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1. INTRODUCTION

The magnitude of wind loads on heliostats is an important
economic consideration in development of fields of heliostats for
sunlight concentration. Drive mechanisms must be sized to control
motion of the units in the presence of wind. Oversizing drive
mechanisms could result in higher unit costs than necessary.
Building code specification or aeronautical data cannot adequately:
predict forces and moments acting on the complicated geometry of
the heliostats. In this study, wind loads on a single heliostat
model were obtained in a simulated atmospheric boundary layer flow
and in a uniform approach flow in order to determine the influence
of the shear and turbulence in the approaching wind on loads and
to resolve inconsistencies between previous data obtained in a
boundary layer flow (1) and data obtained in a uniform flow.

The primary consideration in modeling wind forces on structures
in a wind tunnel is that the wind characteristics in the tunnel
simulate natural boundary-layer ﬁinds at the actual site. In
general, this requires that the vertical distribution of mean
velocity and turbulence in the wind tunnel boundary layer match
those at the site and that the Reynolds numbers of the model and the
prototype be equal. In addition, the small-scale structure must
be geometrically similar to its prototype. A detailed discussion
of these requirements and their implementation in the wind tunnel
environment can be found in references 2, 3 and 4.

The construction of a 1:22 scale model of the prototype

structure and its immediate surroundings (in this case, a flat, open



area), submerged in a turbulent boundary layer satisfied all the
above criteria except that of equal Reynolds numbers and similarity

of turbulence characteristics. In the Reynolds number %?, v

is the same for both the tunnel and the full-scale structure. Because
of this, the wind tunnel air speed, U, would have to be 22 times
the full-scale value if the model and prototype Reynolds numbers are
to be equal. Testing at such high wind speeds is not possible.
However, for Reynolds numbers larger than 2 x 104, there is no
significant change in the values of aerodynamic coefficients as the
Reynolds number increases. Since typical Reynolds number values
are 107 «188forfh11-scale flow and 105*“-106 for wind tunnel flow,
acceptable flow similarity is achieved without equality of the
Reynolds numbers.

At a model scale of 1:24, the larger scales of turbulence
in the atmospheric boundary layer are not simulated in the wind tunnel
flow. However, because the heliostat geometry is basically that of
a flat plate and because the integral scale of the turbulence in the
wind tunnel was 2 to 3 times the largest dimension of the model
collecter, the influence of the scale of turbulence was not expected
to be significant (5). Evidence exists which demonstrates some
influence of turbulence intensity on drag of flat plates (5, 6, 7).
Because the difference in turbulence intensity between the current
simulation and a simulation with complete similarity of turbulence
structure is not large, the effects due to turbulence intensity should

be of about the same size as the force balance resolution.



2. EXPERIMENTAL CONFIGURATION

2.1 Model

The 1:22 scale heliostat model used for this study is the
same one used in the previous study (1). It is shown in Figures 1
and 2. For the tests in the simulated atmospheric flow, the model
was placed on a turntable at the downstream end of the Meteorological
Wind Tunnel, Figures 3 and 4. A velocity profile characteristic of
an open-country environment was generated using spires and a flow
trip at the test-section entrance, to thicken the boundary layer to
50 inches, and roughness on the section floor. The roughness was
tailored to provide a 0.14 power law mean velocity profile.

For the tests in a uniform approach flow, the model was
installed just downwind of the entrance contraction of the Industrial
Wind Tunnel, Figure 5. In oxrder to provide a ground plane with
the smallest possible boundary layer, the model was installed at
floor level 22 in. downstream from the beginning of the test section.

The model installed in the wind tunnel is shown in Figure 6.

2.2 Instrumentation-Velocity

Velocity profiles were made with a single hot-film anemometer
mounted with its axis horizontal. The instrument used was a Thermo
Systems constant temperature anemometer (Model 1050) with a 0.001 in.
dia platinum film sensing element 0.020 in. long. Output from the
anemometer was directed to an on-line digital data acquisition

system consisting of a Hewlett-Packard 21MX mini-computer with disk,



Preston Scientific analog-to-digital converter, and several
peripheral units including digital tape drive, card reader,
printer and plotter. Hot-film data was acquired and analysed under
software control.

