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ABSTRACT

On June 2 1992, Landers’ earthquake struck the Solar Electric Generating System II,
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Leasmg Corporatlon (DLC), suffered substantial damage due to structural failures in the
solar farm. These failures consisted of the Sep&rauuu of bllUlllg _|U1[1Lb supporting a
distribution of parabolic glass mirrors. At separation, the mirrors fell to the ground and
broke. It was the desire of the DLC and the Solar Thermai Design Assistance Center
(STDAC) of Sandia National Laboratories (SNL) to redesign these joints so that, in the

event of future quakes, costly breakage will be avoided.

To accomplish this task, drawings of collector components were developed by the STDAC,
from which a detailed finite element computer model of a solar collector was produced.
This nonlinear dynamic model, which consisted of over 8560 degrees of freedom,
underwent model reduction to form a low order nonlinear dynamic model containing only
40 degrees of freedom. This model was then used as a design tool to estimate joint
dynamics. Using this design tool, joint configurations were modified, and an acceptable
joint redesign determined.

The results of this analysis showed that the implementation of metal stops welded to
support shafts for the nurnose of anquhpo 1nmt separation is a suitable lnlnf rPdPQlon
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Moreover, it was found that, for quakes of Landers’ magmtude mirror breakage due to

unlikely.
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1. BACKGROUND

This section describes the Solar Electric Generating System II (SEGS II) facility, the
Landers’ Earthquake, and the technical problem at hand.

1.1 The SEGS II Facility

The SEGS II facility consists of a farm of glass mirrored, single axis, parabolic trough
solar collectors (see Figure 1). These collectors use solar energy to heat oil; which is used
to produce steam; which, in turn, drives a turbine-generator to produce electricity.

A collector, shown in Figure 1, consists of a flexible truss structure supporting a
distribution of mirrors. This flexible truss structure can be defined in terms of a number of
substructures. In this report, the following terminology will be used to define these
substructures. The tubular substructure which runs the length of the collector will be called
the torque tube. The truss substructures between the mirrors and the torque tube will be
called mirror supports. The flat plates attached at each end of the torque tube will be called
end plates, and the tubular shafts projecting from these end plates will be called support
shafts. The support shafts fit into journals which are attached to another set of substructures
which will be called the support trusses. The support trusses transfer the weight of the
entire collector to a concrete foundation. Vibration at this foundation can be transmitted
through the support trusses, the journals, the support shafts, the end plates, the torque tube,
and mirror supports to produce vibration in the mirrors. The end plates, torque tube, mirror
supports, and mirrors will collectively comprise another substructure called the trough
assembly.

In SEGS 11, collectors are attached end to end to form rows which rotate about a north-
south axis. The assembly of all collectors in all rows is referred to as the solar farm.
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1.2 The Landers’ Earthquake

On June 2 of 1992, the Landers’ earthquake struck the SEGS 1I facility in Dagget,
California. The displacement of the quake was large enough such that some troughs
separated from their support trusses allowing one end of the trough assembly to fall to the
ground and shattered several mirrors of each fallen collector.

As shown in Figure 2! the epicenter of this quake was locate near Landers, California
- a small town approximated 50 miles south east of SEGS II. The magnitude of the quake
was M7.5 (on the Richter scale). Thus, making it the largest quake to strike southern
California in the last 40 years.2 Approximately three and one half hours later, a second
quake of magnitude M6.5 also struck SEGSII.  Although its epicenter was closer, the
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Figure 2. Map of Daggett, California Area.

1. Rand McNally Road Atlas, 65th Edition, 1989

2. Ad Hoc Working Group, Future Seismic Hazards in Southern California, Phase I: Implications of
the 1992 Landers’ Earthquake Sequence, report by the California Division of Mines and Geology,
P.O. Box 2980, Sacramento, CA 95812-2980



effects of this quake were minimal compared to the effects of the Landers’ quake. The
epicenter of this quake was near the small town of Big Bear Lake City - only 45 miles south
of Daggett.

There are two ground-response stations> within 10 miles of Daggett. The first station,
at Barstow, is located approximately eight miles to the west, and the second station, at
Yermo, is located approximately four miles miles to the east. Due to their close proximity,
it was assumed that earth motion at Dagget and Yermo was similar to earth motion at
Barstow. Therefore, recorded Barstow data could be used as input to numerical
simulations.

The Barstow data was limited in both frequency and direction. This data was band
passed filtered to frequencies below 23Hz and above 0.07Hz. Three channels recorded
acceleration in two perpendicular directions parallel to ground and in one direction
perpendicular to ground. Rotations in these three directions where not measured, and
therefore, without alternative, were assumed zero. From the acceleration data,
displacement data was deduced. Figures 3a and 3b show recorded Barstow acceleration and
deduced displacement for one channel.

As is shown in this data, the frequency response of acceleration is very high; however,
the frequency response of displacement is low. Since both acceleration and displacement
are excitations to the numerical problem (discussed below), and since the problem
contained non-linear components (also discussed below), the frequency response in the
mirrors could not be bounded without the use of a simulation. High frequencies creeping
into mirror dynamics could break the mirrors.

1.3 Objective

After the Landers’ earthquake, the Dagget Leasing Corporations (DLC), which
operates SEGS 11, contacted the Solar Thermal Design Assistance Center (STDAC) of
Sandia National Laboratories (SNL) for assistance in determining a low cost solution to the
journal separation problem. Personnel of DLC suggested welding stops at the end of each
journal to prohibit the journals from separating from the support structure. STDAC
engineers concurred that the stops would indeed prohibit separation but cautioned that the
solution should be analyzed to ensure that this remedy would not cause subsequent failures.
STDAC then contacted SNL’s structural dynamics department and asked for their
assistance in performing a Finite Element Analysis to determine the acceptability of the
proposed solution.

3. A ground-response station is a location where seismic activity is recorded.
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Figure 3. Barstow Data.

The following section describes the Finite Element (FE) model used in assessing
acceptability.

2. FINITE ELEMENT (FE) MODEL DEVELOPMENT

There is a 60% probability that within the next thirty years an earthquake as large as
or larger than the Landers’ earthquake will strike southern California.* Therefore, the solar
collectors, which failed in the Landers’ earthquake, must be redesigned to survive this
imminent geological threat.

The redesign process can be experimental, analytical or both. The disadvantage of
using an experimental process is that experiments are relatively costly, whereas the
advantage of an analytical process is that redesign costs are lower and design flexibility
higher. Nevertheless, the disadvantage of using an analytical process is that when dynamics
are complex, the accuracy of results unsupported by experiment is questionable. Therefore,

4. see Ref. 2 on page 5.



a process which uses both experiment and analysis is preferred. In this report, only an
analytical approach is discussed.

The following section describes the Finite Element (FE) model used in assessing
acceptability.

The redesign process consist of constructing a model of collector dynamics, simulating
that model with recorded input data (the Barstow data), and varying modeled joint
parameters to determine a set of viable joint configurations. The complexity and detail of
the model is dependent on the characteristics of the excitation, and the capacity of the
computational implementation relative to the complexity of dynamics.

