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Abstract 

Results (stresses, displacements, and equivalent slope 
errors) are presented froin. finite element analyses made to 
evaluate a design for a parabolic trough solar concentrator. 
The concentrator consists of a reflector laminate (made of thin 
glass bonded to sheet metal backing) which is mechanically 
formed and bonded to a stiff parabolic support (made of 
aluminum honeycomb bonded to steel skins) with a 2 meter (6.6 
foot1 aperture. Analyses were first made to determine a length 
for the concentrator such that it would meet certain 
performance and survivability criteria under wind and gravity 
loadings. These studies were made with a model for the 
concentrator only. The concentrator model was then combined 
with a model for a support mechanism, and this combined 
structure was studied for several wind and gravity loadings. A 
design characterized by a six meter (twenty foot) long 
concentrator was found to meet performance criteria and had 
sufficiently low glass stresses. in a 40.23 meter per se-cond 
(ninety mile per hour) wind. 

* This work was supported by the U. S. Department of Energy 
Contract DE-AC094-76DP00789 

** A U. S. Department of Energy Facility 
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INTRODUCTIOEJ 

The fo l lowing  r e p o r t  d i s c u s s e s  s t r u c t u r a l  s t u d i e s  for a 

parabolic trough solar  concen t r a to r .  The concen t r a to r  c o n s i s t  

of a reflector laminate  bonded t o  a s t i f f  suppor t  s t r u c t u r e .  

The reflector laminate  c o n s i s t s  of t h i n  (on t h e  order of 0.254 

mm ( 0 . 0 1  i n )  t o  0.508 mm (0.02 i n )  si lvered glass bonded t o  a 

s h e e t  metal backing. The s t u d i e s  were made t o  determine a 

reflector laminate-support  combination which m e t  c e r t a i n  

s t r u c t u r a l  and o p t i c a l  cri teria.  All of t h e  computer r e s u l t s  

presented  for t he  va r ious  s t u d i e s  d iscussed  i n  t h i s  report are 

from t h e  s t r u c t u r a l  a n a l y s i s  code NASTRAN [ l l .  

CONCENTRATOR DIMENSIONS 

The t rough under s tudy  has a parabolic c ros s - sec t ion  w i t h  

a ninety-two degree r i m  a n g l e  and a t w o  m e t e r  a p e r t u r e .  

va lues  for var ious  cross-section parameters are shown i n  

F igure  1. The l e n g t h  of t h e  Concentrator is one of the  

dimensions which varies i n  t h e  s t u d i e s  t h a t  are presented .  

I t  is  desirable t o  have a long concen t r a to r  so as t o  minimize 

The 

ihe number of suppor ts  and d r i v e  mechanisms r equ i r ed  for  an 

e n t i r e  collector system. The l eng th  of a concen t r a to r  is 

l i m i t e d  by t3e fact  t h a t  one wants t o  avoid a " t h i c k "  suppor t  

so as t o  minimize t h e  weight per u n i t  area and, i n  some i n s t a n c e s ,  

s imp l i fy  f a b r i c a t i o n ,  handl ing ,  sh ipping ,  and i n s t a l l a t i o n .  

Laminates for t h e  concen t r a to r  are shown i n  F igure  2 .  One 

lamina te  has  glass which is  0.254 mm (0.01 i n )  t h i c k ,  and t h e  
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The lamina te  is bonded t o  t h e  

t h i c k  l a y e r  of adhesive.  The 

aluminum honeycomb core bonde 

o t h e r  laminate  has  glass which i s  0.508 mm (0.02 i n )  t h i ck .  

support  by a 0.254 mm (0.01 i n )  

support  s t r u c t u r e  c o n s i s t s  of an  

t o  steel  sk ins .  

PRELIMINARY STUDIES 

There were some pre l iminary  s t u d i e s  done n o t  on ly  t o  

determine a p o s s i b l e  l e n g t h  for  t h e  concen t r a to r ,  b u t  also 

t h e  c o n s t r u c t i o n  of t h e  suppor t  s t r u c t u r e ,  i.e., core and 

s k i n  th ickness .  These i n i t i a l  s t u d i e s  w e r e  done wi th  a f i n i t e  

element model of t h e  concen t r a to r  c o n s i s t i n g  s o l e l y  of p l a t e  

elements.  T h i s  model i s  shown i n  F igure  3. The view i n  

F igure  3 shows t h e  mesh for  t h e  concen t r a to r  i n  a f l a t t e n e d  

shape. The glabal coord ina te  system for  the  concen t r a to r  

is  shown i n  Figure 4 .  

d i scussed  for  the pre l iminary  s t u d i e s  are symmetric about  t h e  

c ros s - sec t iona l  p l ane  c u t t i n g  the t rough midway a long  i t s  

l o n g i t u d i n a l  a x i s .  

i e  modeled. 

cannot  move v e r t i c a l l y  ( i n  t h e  +Y d i r e c t i o n ) ,  b u t  they  are 

free to  move i n  and o u t  of t he  X-Y p lane .  

