wag not the major contributor to the overall uncertainty in power coefficient, torgue

coefficient, and speed ratio.

The above values for the blockage factor were used to correct the freestream
velocity and dynamic pressure as shown, where the subscript u refers to uncorrected

values:

V=V, (1+¢ | (2)
u
2
q, =d, (1+¢€° . (3)
u

The data taken by Vought consisted of qe & P_, T_» which were automatically
punched on computer cards. The freestream density, p,» was calculated by using
the ideal gas equation of state with the measured values of P,and T . Knowing P, *

one can determine the freestream velocity by

2q,,
v, #m , (4)
%

where g_ has been corrected by the blockage factor. The Reynolds number per unit

length for each test condition is computed by
Re_ = —~— . (5)
The computation of the performance data proceeds as follows:

_ RO .
ch = M{r—- (6)
[==]
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The data for torque and power coefficients are plotted as a function of the
turbine speed ratio. Static torque coefficients are plotted as a function of rotor

angular position. All data are corrected for tunnel blockage and tare torque.

(1)

(8)



VI TEST RESULTS

The test conditions, run numbers, and geometrical information for each config~
uration are listed in Table I. For a given number of buckets and a given bucket height
the runs are ordered with increasing gap width. The run number is the sequence in
which each configuration was tested. The basic data for all configurations tested are
presented in Figures 7 through 36b, where the ordering of the basic data plois corres-
ponds to the ordering in Table I. For each configuration there are plots of static torque
coefficients as a function of angular position and torque and power coefficients as a
function of speed ratio. In most cases, there are data for two Reynolds numbers.
Where data are presented for only one Reynolds number, the data for the other Reynolds
number were not obtainable for any of three reasons: the torque was outside the trans-
ducer calibration, the torque was outside the capability of the Gast air motor, or a
problem with rotor vibration was encountered. The tabulated Reynolds numbers are
for a length scale of 1 m; however, the turbines are nominally 1 m in diameter and the
Reynolds numbers are therefore the approximate Reynolds number based on turbine
diameter. The reagon the Reynolds number is presented as a per-metre value is that
there is no universally accepted length scale with which to caleculate a Reynolds number
for a Savonius rotor. Sufficient information is given in Table I that the reader may
calculate a Reynolds number based on a dimension of his own choosing, be it the tur-

bine diameter, turbine radius, bucket diameter, bucket radius, or whatever.

Figures 7 through 13 present the static torque coefficient data as a function of
angular position for the two-bucket configurations. Figure 5 gives the origin of the
angular position coordinate system. With the exception of the zero gap configuration
(s/d = 0, Figure 7), the torque coefficient is positive for all angular positions. There
is, however, a wide variation in the static torque coefficient with angular position.

In order to engure-that a Savonius rotor will start from any initial angular position,
the static aerodynamic torque must exceed the combined load and friction torques.

This constraint implies that the minimum value of the static torque coefficient may
control the required size of a Sévonius starter. The data'in Figures 7 through 13 -

- suggest that a two-bucket Savonius rotor might be a poor choice for a starter system
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Q is quite small in many cases. This problem can be circum-

vented, however, by utilizing two sets of Savoniug rotors, with one set being rotated

because the minimum C

90° from the other. The resulting torque coefficient curve for a typical hypothetical

rotation of 90° is shown in Figure 8 The minirmum torque coefficient is increased

by a factor of approximately 5.

The Reynoldé number has an effect on the static torque coefficients, as is
evidenced by the data in Figures 7 through 10. A shift in the CQ curve is apparently

caused by delayed separation around the buckets with increased Reynolds number.

The power and torque coefficient data for the two-bucket configurations are
presented as a function of turbine speed ratio in Figures 14a through 20b. The values
of torque coefficient plotted at the speed ratio of zero were obtained by averaging the
static torque coefficients over one cycle {0 to 180°) of the rotor. The power coeffi-
cients for all configurations peak near the speed ratio of 0.9 with the exception of
the configurations with no gap (7 and 15), where the power coefficient peaks near a
speed ratic of 0. 8.. 'fhe péak value of power coefficient for the two-bucket configura-
tions ranges.from 0.22 to 0.26. The maximum torque coefficient occurs at a lower
speed ratib, generally in the vicinity of 0.4 for all the configurations with two buckets.
Although there is a noticeable' increase in power and torque coefficient with increased

Reynoldg number, thig increase ig generallyrwithin the data uncertainty (see Appendix).