In this redesign process, a FE model of a single solar collector was produced. This
model was nonlinear and of high order. The difficulty with assimilating a high order
nonlinear model into the joint redesign process is that such models require excessive central
processing unit run times. Nevertheless, for redesign, the model must run quickly. This
high order, nonlinear model was massaged into workable form via substructure modeling,
model reduction, and substructure assembly. This resulted in a low order nonlinear model
sufficient as a design tool. '

2.1 Substructure Modeling

Substructure modeling is the dynamic modeling of an individual or a group of
substructures. If a substructure model is linear, model reduction can be performed, and the
reduced order substructure model can be combined with other substructure models to form
a reduced order model of the total system. The process of recombining all substructure
models will be called substructure assembly.

Collector dynamics were modeled using five separate substructure models. These
models were:

Left Support Truss Model -  a linear FE model representing left support truss

dynamics,

Left Joint Model - a constraint model representing the dynamics of the
joint between the left support truss and the trough
assembly,

Trough Assembly Madel - a linear FE model representing trough assembly

dynamics,

Right Joint Model - a constraint model representing the dynamics of the
joint between the right support truss and the trough
assembly, and

Right Support Truss Model - a linear FE model representing right support truss

dynamics.



A concise discussion of the production of each of these models is given below.

2.1.1 Left and Right Support Truss Models

Support trusses, composed of a distribution of welded angle iron, were modeled in
PATRAN 3 as a collection of beams. Figure 4 shows a drawing of a support truss. Notice
that this model does not include a journal. This is because journal dynamics are included
into the left and right joint models. The left and right support trusses where identical in
geometry and construction and therefore did not have to be modeled separately. Each
support truss weighs about 200 [b,,,, and each support truss model contained 378 Degrees

of Freedom (DOF).
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Figure 4. Geometry of Support Truss.
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2.1.2 Trough Assembly Model

The trough assembly contains the end plates, the torque tube, the mirror supports, and
the mirrors. This assembly was also modeled in PATRAN 3. The end plates and mirrors
were modeled using thin shell elements, and the torque tube and mirror supports were
modeled using beam elements. Two problems evolved from this modeling. First, since thin
shell elements carry no normal angular rotation, it was not possible to model the
transmission of normal torsional loads into the end plates via shell elements alone.
Therefore, a collection of rigid bar constraints were attached to the plate elements to allow
for torsional loading. Second, since the finite diameter torque tube was represented by a
bar element of equivalent stiffness and mass but of infinitesimal diameter, massless rigid
bar constraints had to be applied to couple torque tube dynamics to support truss dynamics.

Trough component dimensions are shown in Figure 5. The total mass of the trough
assembly was 2160 lb,,,. The trough assembly model consisted of 7812 DOF.

+

0.44” thick

12.57 bars are 1.125”X1.125 rectangular
End Plate Dimensions tubes, 0.094” thick 618" Mirror Dimensions
- . )
7.0”, 0.125” thick
25.3” .
upper mirror
27.5” all mirrors are 1/8”
thick
Torque Tube Dimensions 29 O lower mirror

This was modeled as an equivalent

bar with no diameter. Therefore .
to attach it to the mirror supports, 26.0
constraint elements had to be used.

Figure 5. Geometry of Trough Assembly Components.




A NASTRAN modal analysis of the trough assembly model produced six rigid body
modes and a closely spaced distribution of structural modes. The natural frequencies of the
first seven structural modes were 9.94, 11.53, 12.01,16.39,16.41,16.53, and 16.81Hz. Due
to high modal density, the accuracy of the model above 16Hz was questionable. This is
because model accuracy is inversely related to modal density. As modal density increases,
the ability for a deterministic FE model to represent reality accurately is questionable.
Nevertheless, since the lower order modes were well spaced, and since these are the modes
which were significant in determining joint dynamics, the model was deemed sufficient as
a design tool.

Figure 6 shows the mode shape of the first structural mode at 9.94Hz. For sufficiently
large amplitude excitations, this mode produces mirror collisions. If the mirrors collide,
they will break. This mode represents a dominate mechanism of mirror collision.

upper mirrors

end
plate

. lower
mirror supports MIrrors

torque tube
collision of mirrors

Figure 6. First Structural Model of Trough Assembly.

2.1.3 Left and Right Joint Models

Joints were modeled as mathematical constraints. Figure 7 shows the DOF and loads
needed to define these constraints. The journal, modeled as a single point at the apex of the
support truss, can rotate and displace in all directions. The DOF and the loads at the journal
can be related to the DOF and the loads at the end plate attachment point. The attachment
point is the location where the support shaft is connected to the end plate. The
mathematical constraints between DOF and loads at the journal, and DOF and loads at the
attachment point, comprise the joint model.
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Since rotations in the x and y directions are not significantly large, it was assumed that
support shafts were always parallel to the z axis. Therefore, a joint can be modeled by
equating displacements and rotations in the x and y directions, allowing rotations in z
direction to be free, and relating displacements in the z direction via a nonlinear constraint
equation representing journal/stop interactions. If the rotation, displacement, force, and

- T
torque at and on the journal of the left support truss is given by or, = l:erL’er,_j erL] ,

= T pu T . .
dr = [:dr »ar, ,dr_] , Fr, = [fTL Ir o fTL_] ;and Tr, = [ITL’tTL’tTL:' respectively, and if
x y x y

the rotation, displacement, force, and torque at and on the attachment point of the left end

plate is given by ep = [6,,, P, 8p ] dp = [dp, P,d ]

Fp, = [fp , f,, Sp ‘]T, and ;pL = [t,, tp, ,tP JT, and if the variable y, is the z-displacement

between the Journal of the support truss and its attachment point, then the mathematical
constraints describing the left joint are given by

> L
< b
3

Fr, = -F, (Eq. 1)

where

> T
Xr, = [en 87 . dp d,LJ
x y x

;{m,=[ep’ P’P]

= T
FTZL = [ITLX, tTL‘., fTny fTL] ’

-

T
Fm, = l:tPL’tPL’fPL’fPL:I J
x y x b,

Fr, = [fT,.] B _[fmj B _;ma =0, () +3, Gy - (Eq.2)

The nonlinear functions 6; (y;) and 8, Opyp) are force/displacement relationships which
will be discussed below. The variables F,, , Fp, ,FT , Fr, K Xr, and X are also defined
above for later use. Again, since the left and rlght ]omts are dynamlcally identical, the
constraint equations for the right joint are the same as those for the left joint except that the
subscript L is replaced by the subscript R.

11
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Figure 8. Nonlinear Joint Model.

The function o, (y,) is the force/displacement relationship for a journal sliding on a
frictionless shaft whose motion is limited by stops at y, -d,,,, and y, +d,,,, Where y, isthe
mean distance between stops. When the journal is not in contact with a stop, no force is
produced. When the journal is in contact with a stop, the support shaft elongates by 8/. The
force produced by this elongation is K, Slor K, 8l where K, is the contact stiffness for the
stopaty, +d,, . and Ky, is the contact stlffness for the stop at Yo, = ma .- These two stiffness
are given by lE/A where 1 is the length of the support shaft in stress E is Young’s Modulus,
and A is the cross sectional area of the support shaft. Strictly speaking, two stiffnesses are
required since different lengths of the support shaft are stressed relative to which stop is in
contact with the journal. Nevertheless, since these stiffnesses were similar, their values
were assumed equal. A graphical representation of this force/displacement relationship is
shown in Figure 8.