A l l  loading  c o n d i t i o n s  which are 

Because of tLis, only  h a l f  t he  concen t r a to r  

The t rough is  simply supported a t  three p o i n t s  t h a t  

The first model s t u d i e d  was a three m e t e r  long trough. 

The s u p p o r t ’ s t r u c t u r e  c o n s i s t e d  of 0.0381 m (1 .5  i n )  t h i c k  

aluminum honeycomb covered by 0.330? mm (0.013 i n )  t h i c k  steel 

s k i n s .  

of 0.508 mm (0.02 i n )  g l a s s  bonded t o  a 1.016 mm (0.04 i n )  

T h i s  support  s t r u c t u r e  combined w i t h  a laminate  made 
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I Y  

/ centerpo int  of reflector 
J 
z ( l o n g i t u d i n a l  ax i  E) 

x, y8 z is  g loba l  coordinate  system 

Figure 4 .  Global Coordinate System for Mesh Shown i n  Figure 3 

. .. ’ l o n g i t u d i n a l  a x i s  -(center 
c r o s s - s e c t i o n )  
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steel backing was subjected to gravity loading (gravity 

acting in the -Y direction in Figure 4 ) .  For this particular 

construction and loading configuration, the deflections along 

the center cross-section were extremely small. 

for the center cross-section are listed in Table 1. 

The deflections 

Because of these small deflections, it was decided that 

longer concentrator lengths and thinner honeycomb sections 

should be considered. Additional studies revealed that 

concentrator lengths greater than or equal to 4.875 m (sixteen 

ft) and a honeycomb thickness of 0.0254 m (1.0 in) should be 

considered in future analyses. The analyses leading to these 

conclusions were based on the mesh shown in Figure 3 .  A 

number of approxirations in the model shown in Figure 3 

resulted in a structural representation which was too stiff, 

although not by a large amount. This model was sufficiently 

accurate for the determination of the construrtion of the 

support. 

reasonable concentrator length corresponding to some given 

support cross-section. 

to give an accurate picture of the stresses in the concen- 

trator- 

preliminary studies, the preliminary studies will not be 

It was also good enough to give an estimate for a 

The model was not good enough, however, 

Because of the shortcomings of the model used for the 

discussed in detai:.. Instead, a more detailed-descrTptior: _ .  

of some subsequent studies will be presented. In these 

subsequent studies, the approximations which lead to an 

overly stiff structural representation are eliminated. The 

13 



studies described in more detail concern the determination of 

concentrator length and the behavior of a combined concentrator 

and support mechanism. 

CONCENTRATOR LENGTH 

The study to determine concentrator length is based 

on the mesh shown in Figure 3. Rows of elements are added or 

subtracted to the length of the concentrator so that the model 

represents a 4.875 m (sixteen ft), 6.0 m (twenty ft), or 7.5 m 

(twenty-four ft) long parabolic concentrator. For all three 

concentrator lengths considered, the support structure is made 

of 0.0254 m (1.0 in) thick aluminum honeycomb with 0.508 mm 

(0.02 in) thick steel skins. The plates used in the nodel are 

such that the bending stiffness can be specified independently 

of the membrane stiffness. In addition to the plate elements, 

beam elements are placed along the edges and end of the 

concentrator. For the actual concentrator, channels are placed 

along the edges of the honeycomb support structure. 

elements are included in the model to reflect the effects of the 

edge and end channels. Three points, those indicated in Figure 

3, are constrained in the vertical direction. The rotational 

degrees of freedom ex and 6 

three points. 

directions and to rotate about the Z-axis. 

Beam 

are also constrained at these 
Y 

The points are free to move i.r the '2  and X 

The support bonded to the thicker laminate is analyzed 

for three lengths. The support bonded to the thinner laminate 

1 4  



the composite sections cmsisting of support plus concentrator 

laminate are given in Appendix A. The cross-section used 

to approximate the channels along the edges and ends are 

also shown in Appendix A. 

Some results obtained from putting gravity loads on the 

concentrator will now be discussed. For gravity acting in the 

-Y direction, the centerpoint deflections in the vertical 

direction for the support bonded to the thicker laminate are 

listed in Table 2. A plot of these vertical deflections 

(which are the maximum deflections along the vertex) versus 

concentrator length on log-log paper shows that deflections 

vary as R4, where R is concentrator length (Figure 5 ) .  

is the same behavior that a simply supported beam loaded 

under its own weight exhibits. 