Calibration of the hot-film anemometer was performed by comparing
voltage output to velocity obtained from a nearby pitot tube. The
calibration data were fit to a variable-exponent King's Law

relation of the form

B2 = A + BU"
where E is the hot-film output voltage, U the velocity and
A, B and n are coefficients selected to fit the daté. The above
relationship was used to determine the mean velocity at measurement
points using the measured mean voltage. The fluctuating velocity in

the form Urms (root-mean-square velocity) was obtained from

S
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where Erms is the root-mean-square voltage output from the anemometer.
Turbulence intensity was calculated by dividing Urms by the local

mean velocity (Urms/ﬁ)‘

2.3 Instrumentation - Force and Moments

The model was mounted directly on an Inca six-component strain-
gage balance. The balance was mounted below the wind-tunnel floor
with its axis horizontal. This orientation enabled the 1ift on the
heliostat to be measured (it was not measured in the original study) in
addition to the horizontal force components. Because the force

component along the axis of the balance is not as reproducable as



desirable, one horizontal force (Fy) was obtained by rotating

the model on the balance for measurement of that one component before
obtaining the remaining five components. Each strain-gauge bridge
of the balance was monitored by a Honeywell Accudata 118 Gauge
Control/Amplifier unit which supplied excitation of the bridge and
amplified the bridge output. The voltage output from each channel
was directed to the on-line digital data acquisition system for pro-
cessing as described above.

Calibration of the balance was performed in a test rig in which
known forces and moments could be applied to the balance. A calibra-
tion matrix was then developed for reducing the mean output of the
strain gauges. The load and strain relationship was linear for the
range of loads applied in these tests. In addition, test loads were
applied in place in the wind tunnel on a frequent basis to insure
the reliability of the measured loads.

The force balance and electronic system are supported by their
manufacturer's specifications to be accurate to within 0.1 percent
of the full scale. In force coefficient and moment coefficient form
(defined below), this would indicate resolution of 0.015 in force
coefficient and 0.015 in moment coefficient. In actual practice, the
immediate reproducibility (one data run immediately following another
without change of any experimental variables) tended to have better
resolution than that quoted. When experimental variables were allowed
to vary between tests to check reproducibility (turning velocity
off, then back on; changing heliostat elevation angles and

azimuth angles, then returning to original position), the



quoted resolution limits were approximately correct for force
coefficients and slightly low for moment coefficients.

Force and moment coefficients are reported herein to three
decimal places since the third place probably has some meaning for a

large percentage of the data.

2.4 Force and Moment Coefficients

The forces and moments measured on the heliostat model were
expressed, respectively, in terms of the nondimensional coefficients
C

Cm, C . and Cmu' They are defined as follows:

F’ mh

force coefficient along the x-axis

FX.
C = - 3

2 (Aref)

force coefficient along the y-axis

F
c. = y

Fy (QURZ
2 (Aref)

force coefficient along the z-axis

3




moment coefficient about the X-axis at the base of the model

M
cC =- X ,

m 2
X (pUR
2 ) (Aref) (Lref)

moment coefficient about the y-axis at the base of the model

M
cC = A

m 2
y [ U
( 2 )(Aref) (Lref)

moment coefficient about the z-axis

.

Mz
C = ,

m 2
z pUR
( 2 >(Aref) (Lref)

moment coefficient about the x-axis at the hinge

*n

C., = X ,

mh 2
X pUR
( 2 ) (Aref) (Lref)

moment coefficient about the y-axis at the hinge

"

= y s
Con. =772
y ;(pUR
2 (Aref) (Lref)

moment coefficient about the x-axis at the upper point




moment coefficient about the y-axis at the upper point

Mil
y

3

2 ) (Aref) (Lref)

In these equations, the x, y and z axes through the base, hinge

Cmu = 2
y (DUR

and upper point are defined in Figure 7.

Fx’F ,Fz = measured force along the x, y and z axes,

y

Mx’My’Mz = measured moment about the x, y and z axes at the base,

My

1]

measured hinge moment about the x and y axes
at the hinge,

=
=
u

measured upper-point moment about the x and y
X Yy axes at the upper point,

2

A(ref3 = reference area (0.852 ft” model),
L(ref) = reference length (0.968 ft model),
p = density of air,

UR = reference velocity.

The reference velocity, U,, for the measurements in the boundary layer

R,
was the velocity at 1.2 ft above the floor in the approach boundary layer

profile (equal to 0.81 U, where U_ was the velocity at the pitot-

static tube measurement location 50 in. above the wind-tunnel floor).