The function 3§, (y,,y,) is the force/displacement relationship for stick/slip friction
between the journal and the support shaft. This friction is not only dependent upon joint
location, but also upon relative joint velocity.

When the relative velocity between the joint and shaft is zero, friction is equal to that
required to resist slip. Numerically this can be approximated via a very stiff spring (in the
infinite limit the approximation is exact). When friction exceeds the coefficient of static
friction, p_, times supported weight, W, its value is reduced to the coefficient of kinetic
friction, p , times supported weight. Therefore, its magnitude is always bounded. A block
diagram representation of these dynamics is shown in Figure 9.

Friction in the left and right joints is different considering that the weight that each
support truss carries is different. If the modeled solar collector is attached at the end of a
row of collectors, the weight that the left support truss carries will be half the weight of the
modeled trough assemble, whereas the weight which the right support truss carries will be
half the weight of the modeled trough assemble plus half the weight of the trough assemble
of the next collector in the row.

12
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The coefficients of static and kinetic friction at the time of the Landers’ quake are
unknown. Therefore, p_and y, can only be approximated. The coefficient of static friction
was determined from the coefficient of kinetic friction via the assumed relationship,
p, = 1.5p,. This relationship was made for lack of a better alternative. The coefficient of
kinetic friction was determined via numerical iteration. If p, is large, there will be no
relative motion between the journal and the support shaft. As p, is decreased, more motion
will occur. At the time of the Lander’s quake, the relative motion between the journal and
support shaft had to be at least 4” for the joint to fail. Therefore, u, was decreased until 4”
of relative motion occurred. This represented the maximum possible amount of joint
friction under assumed conditions.

2.2 FE Model Reduction

Without model reduction, the number of DOF in the unified model would be
excessive. A non-reduced assembled model would contain over 8560 DOF. A model of this

order, using direct simulation,® will require excessive cpu time. Thus, to reduce cpu run

5. Direct simuiation means that all DOF are calculated during numerical integration.
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time, model reduction was performed. The preferred method of model reduction is Craig-
Bampton.” A brief overview of this method is found in Appendix A.

Numerically, this reduction was performed in NASTRAN via D-mapping and the
results transferred into MATLAB via the NASMAT translator. Numerical simulations
were performed in MATLAB.

2.3 Substructure Assembly

Three FE substructure models underwent model reduction. These models were the left
support truss model, the right support truss model, and the trough assembly model.

The reduced second order matrix equation for the dynamics of the left support truss is

given by
my mp mp omp fTIL kp kr kp kr, fT'L FTIL
my mp mpomp XT’L . kTu an an kTu XT,{ ) FTzL
my mp mp mp ;(Tn ky kp kp kr §,3L P
_mT‘I my My mT“_ )_}T‘L _kTu kT‘2 kT‘3 kT“_ )?T‘L ] Oi
where
;(T'L - are DOF in the left support truss model representing displacements
and accelerations at the concrete foundation,
;{TZL - are DOF in the left support truss model to be equated to DOF in the
trough assembly model (Equation 1),
;(T-‘L - are DOF in the left support truss model to be coupled to DOF in the
trough assembly model via the nonlinear functional relationships
oL (vp) and 6y, (v, y) (Equation 2),
}T‘ - are generalized DOF in the left support truss model which can be used

for model reduction.

The subscript L represents the left truss. If the subscript L is replaced by the
subscript R the equations for the dynamics of the right truss result.

7. R.R. Craig, Jr, Structural Dynamics, An Introduction to Computer Methods, John Wiley & Sons, New
York, NY, 1981, pp. 475-478.
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Since X7, and X7, are known inputs (the Barstow measurements), the above equation
L L

can be written as

N [+ 7]
Xr X
m m m 2 “lk k k Tz
Tp Ty Ty L T Ty Ty L
X k. k. k. ||X;
m m m +
Ty Ty T XT: . Ty Ty Ty XT: L
m m m > >
To " To Ta Xr Ty Ty Tu Xr
4 4
L L . L

where all forcing functions are now on the right hand side.

The reduced second order matrix equation for the dynamics of the trough assemble is

given by

where

are DOF in the trough assembly model to be equated to DOF in

the left support truss model,

are DOF in the trough assembly model to be equated to DOF in

the right support truss model,

are DOF in the trough assembly model to be coupled to DOF in
the left support model by the nonlinear functions 6 (y;) and

o0 YL

are DOF in the trough assembly model to be coupled to DOF in
the right support model by the nonlinear function O (yg) and

Or Or YR)
are generalized DOF.

1
NS><:lf s‘><|,

> L
3

w

b
3

o

<
3

[

(Eq. 4)

To couple equation (3) to equation (4), equations (1, 2, 3) are used. This results in a
combined relation as follows.
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yzyL=[00100—1000]}=Q;{, , (Eq. 6)
e 000700 0-70

T
i AT AT ST AT AT AT aT aT aT
X’"n X'"z X’"; X'"4 X’"s erl_ XT‘L XT:cR XT‘R

S AT aT S S

. AT AT
where for this problem, X,,Xn,Xr,,Xr, ,Fr,,Fr,,le R'!
L R L R

and the Os take appropriate
dimensions.

Written in condensed notation, equations (5) and (6) become MX + KX = Ru+DF
a T T T
> AT ST AT T pu ST aT .
and y = 90X where u = [XT.L Xr, Xr, XT.J and F = [FT% FT;;I = [fnz fr,,] . This can be

collapsed into state space form as x = A;+Bu74+BFF, y=Cx, and y = C,x where

0 I 0 0 .

Os take appropriate dimensions. This state space relationship includes all the dynamics of
the linear portion of the system.

Lol

Ry
X =

Nonlinear joint dynamics,

szL RCASHIN
1, Op (¥g)

can be implemented using joint constraint conditions given in Figures 9 and 10.

;,__: SL(yL’yL) = K(;);+E
Or (VoY)

The assembled collector model can be drawn in block diagram form as shown in
Figure 11.

Displacement & Acceleration
Linear
" Dynamic

ﬁ > N a A >
> x=Ax+Bu+B.F y = Cx —-—I
| ;‘: K(;’);"f';é H Nonlinear

Dynamics

Excitation

Figure 11. Nonlinear Collector Model in Block Diagram Form. J
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As shown in this diagram, nonlinear dynamics and linear dynamics can be separated
into feedback and feedforward blocks. As discussed above, model reduction was used to
reduce the order of all linear dynamics. Nonlinear dyanmics were already of low order.
Thus, the assembled model was of low order. The assembled model is given by

x = (A+B.K(3) (C))x+B,u+B,R. (Eq. 7)

During simulations, equation (7) was updated every time step.

Also during simulations, variable time steps were used. Variability in time step was
required since journal/stop impacts produced high frequency dynamics which could throw
the numerical simulation into instability. When the journals and stops were far from
contact, long time steps were used, and when the journal and stops were in or near contact,
short time steps were used. Stability was also constrained by the stiffnesses used to impose
stop conditions. The proper selection of these stiffnesses could only be determined by
iteration.