This 

Plots of stress in the upper surface of the glass are 

shown in Figures 6 through 13. 

the figures do not account for any prestressing in the glass. 

Stresses arising from prestressing and thermal expansion 

The stresses plotted in all 

need to be added (or subtracted) from the results plotted in 

the figures. 

the longitudinal axis of the concentrator. 

by ut is in the direction of a tangent GO the concentrator 

surface that lies in a cross-section plane. 

of all and at for a typical quadrilateral element are shown 

in Figure 3 .  

A stress denoted by aR is in the direction of 

A stress denoted 
”, 

The directions 

1 5  



-- 

Table 2. 

Center Point Deflections for Reflector. 

gravity load o n l y  i n  -y direction. 

bonded to the thicker laminate. 

Reflector length-meters 

Reflector experiences 

Results are for a support 

Uy -me t e r s 

4.875 1.1250 x 

6.0 - 2.4469 x 

7.5 5.7561 x 

1 6  



Reflector length - meters 
Figure 5 .  P l o t  of Centerpoint Def lect ions  Versus Reflector 

Length. Reflector experiences gravity only load 
i n  -y direc t ion .  
to the thicker 1 aminate. 

Results are  for a support bonded 
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The curves depicting the stresses in the glass are based 

on the stresses calculated at the centroids of the plate 

elements in the model. 

the values of at calculated at the centroids of elements 

along the vertex and elements along the edge. 

values of at at various cross-sections of the parabolic 

concentrator, the values for ut can be extrapolated to the 

vertex and edge. 

the value of at is zero. 

two cross-sections - one close to the center cross-section and 
the other along a cross-section near the end region. 

10, 11, and 12 show a plot of the values of aL calculated at 

the centroids of elements along the vertex and edge. 

the case with ot, values for aR at the edge and vertex can be 

obtained by plotting all at various cross-sections. Figure 13 

Figures 6, 7,  and 8 show a plot of 

By plotting 

At the free edge of the parabolic concentrator, 

Figure 9 gives the plot of at for 

Figures 

As in 

gives two cross-section plots of a R .  The edge and vertex 

values bound the values of all between the two cross-sections 

shown. 

curate near the supported end of the concentrator. The support 

points generate stress concentrations in the concentrator, and 

the mesh is not accurate enough to model these concentrations 

in detail. As a result, some of the elements near the end of 

the concentrator have large gradients across them and predict 

excessively large stresses. 

The values for at and oL in all instances are inac- 

Stresses in the upper surfaces of the glass for the 6.0 m 

long concentrator made up of the support bonded to the 

26 



thinner laminate are shown in Figures 14 through 17. These 

results are also for the case of gravity acting in the -U 

direction. 

stresses, as can be seen by comparing Figures 7 and 14. 

0% stresses near the center cross-section go up by approxi- 

mately thirty percent, however, for the case with the thinner 

laminate. 

16. 

The thinner laminate has little effect on the at 

The 

This is evident when one compares Figures 11 and 

Figures 15 and 17 are cross-section plots. 

Stresses in the glass serve as one means of evaluating 

the structure. Another means of evaluating the structure is 

by calculating equivalent slope errors for various points on 

the surface of the trough when it undergoes deflections due to 

wind and gravity loads. 

point undergoing deflections Ax and Ay and rotation 6 in a 

cross-sectional plane (Figure 18) is given by 

The equivalent slope error for a 

A/R~ = [26 + [Ax x1 - AY (f - Y1)I/R1l 2 

In equation 1, x1 and y 

point of interest, f is the focal length of the parabola, and 

R1 is given by 

are the original coordinates of the 1 

R1 .= [X1 2 + (f -. yl) 2 I 1/2 

The quantity R1 is the distance from the focal point to the 

point of interest. 
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Tables 3 and 4 show some equivalent slope errors for the 

7 . 5  m long concentrator (made of the support bonded to the 

thicker laminate) for two loading conditions. The results 

in Table 3 are for the case where the concentrator is tilted 

forty-five degrees from the X-2 plane. 

to combined wind and gravity loads as shown in Figure 19. 

The pressure distribution across the aperture of the concen- 

trator for a 13.41 mps (thirty mph) wind is also shown in 

Figure 19. This distribution varies linearly across the 

aperture and produces a moment similar to that which arises 

from wind tunnel results for a concentrator tilted at a 

The trough is subjected 

similar angle to the wind. 

The concentrator must be designed so that in the 13.41 

mps wind, the equivalent slope error A/R1 is less than 

6.0 milliradians. The computer studies indicate that the 

7 . 5  m long concentrator can meet this requirement. 