The reference velocity, U_, for the uniform flow case was the average

R’
velocity in the approach flow over the model height (equal to 1.06 U
where U_ was the velocity at the pitot-static tube measurement

location 48 in. above the wind-tunnel floor. The velocity at U was

was measured using a Setra pressure transducer to monitor the difference



between static and dynamic pressure on the pitot-static probe mounted
at either 48 or 50 inches above the floor as described above. The
Setra transducer was calibrated against a standard maintained by the
Engineering Research Center at Colorado State University which is
traceable to standards maintained by the National Bureau of Standards.
The upper-point moments were calculated for a point on the upper
surface of the heliostat reflector plates 6.72 in. from the tunnel
floor for the model. The hinge moments were calculated at the heliostat
hinge, 6.07 in. from the tunnel floor for the model. The remaining

moments were calculated at the base of the heliostat at floor level.
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3. RESULTS

3.1 Velocitx

The approach mean velocity profile in the boundary layer flow
in the meteorological wind tunnel was obtained at the model location
without the model in place. This profile, called MTBYL1, is shown
in Figure 8 and is tabulated in Table 1. This mean velocity profile
is a 0.14 power law profile. In order to see the influence of the
model on the flow immediately in front of the model at a = 90° and
B = 00, velocity profiles were obtained on the wind tunnel centerline
1 in. upstream from the plane of the collector mirror surface with
the collector in place (profile COLLIN) and at the same location with
the collector removed (profile COLOUT). These two profiles are plotted
in Figure 9 and are tabulated in Tables 2 and 3. The presence of a
stagnation region in front of the collector is clearly evident in
Figure 9.

Flow visualization photographs were obtained in the region of the
velocity profiles upstream of the heliostat in the boundary layer flow.
Figure 10a shows the flow at two different times. Visual inspection
showed an unsteady flow which was predominantly through the center
slot in the heliostat for a part of the time and predominantly downward
as though the slot were blocked for part of the time. Figure 10b shows
flow near the floor at two different times. Part of the time, the flow
in front of the heliostat was drawn under the heliostat while at
other times, the flow tended to roll up into a horseshoe vortex with
little flow underneath the heliostat. No marked periodicity was noted

in the unsteadiness in the flow.
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Velocity profiles obtained in the Industrial Aeordynamics wind
tunnel on the centerline 1 in. upstream of the heliostat for o = 900,
8 = 0° are shown in Figure 11 and tabulated in Tables 4 and 5. The two
profiles represent conditions with the heliostat in place (UFCOLI) and

removed (UFCOLO). The uniform approach flow and stagnation region in

front of the collector are clearly visiable.

3.2 Heliostat Loads

Force and moment coefficients for the heliostat in the boundary
layer flow and uniform flow are listed in Tables 7 and 8 respectively.
A plot of CFX for the boundary layer flow case is shown in Figure 12.
The shape of the curves for the uniform flow case is similar.

Table 8 shows the ratio of uniform flow to boundary layer flow
coefficients for all cases where the boundary layer flow coefficient
had a value of 0.05 or larger. If the only difference in coefficient
for the two flow conditions were due to assignment of the reference
pressure pUR2/2 to an elevation of 1.2 ft above the floor instead of
the hinge height at 0.51 ft above the floor, the ratio of coefficients in
Table 8 would be the square of the ratio of velocities at the two

heights:
2

U (14)(2) 0.28
R (01.20) =Gl.2 ) - (01.521) - 1.97
0.51 0.51 '

The range of ratios found in Table 8 indicate that the presence of

shear and turbulence in the approach flow does, as expected, cause
differences in loading on the heliostat.
In Table 8, for wind directions near B = 900, some coefficient

ratios drop below one indicating higher relative loads for the
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shear~flow case. The reason for this cannot be determined from
data obtained in this study but may be related to the different
nature of the separated shear layer over the heliostat due to the

presence of turbulence in the approach flow (5,6,7).

3.3 Comparison with Previous Results

The drag coefficient of a square flat plate in uniform flow
is about 1.14(8). The drag coefficient on the heliostat at
a = 90° and B8 = 0° was measured as 1.17 for the uniform flow
indicating that the presence of the slot and ground plane have
second-order influence on the drag force--at least in uniform flow.

Comparison of the data of this report with that of reference 1
indicates that the force data and moment data about the base are
approximately a constant factor of 0.73 times the data of reference 1.
Several possible error sources in the original study were investi-
gated. These sources were 1) the original balance calibration/
data reduction procedure, 2) the possibility that the velocity profile
in the original study has a lower exponent than was actually measured
and 3) the velocity measurement technique.

To check possibility 1), voltage readings recorded during the
original study were processed through the current data reduction pro-
cedure including use of the current calibration. Loads reported in
the original report were recovered within a few percent. This
indicates that original forces and moments were processed correctly
and that the balance and supporting electronics are stable to within
a few percent over a one year period. An approximate analysis of the

influence of a 0.08 power law profile (a steeper profile than has
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been produced in the meteorological wind tunnel indicates a maximum
error of about 12 percent--significantly less than the difference
which appears between current data and that of reference 1.