3. RESULTS

The section below presents results on model reduction errors and collector dynamics.

3.1 Model Reduction Error

The assembled model was only 40th order. The natural frequencies of each reduced
order models are given in Table 1.

I Support Truss Model l Trough Assembly Model '
Mode | Full order Reduced % Error J Full Order Reduced % Error
Order Order
1 11.01Hz {11.01 Hz []0.08% 9.94 Hz 10.17Hz }§2.32%
2 28.44Hz [|29.46Hz }3.61% 11.53Hz J11.55Hz }0.12%
3 60.67 Hz |63.77Hz }5.11% 12.01 Hz |12.38 Hz §3.10%
4 70.80Hz {71.12Hz [0.46% 16.39Hz §15.88Hz |3.16%
5 111.12 Hz J444.66 Hz }300.16% §16.41 Hz |16.31 Hz 10.61%
6 127.62 Hz | 659.66 Hz | 416.89% | 16.53 Hz §16.39 Hz }0.85%
Table 1. Model Error. -
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As shown in Table 1, Craig-Bampton matches lower order modes to within 4%,
whereas higher order modes were in substantial error. Since excitation frequencies were
low (most of the structural energy was below 1Hz), accuracy was needed only at these
lower order modes.

3.2 Collector Dynamics

Two joint configurations were studied. The first configuration lets d, . go to infinity

(see Figure 9). This represents a Support Shaft with No Stops. This was the joint

configuration during the Lander’s quake. The second configuration assumes that 4___=1"".

max

This represents a Support Shaft with Stops at 17. This is the remedy proposed and
implemented by the DLC. It was found that this was a sufficient remedy to the joint

separation problem.

3.2.1 Support Shaft with No Stops

The first configuration lets 4, go to infinity. This is a model of the joint as it existed
during the Lander’s quake. Figures 12 (a), (b), and (c) show collector response versus time
for this joint configuration. Input excitation came from measured Barstow data.

In Figure 12(a), the distance between the center of the support shaft and the journal is
shown. Ifthe distance between the inner end of the journal and the outer end of the support
shaft is less than 4”, the journal and support shaft will separate. In this configuration,
friction was not great enough to stop joint failure. Figure 12(c) shows relative displacement
between mirror corners. This relative displacement was measured at the location of the
largest relative displacement in the Figure 7 mode shape. To assure no mirror breakage,
this displacement should be less than one inch. As shown in this plot, mirror breakage due
to collision of mirrors will not occur.

3.2.2 Support Shaft with Stops at 1”

This joint configuration consists of a stop welded to the end of the support shaft which
limits its travel to a maximum of one inch. Figures 13(a), (b), and (c) show responses for
this configuration.

As shown in Figure 13(a), the 1” maximum displacement limit results in impulse loads
occurring in the support shaft. These loadings represent the forces required to set the 1 ton
trough assembly into motion. A stop placed 1” from the journal should have the ability to
survive these high impact loads. As shown in Figure 13(b), the stop must be able to
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withstand at least a 1000 lbs load. This is a very approximate answer considering that
numerically it is difficult to produce an impulse function. Therefore, an adequate safety
factor should be applied (~2-4).

As shown in Figure 13(c), even with impact loading, the mirrors will not break.
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Figure 12. Collector Dynamics with No Stops.
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4. CONCLUSIONS

The purpose of this project was to redesign collector joints so that joint separation and
costly breakage would not occur. Since a remedy to the joint separation problem had
already been implemented, it was necessary to determine the sufficiency of this remedy
before further redesign. For structural integrity purposes, this remedy is sufficient.

Assuming the validity of assumptions made within this report, the implementation of
metal stops welded to the support shaft is a suitable solution to the joint separation problem
when the stops are 17 from the journal. Stops must withstand loads of over 100015,.

Another concern in this analysis was the breakage of the mirrors due to enhanced
vibration in the trough assembly. It was found that the addition of stops produced little
change in mirror dynamics. Mirror breakage is unlikely.
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APPENDIX A - Model Reduction using Craig-Bampton

When performing model reduction, some DOF are eliminated from the FE model,

N-x1

while others are preserved. If ;p e "' contains all DOF to be preserved while ':E eR’

contains all other DOF, then the DOF of the FE model are given by [;Z ZST . In Craig-

Bampton, a transformation matrix, 7, is produced such that

a EY
| < e
u; u
where u, are a set of ordered generalized coordinates whose truncation will reduce model

order.

The generalized coordinates, u,, are determined by constraining u, =0 and

g,
transforming resulting system dynamics into modal coordinates. That is, if the FE model is

given by
|:Mn M12:| “rl [:Kn Kiof (#p _ ;“P
My M| u Ky Ky up 0
2 T 2 " > NoxNG
then, u, = ¢ u; where {Ky,-w,My}¢, =0, and ¢ = [¢1,¢2, ¢3...¢N;] €R for
0 S0, S0 Sy, The vectors ¢, to ¢, are called the component modes.
P
These modes along with constraint modes, ¥, , will form a complete collection of basis

functions for the FE model® Constraint modes are determined by solving the n static
problems given by the solution to the following problem statement

IF up (n) is the n"* element of u, then for u,(n) = 1, u (m#n) =0,
P P P P

FIND u; = ¥, for n,m = 1,2,3, ...N, in the static case.

These N, solutions are givenby ¥ = -k /K, where ¥ = [‘{" ¥, ... ‘PN].

P

Therefore the transformation matrix, 7, is given by

1]

N xN- NI’X

. . N, . . . . . - . .
where 0e R ~ ’ is a zero matrix, and /e R © * is an identity matrix. Since u, is in modal

coordinates, model reduction may be performed by simply eliminating the highest modes

8. This means that any response can be represented by the time weighted sum of the basis functions.
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(N + N;) x (N‘ +N,)

- .S N x1
of u,. Therefore, for the truncated matrix u,€ R & ,and Te R where N o < N;.,

the reduced order model is given by

u
m, P +kr Pl = FP
u u 0
My, M k., K N +N)x(N +N
Where mr = TT t 12 T * kr = TT n 12 T ] m,-’ k,e R( '+ s * S+ P)
My My, K, K,,
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Easlc SC 29640

Lowecr Colorado River Resource Conservation &

Development Project
Michacl Forrest
Coordinator
1713 Kofa. Suite G
Parker AZ 85344

John Lucas
865 Canterbury Rd.
San Marion CA 91108

M. K. Inc.

James Koury

4450 Indian Bend Dr.
Whittier CA 90601

Malcolm R. MacPherson, Ph.D.
Rt. 7. Box 128-MK
Santa Fe NM 87505
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McCarter Corporation
R. A. Powell
200 E. Washington St.
PO Box 351
Norristown PA 19404

* McDonnell-Douglas Astronautics Company

R. L. Gervais
5301 Bolsa Avenue
Huntington Beach CA 92647

McDonnell Douglas Aerospace
Ken Stone

Internal Mail Code A3/P520/11-3

5301 Bolsa Ave.

Huntington Beach, CA 92647-2048

McGraw Edison

R. Dugan

Power Systems Division
Cannonsburg PA 15317

Pat Montoya

State Issues Director

625 Silver Ave SW Suite 130
Albuquerque NM 87102

Pennsylvania State University
Dr. Russell Messier

Material Research Laboratory
University Park PA 16802

McIntosh Middle School
B. Milligan

701 S. Mclntosh
Sarasota FL 34233

Mechanical Technology, Inc.
G. R. Dochat

968 Albany Shaker Road
Latham NY 12110

Mendez Cattle Co.
Marcos F. Mendez
9300 N. Shelton Rd.
Linden CA 95236

Meridian Corporation

D. Kumar

4300 King Strect Suite 400
Alexandria VA 22302-1508

Mcridian Corporation

Anil Cabraal

4300 King Street Suite 400
Alexandria VA 22302-1508



Meltsal, Inc.