7.5 m length, however, it appears that the glass stresses 

will be excessive in a 4 0 . 2 3  mps (ninety mph) wind. The 

6.0 m long concentrator will easily meet the slope error 

requirements for a 13.41 mps (thirty mph) wind, and the glass 

stresses in the survival wind conditions (40.23 mps) will be 

appreciably lower than those in the 7.5 m concentrator. 

Based on these considerations, i t  is desirable to examine the 

6.0 m long concentrator in greater detail, i.e., with a 

refined mesh in the attachment region and a support mechanism 

included in the model. 

For the 

The next section discusses a more 

33  



. m
 

a, 
r
l 

In la 
B

 

34 

. a, 
4J 

.g rd 
r
l 

k
 

a, 

-4
 

s 9 9 a, 

0
 

4J 

a
 al 
a
 F: 

8 $ 4 

9 0
 
a 
rn 
a, 

w
 0 
a
 
I
 

a, 
fa 
2 rn 
4
 

Ll 0 
4J 
U (u

 
r
l 

u-l 
P) 
k
 

PrTI 
z 0 k k

 
w al a 0 
r
l 

V
I VI 
c 0 
4
 

4J U a, 
r
l 

4-1 
a, 
P

 

A
 

4
0

 

x
o

 
-

.
 w

w
w

w
w

m
 

I
I

I
I

I
I

 
0

0
0

0
0

0
 

r
l

r
l

r
l

r
l

r
l

r
l

 
x

x
x

x
x

x
 

-
J

u
w

N
r

l
o

 

00 
a, 

VI I 

W
 

I 0
 

r
l 

u
 

0
 

o
 

X 

m
 

b
 

m
 

a, 
m

 
W

 
o
 
0
 

I 

rg 
r
l 

cn r
l 

0
 

. u I 

u
 I 0
 

r
l 

x a, I- m
 . VI 

I- 

m 

VI 
m
 
0
 

o
 

0
 

I . VI 
u
 

b
 

m
 

0
 

*
-

Y
 

w
 

w
 

I
I

 I 
I 

0
0

 
0

 
0
 

r
l

r
l

 
4
 

rl 
x

x
 x 

x 
W

m
 m 

m
 

F
lu

 
a, 

Q
\ 

m
m

 
e

.
.

 . 
m

m
 

o
w

 
l

l
 

0
0

 
r

l
r

l
 

x
x

 
r

i
u

 
b

r
a

 
W

I
-

 
I

I
 

.
.

 
m

u
3

 
I

1
 

0
0

 
r

l
r

l
 

x
x

 
+

I
-
 

N
C

O
 

m
u

 
.

.
 

V
I

m
 

+
I
-
 

.
.

 
m

m
 

r
l
b

 
a

0
 

C
V

N
 

M
N

 

0
0

 
I

1
 

.
.

 

C
U

I
0

 
o

r
l
 

V
I

4
 

m
I

-
 

0
0
 

.
.

 w
w

 
I

I
 

0
0

 
rl 
X 
N
 

m
 

I- I . w
 I 0
 

rl 
X 
VI 
4
 

rl 

VI 
I-
 

m
 

m co 
m
 
0
 

0
 

I 

4
 

r
l 

W
 

03 

0
 . 

ci x VI 
m
 . a, I 

-3
 

I 0
 

rl 
X 
a, 
W

 

rl 

VI 
I- 

m
 

m
 

w
 

m
 

0
 

0
 

0
 

0
 
0
 

0
 

r
l 

co 
N
 

co 
o
 

0
 

+ h
 

II 
W

 . + 
~~ 



a, 
E t; s 2i 8 a
 m h
 

4J 
T

I 

a E: m 
a C .rl 
s C 
3 8 zi 0
 

cl 
4J 
0. 
a, 
*
n
 

4
 

1
 

cn k
 
0
 

4
 
0
 

a, 
r
l 

w
 2 s OI 

c E 
m

 
l-
 

k
 
0
 

w
 m k 0 k 
k
 
w a, 
a 0 
r
l 

v1 

e; 4J 
m 

-i 
m 
r
l 

k
 

a, 
24 0 
4
 

9 9 a, 

0
 

4J 

a
 a, 
a
 r= 0 4
 

k
 

n 8 4 9 111 

a, 

w
 0 

pc 
7
 

0
 

a
 m
 E
 

111 
4
 

k
 
0
 

4J 
u a, 
r
l 

ru
 

til C 0 
.rl 
4
 
0
 

a, 

m
 I 0
 

4
 

x rl 
l-
 

r
l 

w
 I 0
 

r
l 

0
 

N
 

x 

m
 I 0
 

4
 

x l- 
m r
l . 

w
 I 0
 

rl 
x e 
W

 

M
 

I 0
 

r
l 

x N
 
0
 

N
 

W
 I 0
 

r
l 

x N
 

m
 . 

m
 

I 0
 

r
l 

X 
N

 
rl 

N
 

m
 

I 0
 

rl 
x m W

 

m
 t 0
 

4
 

x Q
\ 

4
 

N
 . m

 
I 0
 

r
l 

x M
 
0
 

m k
 

a, 
4J ! x Q

 

111 
k
 

a, 
Y

 

I N .;r I 0
 

r
l 

x 
=? 
Tr 
(u

 

w
 I 0
 

rl 
x 
F

 
I-. 