The third possibility, an error in velocity measurement, could
occur in one of three ways: (a) human error in setting the offset
on the Baratron pressure transducer, (b) the Baratron pressure transducer
out of calibration, or (3) a leak in the tygon tubing connecting the
pitot-static tube to the pressure transducer. While neither (a) nor (b)
can be conclusively ruled out, they are not likely the source of
error for several reasons. The ratios of coefficients from the
current study to those of reference 1 were not constant within the
measurement precision demonstrated in this current study (they
showed a standard deviation of 5-7 times the resolution quoted above)--
indicating a dispersion of error about a mean. Since several indi-
viduals, each trained in the use of the pressure transducer, set
the wind-tunnel speed, it is not likely that a constant offset with
some dispersion would have occurred. While the periodic re-calibration
of the Baratron pressure transducer is performed in such a way that
a drift in calibration in service would not be detected, neither of
the two Baratron transducers in our laboratory has exhibited this type
of error before or since the experiment of reference 1. Thus, the
most likely error source in the original experiment was (c) above--
a leak in the tubing between the pitot-static tube and pressure
transducer, possibly at a coupling. A leak could exhibit an offset
in the correct direction with some dispersion. Complete confirmation of
the error source cannot be made; hence the true error source cannot be

determined with absolute certainty.
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Since all data of reference 1 was obtained during a single
wind-tunnel experiment in which the tubing to the pitot-static
tube was not changed, force data and moment data about the base of
reference 1 can be corrected by a factor of 0.73 with reasonable
confidence.

Moment coefficients calculated about the hinge or upper point

- were generally small values since the center of pressure was close
to these axes. Since the values are small, the percentage error
in those values are much larger than for forces or moments about
the base. Ratios of moment coefficients about the hinge or upper
point for this study to those of reference 1 give a ratio of 0.99
indicating a systematic deviation of the forces and moments about
the base resulting from those forces from the mean ratio of 0.73.
Systematic variations within the measurement tolerance of 0.015 in
force and base moment coefficient can lead to a 0.99 ratio in
hinge and uppér point moments. Thus, hinge and upper point moments
in reference 1 should not be éorrected.

Caution should be exercised in use of the hinge and upper
point moment data for design purposes. It is likely that the
instantaneous fluctuating moment is much larger--fluctuating both
positively and negatively--than the mean value which, on a time

average, is quite small.
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4. CONCLUSIONS

On the basis of the discussion of Chapter 3, the following
conclusions can be drawn:

1. The wind load on a single heliostat perpendicular to
a uniform flow is close to that predicted by a solid square flat
plate in uniform flow.

2. The wind load on a single heliostat in a simulated
atmospheric flow is smaller for most angle orientations than
that of a heliostat in a uniform flow based on wind magnitude
measured slightly above the top of the heliostat.

3. For some heliostat wind angles, wind loads on the heliostat
in the shear flow were relatively larger than those on the heliostat
in the uniform flow due, possibly, to the different character
of the separated shear layer near the heliostat due to turbulence
in the approach boundary layer.

4. Heliostat loads in the boundary layer flow in this study
differed from those in a previous study due, as closely as could be
determined, to a leak in a pressure transmission line or to an

undiscovered drift in an instrument calibration.
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Velocity Profile in the Meteorological Wind Tunnel at

the Model Location

Table 1.
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Velocity Profile in the Meteorological Wind Tunnel with
the Heliostat in Place

Table 2.
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Velocity Profile in the Meteorological Wind Tunnel with
the Heliostat Removed

Table 3.
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Velocity Profile in the Industrial Aerodynamics Wind

Tunnel with the Heliostat in Place

RESULYS FDR PROFILE ~
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Velocity Profile in the Industrial Aerodynamics Wind

Tunnel with the Heliostat Removed
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Force and Moment Coefficients for the Heliostat in
the Uniform Flow

Table 7c.
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Ratio of Uniform Flow to Boundary Layer Flow Coefficients

for Denominator > 0.05

Table 8a.
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Ratio of Uniform Flow to Boundary Layer Flow Coefficients

for Denominator > 0.05
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Figure 2. Photograph of the Wind-Tunnel Model
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the Meteorological Wind Tunnel
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.

Model Installed

Figure 4.
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Figure 6. Model Installed in the Industrial Aerodynamics Wind Tunnel
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Figure 10a.

Flow Visulaization Photographs in the Boundary Layer Flow
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Figure 10b.

Flow Visualization Photographs in the Boundary Layer Flow
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