Julie Smith

515 South Howes

Ft. Collins CO 80521

Michigan State University
Jerry Park

Elcc. Engr. Dept.

Engr. Bldg., Rm. 260
East Lansing M1 48824

Midway Clinic

Dr. Droblas

11837 Merrian
Livonia MT 48150

Midway Labs

Paul Collard

2235 East 75th Streel
Chicago IL 60649

Midwest Research Institute
R. L. Martin

425 Volker Blvd.

Kansas City MO 64110

Jamic Miller
553 Sccond St.
Gambrills MD 21054

Minnesota Power Co.
John Kappenman

30 West Supcrior Street
Duluth MN 355802

Mississippi Technology Transfer Center
Clay Gnffith

Stennis NASA Center

Bay St. Louis MS 39529

MIT

J. G. Kassalkian

M. F. Schlcciu

Elcc. Power Systems Engr. Lab
Cambridge MA 02139

Montana State University
R. Johnson

Dept. of Elcc. Engr.
Bozcman MT 59717

John G. Montgomery
1106 Malgren Avenue
San Pedro CA 90732
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Dan Moon

Virginia Department of Youth & Family Services

Commonwealth of Virginia
PO Box 3AG
Richmond VA 23208-1108

Morning Star Enterprises
Kent Knock, President
PO Box 176

Trumbull CT 06611

Moylan Engineering Assoc., Inc.
W. J. Moyland

13530 Michigan Avenue

Suite 237

Dearborn M1 48126

MRI Soleras

Matthew S. Imamura
425 Volker Boulevard
Kansas City MO 64110

Multiarc Scientific Coating
National Renewable Energy Lab
John Webb

1617 Cole Blvd.

Golden CO 80401

National Renewable Energy Lab
Jim Jones

Russ Heweltt

1617 Cole Blvd.

Golden CO 80401-3393

National Renewable Energy Lab
Mary Jane Hale

1617 Cole Bivd.

Golden CO 80401

National Renewable Energy Lab
Tom Williams

1617 Cole Blvd.

Golden CO 80401

National Concrete Masonry Association
Bion D. Howard

PO Box 781

2302 Horse Pen Road

Herndon VA 22070

Nature Conservancy
Will Murray

1815 N. Lynn Street
Arlington VA 22209



Howard Nelson
1024 Linda Lane
Charlotte NC 28211

New Mexico Electric Cooperatives
Robert E. Castillo

Exccutive Vice President

614 Don Gaspar

Santa Fe NM 87501

New Mexico Home Builders Assn.
Jack Milarch

Exccutive VP

5931 Office Bivd. NE
Albuquerque NM 87109

New Mexico Institute of

Mining & Technology
Joc Galon
Associate Dircector of Engineering
Physical Plant Department
Campus Station
Socorro NM 87801

New Mexico R&D Forum
University of New Mexico
Richard Cole

Dircctor

R&D Communication Office
Albuquerque NM 87131-6076

New Mexico Public Service Commission
Peter Bickley

224 E. Palacc Avcnuc

Santa Fc NM 87501-2031

New Mexico Manufacturing Extension Program
Ken Manicki

Manufacturing Project Manager

1009 Bradbury Dr. SE

Albuquerque NM 87106

New Mexico Manufacturing
Productivity Center

Graham Bartleul

1009 Bradbury Dr. SE

Albuquerque NM 87106

NM Solar Encrgy Industries Association
Tom Volck

PO Box 90275

Albuquerque NM 87199-0275
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NASA/Lewis Research Center
R. Corrigan

Richard DeLombard

21000 Brookpark Road
Cleveland OH 44135

National Tech Transfer Center
Wheeling Jesuit College

316 Washington Ave.
Wheeling WV 26003

Natural Power, Inc.
Brian Gordon
Francestown Turnpike
New Boston NH 03070

Naval Civil Engineering Lab
Kwang Ta Huang

CODEL 72

Port Hucneme CA 93043

Ncbraska Department of Economic Development
Rex Martin

University of Nebraska-Lincoln

W191 Nebraska Hall

Lincoln NE 68588-0535

Pat Montoya

State Issues Director

625 Silver Ave., SW
Suite 130

Albuquerque, NM 87102

Howard Nelson
1024 Linda Lanc
Charlotte NC 28211

NEOS Corporation
Kirk Stores

165 South Union Blvd
Suite 122

Lakewood CO 80228

New England Power Service
Ed Gulachenski

25 Research Drive
Westborough MA 01381

New Mexico League of Women Voters
Barbara M. Rosnagle

Natural Resources Chair

116 Salamanca NW

Albuquerque NM 87107



New Mexico State University
Cooperative Extension Service
Skip Finley

PO Box 390

Mora NM 87732

Ncw Mexico State University
Cooperative Extension Service

Bob Grassberger

9301 Indian School Rd NE, Suite 201
Albuquerque NM 87112

Necw Mexico State University
Coopcrative Extension Scrvice
Robert O. Coppedge, Ph.D.
Box 3AE

Las Cruces NM 88003

New Mexico State University

Pat Melendrez

San Miguel County Extension Agent
PO Box 2170, West Branch

Las Vegas NM 87701

New Mexico State University

Southwest Technology Development Institute
Steve Durand

Box 30001/Dept. 3SOL

Las Cruces NM 88003-0001

New Mexico State University

Southwest Technology Development Institute
Andrew L. Rosenthal

Box 30001/Dept. 3SOL

Las Cruces NM 88003-0001

New Mexico State Universily

Southwest Technology Development Institute
Dr. Rudi Schoenmackers

Box 30001/Dept. 3SOL

Las Cruces NM 88003-0001

New York State Energy Research and Dev. Authority

Fred Strnisa
2 Rockefeller Plaza
Albany NY 12223

New York State Pub. Serv. Comm.
Edward Schrom

Empire State Plaza

Albany NY 12223

Nippon Electric Glass Co., Ltd.
Bernard L. Steierman

11801 Rockville Pike Suite 1704
Rockvilic MD 20852

North Carolina Alternative Energy Corp.
Bob Weiss

PO Box 12699

Research Triangle Park NC 27709

Northern Research & Eng. Corp.
Dr. James B. Kesseli

39 Olympia Avenue

Woburn MA 01801-2073

Northwest Power Planning Council
Tom Truelove

851 SW Sixth Ave., Suite 1100
Portland OR 97204

NREL

Meir Carasso, Ph.D., P.E.