N
 
. VI 
l-
 

m
 

-3
 

I 0
 

r
l 

x rl 
m . m

 

rn 
F

 

m
 

e
 I 0
 

r
l 

x m
 

m
 

m
 

m
 

I- 

m
 

w
 I 0
 

r
l 

x 0 
03 

I- 

VI 
I- 

m
 

-
r

1
1

0
0

0
0

0
 

4
3

u
I

I
 

I 
I 

I 
a 

a, 
-lJ

 
W

m
N

W
 

r
l

W
O

r
4

 
b

\
I

-
m

r
l

 
- 

0
d

”
)

m
F

 
r
l 
- 

0
0

0
0

0
 

.
.

 
.

.
.

 
f L
A
 
6
 

ai k
 

m
m

 
I

1
 

0
0

 
d

r
l

 

l
n

m
 

r
l

d
 

&
w

 
.

.
 

m
m

 
I

t
 

0
0

 
l

-
4

l
-

l
 

x
x

 
N

.
;
r
 

N
N

 

N
N

 
*

.
 

m
m

 
I

I
 

0
0

 
r

l
r

l
 

m
W

 

N
N

 
I

I
 

$
2

 
.

.
 

m
m

 
I

I
 

0
0

 
r

l
r

l
 

o
m

 

r
l

d
 

2
2

 
.

.
 

m
m

 
l

-
p

c
 

m
m

 
.

.
 

m
a
\
 

C
b

W
 

m
m

 
0

0
 

9
0

 
.

.
 

I 

r
l 
4

0
 

W
O

 
0

3
0

 

0
4

 
.

.
 

W
 

cv 
00 
=? 

0
 

+ h
 

It 

-
-

 
F

I
N

 
Y

V
 

35 



.\ \,../ -- wind 

P1 = 55.16 Pascals 

P2 = 110.32 Pascals 

13.41 mps 
(30 mph) 

Figure 1 9 .  Combined Wind and Gravity Load Configuration Used 
on 7 . 5  m Long Reflector for  Slope Error Study 



detailed study of a 6.0 m long concentrator. 

6.0 m LONG CONCENTRATOR COMBINED WITH SUPPORT MECHANISM 

The mesh for the 6.0 m long concentrator is ahown in 

Figure 20. The view in Figure 20 shows the mesh for the 

concentrator in a flattened shape. None of the support 

structure is shown. More data is given for the mesh in/ 

Appendix B. Appendix B shows the mesh for the support 

mechanism combined with the concentrator. 

Two loading configurations are presented in detail for 

the combination concentrator-support mechanism. 

first loading configuration, the concentrator is pointing in 

the +Y direction and gravity is acting in the -Y direction. 

Symmetry conditions are imposed on the support pylon, so that 

the pylon appears to have a concentrator mounted on either 

For the 

side of it. 

shown in Figures 21 through 23. 

Deformed shapes for this particular loading are 

Figures 24 and 2 5  show plots of stresses in elements 

along the vertex and along the edge. 

the center cross-section is larger for the concentrator-support 

mechanism combination than for the concentrator by itself. 

This is evident when one compares Figure 25 with Figure 11. 

The differences in the aL sk+esses have to do with the different 

support mechanisms in the two models. 

for the model shown in Figure 3 have several degr, mes of 

freedom rigidly constrained. 

The value of oR near 

The support points 

For the concentrator-support 
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centerline 
of reflector 

3 .0  m 

Figure 20. Mesh Used for Reflector in Combined Reflector - 
Support Mechanism Studies 



Figure 21. 6.0 m Long Reflector with Support Mechanism under 
Gravity Load - End View; Symmetry Conditions on 
Support Pylon 
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Figure 22.  6 . 0  m Long Reflector with Support Mechanism under 
Gravity Load - Side V i e w ;  Symmetry Conditions on 
Support Pylon 



Figure 23. 6.0 Long Reflector with Support Mechanism under 
Gravity Load - Top View; Symmetry Conditions 
on Support Pylon 



1 . 0 ~ 1 0  6 

Pascals 

I 
lFigure 24. at for edge and vertex elements of  6 .0  m long concentrator 

with support mechanism. The concentrator consists  of a 
- support bonded to  the thicker laminate. Gravity only .-.....- 

acts  on the concentrator i n  the -Y direction. 
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mechanism, none of the support points on the concentrator 

are rigidly constrained. All degrees of freedom associated 

with the attachment points between the concentrator and 

support mechanism have some flexibility. 

flexibility at the support points on the concentrator 

produces greater values for the stress aR.  