The plots of static torgue coefficient as a function of angular position for the
three-bucket configurations are shown in Figures 21 through 28. The angular orienta-
tion for the three-bucket rotor is shown in Figure 6. Note that the bucket tips do not
lie on the 0°, 120°,-and 240° rays; they are off because of the 20° shortening of the
bucket arc., Although most of the data plots are for 180° rotation, because that option
wasg available on the indexer, a full cycle for a three-bucket configuration is 120°,
With the three-bucket cohfigurations, there is no angular position where the static
torque coefficient is negative. The three-bucket configurations exhibit a gmaller vari-
ation in static torque coefficient than do the two—bucket configui'étions. the average
torque coefficient for ohe cycle is normally in the range of 0.3 to 0.4 for the three-
bucket configux'-ation's and is similar to that for the two-bucket configurations. Also.
ag with the two-bucket éonfigurations, the angular §051tion at which stall occurs is a

function of Reynolds number.



The powér and torque coefficients as a function of furbiné speed ratio are givén
in Figureg 28a through 36b for the three-bucket _configuratioﬁs for two Reynolds num-
bers. Gener'ally there is a slight improvement in performance with increased Reynolds
ﬁumber. Thig ig not true for all the data; the exact reason for these anomalies in the
data in which the lower Reynolds number data hag better performance is not known,
These results can be seen in Figure 32 (Configuration 10) and Figure 34 {Configuration

16). Again, the difference due to Reynolds number lies within the data uncertainty.

Figure 37 compares the performance of typical two- and three-bucket configura-
tiong. From a performance viewpoint, the two-bucket configuration is superior in most
regpects. The maximum power coefficient of the two-bucket éonfiguration is approxi-
maztely 1.5 times that for the three-bucket configuration. The speed ratio where Cp
is a maximum increases when the number of buckets goes from three to two. If appears
that the only performance advantage a three-bucket configuration has over a two-bucket
configuration is that the minimum static torque is greater. However, this advantage can
be removed by staggering two sets of two-bucket rotors. The remaining discussion will

center on the characteristics of the two-bucket rotors.

The effect of rotor height is examined in Figure 38 for a two-blade configuration
with g/d = 0. 15. The fact that the power and torque coefficients increase slightly with
increasing bucket height indicates that the endplates did provide a reduction in end losses.
In general, the data trends for the 1.5-m-high buckets were similar to the 1-m-high

buckets.

The effect of gap width on rotor performance is presented in Figures 39 and 40.
The low Reynolds number test data in Figure 39 indicate superior performance for a
gap width of g/d =0.1-0.15. Both larger and smaller gaps show a decrease in perfor-
mance. The performance difference is the most noticeable at the higher speed ratios.
A similar trend is shown in Figure 40 for the high Reynolds number test data. Alt.hough
the uncertainty snalysis in the Appendix indicates that the uncertainty bands for the
various gap widths will overlap, the data seem to indica{e that the gap width s/4 should

be in the range of 0.1 to 0.15,
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A very simple means of fabricating a Savonius rotor is to cut an oil drum in _
half, invert one half,' and weld the two pieces together. For this type of conﬁgufation :
where the bucket size is fixed, it would be desirable to know what gap width will prjo4 '
duce maximum power, P = Q0, .and torqué, Q. Figure 413 presents power, Qf, nor-
malized by é factor that is constant for all configurations (1/2 pvz 4 r H) as a function
of turbine rotational velocity, €, multiplied by the value 2r/ V_. All three gmaller gap
widths, which appear to reach approximately the same maximum power, are better
than the s/d = 0.2 curve. At the low rotational speeds, the s/d = 0 curve appears best
but shows poorer performance at high rotational speeds. Figure 41b presents the di-
mensionless torque as a function of dimensionless rotational speed. Again, the zero
gap width exhibits the maximum torque but has poorer performance at the higher
rotational speeds. The largest gap width configuratioﬁ exhibits the worsi performance
at low-to-intermediate rotational speeds. The general conclusion to be drawn from
the data in Figure 41 is that some gap is desirable, but it should not be 50 great that

it will cause considerable reduction in the rotor-gswept area and radius of rotation.

Figure 42 compares one data set of this report With. data from Shankar. 15 The
agreement between the two data sets is quite good at the high speed ratios but is rela-
tively poor at low speed ratiogs. No satisfactory explanation has been found for this
discrepancy. Data for a three-bucket configuration were not compared because of

model geometrical differences between this study and Shankar.



VII. SUMMARY AND CONCLUSIONS

Tests of 15 configurations of a Savonius rotor included such parameters as
number of buckets, freestream velocity, rotor height, and bucket overlap or gap

width. The following general conclusions were drawn from the test data:

1. The static torque coefficient is much more variable with angular
pogition for a two-bucket configuration than for a three-bucket

configuration,

2. The two-bucket configurations have better aerodynamic perfor-
mance than the three-bucket configurations, with the exception

of starting torque,

3. Increaging the test Reynolds number genérally improves aero-

dynamic performance,

4. Performance increases slightly with increasing height-to~diameter

ratio.