Manager, Thermal Science Research Section
1617 Cole Boulevard

Golden CO 80401

NREL

James G. Jones

1617 Cole Bivd

Golden CO 80401-3393

NREL

Steve Rubin

1617 Cole Blvd
Golden CO 80401

NREL

Chuck Kutscher, P.E.
Senior Engineer
1617 Cole Boulevard
Golden CO 80401

NREL

G. David Mooney, Ph.D.
Project Coordinator

1617 Cole Boulevard
Golden, CO 80401-3393

NREL

Federica Zangrando, Ph.D.
Senior Engineer

1617 Cole Boulevard
Golden CO 80401

NREL

Roger W. Taylor

Project Manager

1617 Cole Boulevard
Golden CO 80401-3393



Oklahoma Gas and Electric
J. D. Hampton

PO Box 321

Oklahoma City OK 73101

On Ice

Harry Franey

3116 Pleasant Grove Rd.
Plcasant Grove CA 95668

Pacific Gas and Electric Co.
Steve Hester

Brian Farmer

3400 Crow Canyon Road
San Ramon CA 94583

Pacific Gas and Electric Company
Joscph J. lannucci

Program Manager

3400 Crow Canyon Road

San Ramon CA 94583

Pacific Power and Light
Steve Carr

920 SW 61h Avenue
Portland OR 97204

Packerland Solar System
Richard Lanc

PO Box 8262

Green Bay WI 54308

PAL Enginecring Services, Inc.
Ken Lambert, VP

U.S. Office: 621 Heather Knoll
Dcsoto TX 75115

Parsons of California
D. R. Biddle
PO Box 6189
Stockion CA 95206

Gary Peacock
142 Sandy Oak Trail
Charlotte NC 28210

Ralph R. Pcnce Associates
725 S. Broadway
Dcnver CO 80209

Pennsylvania Encrgy Office
Dircctor

116 Pine Strect

Harrisburg PA 17101-1227
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Pennsylvania Power & Light Co.
R.J. Fernandez

North Ninth Street

Allentown PA 18101

Philadelphia Electric Company

- Don Fagnan

2301 Market Street 510-1
Philadelphia PA 19101

Photon Energy, Inc
John A. Johansen
9650-A Railroad Dr.
El Paso TX 79924

Photovoltaic Energy Systems
Paul Maycock

P. O. Box 290

Casanova VA 22017

Plains Electric Generation and Transmission
Cooperative, Inc.

Danicl S. Bailet

PO Box 6551

Albuquerque NM 87197

Plains Electric Generation and Transmission
Cooperative, Inc.

Dwight Lamberson

Supervisor of Forecasting & Modeling

PO Box 6551

Albuquerque NM 87197

Platte River Power Authority
Carol Dollard

Timberline and Horsetooth Roads
Fort Collins CO 80525

Plumas - Sierra Rural Electric Cooperative
Paul S. Bony

Manager of Member Services

PO Box 2000

Portola, CA 96122-2000

Portland State University
Jean P. Murray. Ph.D.
PO Box 751

Portland OR 97207-0751

Power Kinetics, Inc.
W. E. Rogers

415 River Street

Troy NY 12180-2822

Andrew G. Proulx
10 Kelly Road
Westford MA 01886



Public Service Commission
Allen Girdner

Utility Economist

224 E. Palace St.

Santa Fe NM 87503

Public Service Co. of New Mexico
M. Phyllis Bourque

Alvarado Square

Albuquerque NM 87158-2822

Public Service Co. of New Mexico
Vic Silva

CR Dept (0076)

Alvarado Square

Albuquerque NM 87158

Public Service Co. of New Mexico
Becky Kilbourne

Retail Electric Marketing Center
Alvarado Square

Albuquerque NM 87158

Public Service Co. of New Mexico
Mark E. Harlan

Technical Analysis Coordinator
Alvarado Square

Albuquerque NM 87138

Public Service Co. of New Mexico
Tom Nesmith, P.E.

Alvarado Square - MS 0256
Albuquerque NM 87158

Public Service Co. of New Mexico
John M. Noble, P.E.

Alvarado Squarc - MS 0510
Albuquerquc NM 87138

Public Service Electric & Gas
Harry Roman

B. Radimer

PO Box 570

Ncwark NJ 07101

Purduc University

Olcg Wasvnczuk

School of Elcc. Engr.
West Lafayvetic IN 47907

Radco Products. Inc.
Gceorge O. Radford
Prcsident

2877 Industrial Parkway
Santa Maria CA 93455
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Real Gas and Electric Co.
PO Box F
Santa Rosa CA 95402

Renewable Energy Training Institute
Jeffrey S. Ross

Assistant Director

122 C Street, NW

Suite 520

Washington DC 20001

Rensselaer Polytechnic Inst.
Jose M. Borrego

EESE Dept. JEC 7020
Troy NY 12181

Research Triangle Institute

Carl Parker

PO Box 12194

Research Triangle Park NC 27709

Alan Richardson
Business Liaison
New Postal Building
Room 3004

Santa Fe NM 87501

Rite Engineering & Mfg. Corp.
9441 Washburn Rd.
Downey CA 90242

Roan Corporation

James L. Abolt

177 Bovet Road, Suite 520
San Mateo CA 94402

Rockwell International Corporation
Encrgy Technology Engineering Center
Robert K. Hoside. C.E.M.

PO Box 1449

Canoga Park CA 91304

The Rovac Corp.
Raymond E. Shea, Sr.
President

PO Box 111

1030 Stafford St.
Rockdale MA 01542

SAIC

Barry L. Butler, SEIA Chairman
Room 2043, M/S C2]

10260 Campus Point Drive

San Diego CA 92121



Sandia National Laboratories
Mark S. Allen
Technology Transfer Division
PO Box 5800

Albuquerque NM 87185-5800

Sandia National Laboratories
R. Hamil

D. Belasich

C. Lombawa

Org. 4212

PO Box 5800

Albuquerque NM 87185

Sandia National Laboratories
Julic Clausen. 7161

PO Box 3800

Albuquerque NM 87185

Sandia National Laboratories
Rolf Wrons, 7816

PO Box 3800

Albuquerque NM 87185

San Diego Gas & Electric Co.
Skip Fralick

PO Box 1831

San Diego CA 92112

San Jose State University
Helmer Niclsen

Dept. of Mech. Engr.
Washington Square

San Jose CA 95192

Scholfield Solar

Allen Carrozza

2450 Channel Drive, Suite A
Ventura CA 93003

Science Applications International Corp.

Roger L. Davenport
Division 448

15000 West 6th Ave., Suite 202

Golden CO 80401

Scicnce Applications International Corp.