Increasing the 

Plots of stresses in the regions surrounding the attachment 

points are shown in Figures 26 through 30. 

occur near the attachment points. 

plots of ot with increasing distance from the attachment points. 

The concentrations decay rather rapidly as one moves away 

from the attachment points. 

along a cross-section that is 0.9525 m (3.75 in) from the 

end of the concentrator. A plot of oR at a cross-section 

Stress concentrations 

Figures 26 through 29 show 

The attachment points are located 

0.127 m (5 .0  in) from the end of the concentrator is shown 

in Figure 30. The magnitudes ‘of the concentrations for at 

are larger than those for all. 

The first loading condition is also studied for the case 

where there are no symmetry conditions on the support pylon. 

Symmetry conditions left on the center section of the concen- 

trator simulate the case of a single concentrator loaded 

symmetrically about its center cross-section. The deformed 

. configurations for this case are show inBigwes 31 through 

33. 

and vertex are shown in Figure 34. The maximum value for 

oR is slightly larger than the maximum value for oR shown in 

A plot of the aR stresses for elements along the edge 
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Figure 26. ut along cross-sect ion of 6 . 0  m long concentrator W i t h  

support mechanism. 

bonded to the thicker laminate. 

concentrator i n  the  -Y direct ion.  The cross-section shown 

The condentrator cons i s t s  of a support 

Gravity only acts on the 

is  0 . 1 2 7  m (5 .0  i n )  from the end of the concentrator. 

45  



i 2.0X1O6 
; Pascals 

1. ox106 

6 -1.OxlO 

6 -2.OxlO 

i 

I 

1 

I 
i 

I 

i 

t 

I 

. .  

. .  

.. - . 

......... .--.- 

i 
. .  1 . . .  

1 

’ ed 
. . .  . . .  

j 
............. 

; -  

, _  

. . . . . . . . .  

I 

. .  

j 
! 

! 

I 
i 

I 

, .. i -  

.. - .-_.. . 

i 
i . . - ,  ~ 

_ .  

. .  

. .  

I 

I . .  .I 
i 

I 

! 

, 

I 
! I 

i 

I ! 
! 
I 
j 

i 
i 

Figure 27. at along cross-section of 6.0 m long concentrator with 

support mechanism. 

bonded to the thicker laminate. 
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is 0.22225 m (8.75 in)  from the end of the concentrator. 

The concentrator c o n s i s t s  of a support 

Gravity only  acts on the 
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support mechanism. 
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concentrator i n  the  -Y direct ion.  

The concentrator cons i s t s  of a support 

Gravity only acts on the 

The cross-sect ion shown 
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along cross-section of 6 . 0  m long concentrator With t 
The concentrator c o n s i s t s  of a Support 
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Figure 31. 6 . 0  m Long Reflector with Support Mechanism under 
Gravity Load - End V i e w ;  No Symmetry Conditions on 
Support Pylon 
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I 

Figure 32. 6 . 0  m Long Reflector with Support Mechar.ism under 
Gravity Load - Side View;  No Symmetry Conditions 
on Support Pylon 

51 



. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . .  

Figure 33. 6.0 m Long Reflector w i t h  Support Mechanism under 
Gravity Load - Top View; No Symmetry Conditions 
on Support Pylon 
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Figure 25, which is for the case with symmetry conditions on 

the support pylon. The symmetry conditions on the support 

pylon make it stiffer and this leads to the lower stresses 

shown in Figure 25. 

For the second loading condition, the concentrator is 

rotated so that it points in the +X direction. Gravity acts 

in the --Y direction and there are wind loads in the -X 

direction. The wind loads correspond to a 13.41 mps (thirty 

mph) wind in one case and a 40.23 mps(ninety mph) wind in 

another case. 

pylon. 