5. A dimensionless gap width of ¢/d = 0, 1-0. 15 appears to yield

optimum performance.

6. For a fixed bucket size (as with oil drums), the recommended gap

width is s/d = 0. 1-0, 15.

7. The recommended configuration is two sets of two-bucket rotors,
rotated 90° apart, with each rotor having a gap widtk of s/d =
0.1-0.15.

The data presented here, along with the data of Sha.nl«:ar,15 should provide a signifi-

cant data base for the study and use of Savonius rotors,
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a2

Appendix

"UNCERTAINTY ANALYSIS

The method of Kline and McClintockAnl was used to estimate the experimental
uncertainty associated with the determination of torque coefficient, CQ’ power coef-

ficient, Cp, and speed ratio, X These quantities are calculated from the following

.

relationships:
Q, + QY
_ 1 f
CQ " RA (A. 1)
-
(Qi + Qf) 191
Cp = W {A. 2}
o w8
. RO
X& - Vm (Ac 3)

Both the turbine torgque and the rotational speed were measured directly, whereas the
freestream velocity and dynamie pressure were determined from the measured (un-

corrected) dynamic pressure and an assumed tunnel blockage factor. These relation-

gships are
) 2
q =q (1+€t) (A, 4)
-] mu
2q
Vw = pw . (A. 5)



In a previous study of the experimental uncertainty associated with the testing of
Darrieus turbine models in the same test facility as this st_ufiy. Blackwell, Sheldahi,
and FeltzA_2 concluded that the most important variables affecting the computed un-

certaiﬁty were £, Qi’ Qf, a , and ¢, This conclusion allows the uncertainty to be

. t
written as u
. 5 9 2 1/2
5C 8Q, + Q % de,
- 1+ 14 I ut o, 2 55— (A. 6)
“q Q* Q| %W ¢
1/2
5C 6@, + @)% /. 0% \? se, \° 2
b 1 o3 a) L[t ) & 5Q (A. D)
I's Q. +Q 2 q 1+ ¢ Q )
1/2
ixX 0q Ge 2
=z . .2: Tu { @ (A, 8)
X 2 q, 1+ ¢ ¥) ’
© t

Table A-1 tabulates the assumed uncertainties for thig analysis. Most are
gelf-explanatory, but the torque and dynamic pressure require a few words of ex-
planation. The calibration curve for the torque meter was linear to within 0. 4 in~ibf;
the indicator was accurate to 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 tunnel dynamic pres-
sure was uniform to within +1.5 percent and that a prescribed value of the dynamic
presgure can be get ;:o within 0, 017 psf. The blockage uncertainty was assumed con-

atant for all runs.

From the data presented in Table A-I and the basic uncertainty equations, one

can show that the relative uncertainty in C_, in CP’ and in X decreases with increas-
[~-]

Q

ing rpm, torque, and dynamic pressure. Increasing the model size will increase the

tunnel blockage uncertainty term while decreasing the torque uncertainty term.

a3
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TABLE A-1

Uncertainty in Primary Variables
{from Ref., A-2)

Variable : - Uncertainty
Q0  rotation speed 50 = 1 rpm
Q torque . 8Q = 0, 8 in-1bf
Qf friction torgue 6Qf = 0,8 in-1bf
q dynamic pressure &g =0.015q + 0,017 (1bf/f€;2)
“u “n “u
€, total blockage éet = 0.5 €

For the data presented in this report, the following bounds on the uncertainty
of the primary variables can be established:

0. Q02 <%Q < 0,040

-23.5 < Qi + Qf < 197, 3 (in-1bf)

5(Qi + Qf)
Q Q

< wa:

0,008 <

u

< 0.048 .

“This upper bound is infinity because Qi + Qf can theoretically be zero.



The uncertainty in torque and dynamic pressure are the major contributors to the
overall uncertainty, whereas rotational speed and tunnel blockage are only minor

coniributors.

Figures A-1 and A-2 present representative uncertainty calculations for typical
two- and three-bucket configurations. The bars around each data point represent un-
certainty bounds. TFor those data points that do not have uncertainty bars, the un-

certainty lies within the plotting symbol.

Figure A-1 presents the uncertainty for a two-bucket configuration. The un-
certainty in Cp ig quite large for the 4, 32 x 105 Re run because the dynamic pressure
is low; the higher Re run has a2 much smaller uncertainty. The uncertainty in C__ and

Q

in Xﬂ is smaller than that for Cp'

Figure A-2 presents the uncertainty for a three-bucket configuration. The

general trends are the same as for the two-bucket configuration,

The uncertainty trends presented can be taken to be representative of the un-

certainty for other configurations tested.
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