Kclly Beninga
Division 448

15000 West 6th Ave., Suite 202

Golden CO 80401

Scicnce and Technology Corporation

Ronald J. Nelson
12452 Towncr NE
Albuquerque NM 87112

Segal's Solar Systems
Barry Jay Segal
Consulting Engineer
3357 Cranberry South
Laurel, MN 20724-2419

Scientific Analysis, Inc.
John Allen Gunn, PE
6012 E. Shirley Lane
Montgomery AL 36117

Mr. Ernest Schiele
2323 Bellwood Drive #49
Grand Island NE 68801

Mr. Ed Schrieber
3225 S. 14th St.
Lincoln NE 68502

Seed International, Inc.
Harold W. Nelson

General Manager

Vice President of Marketing
221 Rio Rancho Blvd

Rio Rancho. NM 87124

SLEMCO

A. }J. Slemmons
19655 Redberry Dr.
Los Gatos CA 95030

Sea Sun Power Systems
George Hagerman

124 East Rosemont Ave.
Alexandria VA 22301-2326

Segal's Solar Sysiems
Barry Jay Scgal

3357 Cranberry South
Laurel MD 20724-2419

Scldom Seen Education
Mary C. Stuever

PO Box 474

Placitas NM 87043

Scvier County High School
Jeremy Smith, Student

308 Caton Rd.

Sevicrville TN 37862

Siemens Solar Industries
Bill Howley

PO Box 6032

Camarillo CA 93011



Sierra Club Rio Grande Chapter
Ken Hughes

Energy Chair

1204 Placita Loma

Santa Fe NM 87501

Sicrra Pacific Power Co.
R. G. Richards

PO Box 10100

Reno NV 89520

Skyline Engineering

Dr. Robert Wills, P.E.
Routc 45. PO Box 134
Temple NH 03084-0134

SMUD

Don Osborne

Box 13830

Sacramento CA 95852-1830

SMUD

David W. Rienhart

Box 15830

Sacramento CA 95852-1830

Solar Development, Inc.
David Burrows

3630 Reesc Avenue
Gardcen Industrial Park
Riviera Beach FL 33404

Solar Encrgy Corporation
Robert Aresty

Box 3065

Princcton NJ 08540

Solar Energy Industries Association
Ann Polansky

777 North Capital Street, NE

Suitc 803

Washington DC 20002-4226

Solar Energy Industries Assn
Ken Shemkopfl

Linda Ladas

Scott Sklar

Suitc 803

777 N. Capttol St. NE
Washinglon DC 20002-4226

Solar Kinetics. Inc.

Paul Schertz. Vice President
10635 King William Drive
Dallas TX 75220
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Solar Kinetics, Inc.

Gus Hutchison

10635 King William Drive
Dallas TX 75220

Solar Power Engineering Co. Inc.

* T. Buna

PO Box 91
Morrison CO 80468

Solar Reactor Technologies
Robin Parker

P. O. Box 330975

Miami FL 33233

Solar Steam

D. E. Wood

PO Box 32

Fox Island WA 98333

Solar Stirling Industries
Jack Stearns

2822 Highridge Rd.

La Crescenta CA 91214

Solar Systems Economics
Michael Lotker, Consultant
1646 Folkstone Terrace
Westlake Village CA 91361

Solar Uno

EPS

#A-355

PO Box 02-5256

Miami FL 33102-5256

Solid Waste Bureau
Barbara Hoditschek
Program Manager
Environment Department
1190 St. Francis Drive
Santa Fe NM 87503

Southern California Edison Co.
C. Lopez

PO Box 800

Rosemead CA 91770

Southwest Public Affairs, Inc.
Fred L. O'Cheskey

President

300 First Interstate Plaza

150 Washington Avenue

PO Box 2187

Santa Fe, NM 87504



Southwest Technology Development Institute

Robert Smith

M.E. Property Control Division
Genceral Services Department
Simms Building

715 Alta Vista

Santa Fe NM 87503

Specialized Environmental
Products, Inc.

Arthur J. Brooks

3325 Ali Baba, Suite 609

Las Vcgas NV 89118

Stearns-Catalytic Corp.
T. E. Olson

Box 5888

Denver CO 80217

State of California

California Energy Commission

Energy Technology Development Division
Research and Development Office
Promod Kulkarnt

Phil Misemer

1516 9th Street

MS-43

Sacramento CA 95814-5512

State of California
Dcpartment of Corrections
Delano State Prison

Tom Shanyfelt

PO Box 567

Delano CA 93216-0567

State of California
Department of Corrections
Harry Francy

3116 Pleasant Grove Rd.
Plcasant Grove CA 93668

State of Colorado

Office of Energy Conservation
Howard "Andy" Walker Ph.D., M.E.
Rencwable Energies Coordinator
1675 Broadway

Suite 1300

Dcnver CO 80202-4613

Statc of Florida

Collcen McCann Kettles

David Block

Jim Huggins

Florida Solar Energy Center

300 State Road 401

Capc Canaveral FL 32920-4099
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State of Florida

Daryl O'Connor

Executive Office of the Governor
The Capitol

Tallahassee FL 32399-0001

State of Florida

John B. Stark

Executive Office of the Governor
The Capitol

Tallahassee FL 32399-0001

State of Hawaii

Thomas J. O'Brien

Department of Business and Economic Development
335 Merchant St.,, Room 110

Honolulu HI 96813

State of Hawaii

Maurice H. Kaya, P.E.

Department of Business, Economic Development, &
Tourism

335 Merchant St., Room 108

Honolulu HI 96813

State of Hawaii

David A. Rezachek, Ph.D., P.E.

Department of Business and Economic Development
335 Merchant St.. Room 110

Honolulu HI 96813

State of New Mexico

Energy, Minerals and Natural Resources Department
James Comon

Anita Lockwood

Harold Trujillo

Brian K. Johnson, P.E.

2040 South Pacheco Street

Santa Fc NM 87505

Statc of Ncw Mexico

New Mexico State Land Office
Geoff Webb

PO Box 1148

Santa Fe NM 87504-1148

State of New Mexico

OfTice of Interstate Natural Gas Markets
Ronahd H. Merrett, Director

P.O. Box 2088

Room 206. Land Office Bldg.

Santa Fe, NM 87504



State of Wyoming
Dcpartment of Commerce
John F. Nunley I11
Federal Grants Supervisor
Barrett Building
Chevenne WY 82002

State University of New York
Atmospheric Sciences Research Center
R. Perey

Albany NY 12222

Stirling Technology Company
Mr. Mauricc A. White
2952 George Washington Way
Richland WA 99352

Stonc & Wcebster Engr.
Dave Agenta

245 Summer Street
Bosion MA 0192]

Ken Stone
6882 Via Angelina
Huntington Beach CA 92649

Strategies Unlimited

R. Winegarner

201 San Antonio Circle
Suite 203

Mountain View CA 94040

Sundstrand Advanced Technology Grp.
William J. Greenlee, Engineering Manager

PO Box 7002
Rockford IL 61125-7002

Sun Exploration and Production Co.
R. 1. Benner

PO Box 2880

Dallas TX 75221-2880

Sundstrand ATG

D. Chaudoir
William J. Greenlee
PO Box 7002
Rockford IL 61125

Sunqest Fresource
Greg Baer. PE

PO Box 3763
Hickory NC 28603
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Suntec Systems, Inc.

J. H. Davison

Suitc B-4

Loring Park Office Bldg.
430 Oak Grove St.
Minncapolis MN 55403

" Sustainable Energy Systems

David N. Borton, Ph.D., President
Hilltop Road
Troy NY 12180

Swedlow, Inc.