Symmetry conditions are imposed on the support 

The deflections for the case with a 13.41 mps (thirty 

mph) wind are shown in Figures 35 through 37. Stress plots 

are shown in Figures 38 through 41. As in the previous 

studies, the values for at are larger than those for 0% in 

the region of the attachment points. Figures 38 and 39 show 

cross-section plots of o near the attachment points. The 

concentration decays rapidly as the distance from the attach- 

ment point increases. 

cross-sections - one near the attachment area and the other at 
the center. Both of these curves show a number of reverses 

in curvature along the cross-section. 

t 

Figures 40 and 41 show at at two 

This complex behavior 

arises from the interac:tion of the wind and gravity -I;oadsj- I -  

which are of the same order of magnitude. The gravity load 

causes the top of the concentrator to rotate forward. The 

wind load opposes this motion somewhat by trying to make 
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- - 
Figure 35. 6 . 0  m Long Reflector with Support Mechanism under 

Combined Wind ( 1 3 . 4 1  mps) and Gravity Loads - 
Side View: Symmetry Conditions on Support Pylon 
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Figure 3 6 .  6 . 0  m Long Reflector with Support Mechanism under 
Combined Wind ( 1 3 . 4 1  mps) and Gravity Loads - 
End V i e w ;  Symmetry Conditions on Support Pylon 
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Figure 3 7 .  6 . 0  m Long Reflector with Support Mechanism under 
Combined Wind (13.41 mps) and Gravity Loads - 
Top V i e w ;  Symmetry Conditions on Support Pylon 

5 7  
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the concentrator "open up." 

loads is reflected in the complex curves for the stress all. 

The interaction of these two 

The deflections for the case with a 40.23 mps (ninety mph) 

wind are shown in Figures 42 through 44. 

the attachment points is shown in Figure 45. 

particular case, the wind loads are beginning to dominate 

A plot of at near 

For this 

the gravity loads. 

would be symmetric 

asymmetry into the 

With wind acting alone, the plot for at 

about the vertex. 

plot. 

Gravity effects introduce 

Figure 46 shows a cross-section plot 

for all at the center of the concentrator. 

plot, the dominance of the wind loads shows up by the fact 

that the curve is nearly symmetric about the vertex. 

As in the previous 
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Figure 42.  6 . 0  m Long Reflector with Support Mechanism under 
Combined Kind (144 kph) and Gravity Loads - Side 
V i e w ;  Symmetry Conditions on Support Pylon 
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Figure 43. 6.0 m Long Reflector with Support Mechanism under 
Combined Wind (144 kph) and Gravity Loads - End 
View; Symmetry Conditions on Support Pylon 
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1 

h 

Figure 44 .  6 . 0  m Long Reflector with Support Mechanism under 
Combined Wind (144 kph) and Gravity Loads - Top 
View;  Symmetry Conditions on Si;pport Pylon 
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CONCLUSXONS 

From t h e  s t u d i e s  which have been made, a 6.0 m (twenty 

f t . )  long  p a r a b o l i c  t rough solar concen t r a to r  appears  t o  be 

capable  of meeting performance and s u r v i v a b i l i t y  criteria. 

The concen t r a to r  consists of a r e f l e c t o r  laminate  (made of 

0.508 nun (0.02 i n . )  t h i c k  glass and 1.016 mm (0 .01  i n . )  t h i c k  

steel backing) bonded t o  a n  aluminum honeycomb suppor t  (made 

of 0.0254 m (1.0 i n . )  t h i c k  honeycomb aluminum core wi th  0.508 

mm (0.02 i n . )  t h i c k  steel s k i n s ) .  A 6.0 m concen t r a to r  con- 

s i s t i n g  o f  a t h i n n e r  reflector lamina te  (made of 0.254 mm 

(0.01 i n . )  t h i c k  g l a s s  and 0.508 mm (0.02 i n . )  t h i c k  steel 

backing) also appears  t o  be able t o  m e e t  s u r v i v a b i l i t y  and 

performance cri teria.  The t h i n n e r  lamina te  has  t h i r t y  p e r  

c e n t  h ighe r  stresses than  t h e  t h i c k e r  laminate .  

Computer models which u t i l i z e  t h e  combined r i g i d i t y  of 

t h e  r e f l e c t o r  lamina te  and aluminum honeycomb suppor t  s t r u c t u r e  

i n d i c a t e  t h a t  a 7.5 m (twenty-four f t . )  long  concen t r a to r  made 

wi th  t h e  t h i c k e r  laminate  is capable of meeting t h e  r e s t r i c t i o n  

t h a t  A/R1 be less than  o r  equal  t o  6.0 m i l l i r a d i a n s  i n  a 13.41 

mps ( t h i r t y  mph) wind. 

concen t r a to r  does n o t  exceed 3.0 m i l l i r a d i a n s  i n  a combined 

wind (13.41 mps) and g r a v i t y  load. 

t r a t o r  o r i e n t e d  a t  a f o r t y - f i v e  degree ang le  t o  t h e  wind. 

The va lue  f o r  A/R1 for t h e  7.5 m long 

This  is  with t h e  concen- 

The va lues  f o r  A/R1 are, of course ,  sma?l.z for t h e  6.9 m 
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concentrator for the same loading configuration. 