E. Nixon

12122 Western Avenue
Garden Grove CA 92645

Sylvester/Bernex
Richard P. Vento
24700 Highpoint Rd.
Beachwood OH 44122

Technology Enterprise Division
Karen Martin

P.O. 549

Mesilla NM 88046

Tech Reps, Inc.

John Stikar

5000 Marble NE. Suite 222
Albuquerque NM 87110

Tennessee Valley Authority
Sharon Ogle

Solar Applications Branch
B 513 Signal Place
Chattanooga TN 37401

Mac Thayer
6 Byard St.
Athens OH 45701

The Solar Letter

Allan L. Frank

9124 Bradford Rd.

Silver Spring MD 20901-4918

TESCO

Linda Terrel

PO Box 970

Fort Worth TX 76101-0970

Tetra Corporation

Kenell J. Touryan, Ph.D.
Director of Energy Resources
3701 Hawkins St. NE
Albuquerque NM 87109-4345



Texas Tech University

Dept. of Electrical Engineering
E. A. O'Hair

PO Box 4439

Lubbock TX 79409

Thermacore, Inc.
Mr. Donald Ernst
780 Eden Road
Lancaster PA 17601

The Gas Company

Shivu Desali

Market Development

Project Engineer

Marketing

555 W. Fifth Street

Los Angeles. CA 90013-1011

Tierra de Sol Engineering
Darrvl P. Ruchle

E.E.. President

4600-C Montgomery NE

Albuquerque NM 87109

Trends Publishing Inc.
Evelvn Didier

1079 National Press Building
Washington DC 20045

Tritech Incorporated
Timothy Benedict

PO Box 1429
Tahlequah OK 74465

United States Environmental Protection Agency

Patricia C. Plympton

Spccial Assistant. Policy and Resources Development

Office of Administration

Safety. Health. and Environmental Management
Division

401 M Strect SW (PM-273)

Washington. DC 20460

United States Environmental Protection Agency
Phil Wirdzek

Chicf. Building Alteration Section

Facilities Opcrations Branch

Facilities Management and Services Division

University of Central Florida

Dr. Gerard G. Ventre

Rescarch Scientist

Instituie for Simulation and Training
12424 Rescarch Parkway

Suite 300

Orlando FL 32826
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University of Colorado, Boulder

Dr. Jan F. Kreider, P.E.

Dept. of Civil Environmental and Architectural
Engineering

Boulder CO 80309

U.S. Air Force

Clifford E. Richardson, I
Professional Engineer
Construction Management
1606th Air Base Wing (DEEC)
Kirttand AFB NM 87117

U.S. Air Force

Robert R. Cooper

Electrical Engineer

6 CES/CEEE

7621 Hillsboroush Loop Dr.
MacDill AFB, FL 33621-5207

U.S. Army Corps of Engineers
Larry D. Lister

Mechanical Engineer

PO Box 4005

Champaign IL 61820-1305

U.S. Army Corps of Engineers
Robert S. Gorham Jr., A.LA.
Chicf. Technology Transfer
PO Box 9005

Champaign IL 61826-9005

U.S. Army Engineering and Housing Support Center
Robert G. O'Brien, P.E.

Chief Utilities Engineering Division

CEHSC-FU

Fort Belvoir VA 22060-5580

USAF/ETAC

Hilda Snelling

ENGRC Mecieorology Section
Scott AFB IL 62225

US/ECRE

Guy Betten

Executive Director

Renewable Energy Training Institute
PO Box 10095

Arlington VA 22210-9998

3M-Solar Optics Program
Paul Jaster

Hecather Kutzler

3M Center

Bldg. 225-2n-06

St. Paul MN 55144-1000



Tri State Technology Service
Sani Aversano

27 Governors Hill Rd.
Oxford CT 06483

TRW Spacc & Technology Group
G. M. Reppucci

One Space Park

Redondo Beach CA 90278

TUV Rheinland of N.A., Inc.
Paul Schultze

Vicc President

3420 Executive Center Drive
Suite 165

Austin TX 78731

U.S. Army Corps of Engineers
Robert S. Gorman Jr.. ALLA.
Architect

Chicl. Technology Transfer
P.O. Box 9005

Champaign, IL 61826-9005

U. S. Dept of Commerce
Mr. Les Garden
ITA/OGIM. Rm 2805
Washinglon DC 20230

U.S. Department of Energy

G. Burch

C. Canwile

N. Haque

Forrestal Building

Codc CE-132

1000 Independence Avenue SW
Washington DC 20585

U.S. Department of Energy
Frank (Tex) Wilkins

1000 Independence Ave., SW
Washington DC 20585

University of Arizona
Gceorge V. Mignon
Environmental Research Lab.
Tucson AZ 83706-6985

University of California
Kurt Lund

SECR 0310

La Jolla CA 92093-0310

University of California, Berkeley
C. Hu

Dept. of Elec. Engr.

Berkeley CA 94720
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University of Colorado
Dr. Jan F. Kreider, P.E.
Dept. of Civil Engr.
Boulder CO 80309

University of Delaware
Allen Barnett

"Dept. of EE

Newark DE 19711

University of Hawaii
Patrick Takahashi

Hawaii Natural Energy Inst.
2540 Dole Street

Honolulu HI 96822

University of Houston Energy Laboratory; SPA

Lorin Vant-Hull
Houston TX 77004

University of Lowell
Thomas Costello
Fahd Wakim

1 University Avenue
Lowell MA 01854

University of Minnesota

E. A. Flctcher

Dcpt. of Mechanical Engineering
1111 Church St. SE

Minneapolis MN 55455

University of New Mexico

M. W. Wildin

Department of Mechanical Engr.
Albuquerque NM 87131

University of New Mexico
NMERI
G. Leigh
Albuquerque NM 87131

University of Texas at Arlington
Jack Fuzer

West 6th at Speer Street
Arlington TX 76019

University of Wisconsin
T. A. Lipo

Dept. of Elec. Engr. and Computer Science

Madison WI 52706

Utility Power Group

M. Stern

9410 DeSoto Ave., Unit G
Chatsworth CA 91311



Ventures Plus, Inc.
Frank A. Simko

4123 N. Tamiami Trail
Sarasota FL 34234

Dan Vermont
30101 Wolf Rd.
Bay Village OH 44070

Viking Solar Systems, Inc.
Gceorge Goranson

1850 Earlmont Ave.

La Canada CA 91011

Virginia Polytechnic Institute and State University
Saifur Rahman, Ph.D.

Associate Professor

Elcctrical Engineering Department

Blacksburg VA 240061

Virginia Power Co.

Tim Bernadowski

Corp. Tech. Assess.

5000 Dominion Boulevard
Glen Allen VA 23060

Ross R. Wagner
744 E. Samaria
Eric Ml 48133

Wall Street Journal
Environmental Reporter
10 Post Office Square
Suite 715

Boston MA 02109

Westinghouse Science & Tech. Ctr.

Walter J. Dollard

Technology Dircctor, Energy & Utility Systems Group
1310 Buelah Rd.

Pittsburgh PA 15235

Wichita State University
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