Although the 7.5 m concentrator does meet the performance 

criterion in a 13.41 mps wind, the stresses in the glass become 

too large in a 40.23 mps (ninety mph) wind. Hence, the survivability 

criterion is not met. The 6.0 m concentrator meets the optical 

performance in a 13.41 mps wind, and the glass stresses are within 

acceptable limits in a 40.23 mps wind for those cases studied. 

the loadings considered, the largest stresses for a combined wind 

and gravity load on a concentrator-support mechanism arise at the 

center of the concentrator and at the points where the concentrator 

attaches to the support mechanism. 

For 

For the case of a 40.23 mps wind 

loading with the concentrator pointing in a horizontal direction and 

the wind blowing into the concave side, the maximum tensile stress 

in the glass is near the attachment points and has a value of 7.0 MPa 

(~1000 psi). If the wind is reversed, the maximum tensile stress in 

the glass is near the center and has a value of 7.0 MPa (%lo00 psi). 

All of the stresses just discussed for the glass are from models whic€ 

utilize the combined stiffness of the reflector laminate and aluminum 

honeycomb support structure in the concentrator model. 

The conclusion that a 6.0 m concentrator would meet performance * 
and survivability criteria was made on a limited number of loading 

conditions. 

to be some of the more severe. 

other loaling conditions to confirm this assumpt-.on. 

The loading conditions which were studied were assumed 

A more complete analysis would examine 
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Appendix A 

For multilayer plates, such as that shown in Figure A.1, it 

is necessary to calculate parameters defining the bending and membrane 

stiffness of the plate. The bending stiffness, denoted by D, for an 

n layer plate is given by 

where zn denotes the neutral axis of the section. 

for a multilayer,plate is given by 

The neutral axis 

1 1  
2 2 n 

n i=l (ai - ai-llEi]/[Ci=l Ei(ai - a i-1 z = [ 1/2 Cn 

For a single layer (homogeneous) plate, the above equations give 

D = Et3/[12(1-u 2 )] 

and 

2 = t/2, n 

where t is the thickness of the single layer. 

is characterized by 

The membrane stiffness 
, 

7 1  



The construction of two reflector laminate-support combinations 

is given in Tables A.l and A.2 along with values for D and KM. 

values for D and KM are used tc define properties for the plate 

elements used in the finite element studies. 

The 

The channels along the edges and end of the reflector are shown 

in Figure A.2. 

structural characteristics of the channels are given in Figure A.3. 

The cross-sectional properties used to define the 

I 
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Table A.1. 

Properties for Support Bonded to Thin Laminate 

Mat e r ia 1 Thickness m 

. 000254  

Reflector laminate .000127 

. 000508  

.000254  

Glass 

Steel 

Adhesive 

Steel I 

. 000508  

. 0 2 5 4  

.000508  

Properties of Materials in Layers 

E V P Materia 1 

Elastic Modulus Poisson's Ratio 

Steel 2 0 0 . 0  GPa 0.30 

( 2 9 . 0  x lo6 psi) 

Glass 6 8 . 9 5  GPa 0 . 2 4  

(10.0 x lo6 psi) 

Adhesive 3 . 4 4 7 5  GPa 0 . 3 7  

( 5 . 0  x l o 5  psi) 

Honeycomb 0 . 2 7 5 8  GPa 0 . 4 8  

( 4 . 0  x 10 psi) 4 

Density 

7850  kg/m3 

0 . 2 8 2  lb/in3 

229  7 kg/m3 

0 . 0 8 3  lb/in3 

16 6 1 kg/m3 

0.060 lb/in3 

Composite Properties of Laminate Plate 
D = 5 . 3 7 2 5  x 1 0  4 Pa - m 3 

KM= 3 . 3 0 6 3  x 1 0  8 Pa - m 
z = .03.8230 m n 

i 
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Table A . 2 .  

Properties of Support Bonded to Thick Laminate 

Material Thickness m 

. 000508  

Adhesive Reflector Laminate .000127 

. 001016  

.000254 

. 000508  

.0254  

Glass 

Steel 

Ad he s i ve 

. 000508  

Steel 

I 
Steel 

Material 

Steel 

Glass 

Adhesive 

Honeycomb 

Properties of Materials in Layers 

E V P 

Elastic Modulus Poisson's Ratio Density 

200.0 GPa 0 . 3 0  7 8 5 0 kg/m3 

( 2 9 . 0  x 10 6 psi) 0 . 2 8 2  lb/in3 

6 8 . 9 5  GPa 0 . 2 4  2297 kg/m3 

(10 .0  x l o 6  psi) 5 . 0 8 3  lb/in3 

3 .4475  GPa 0 . 3 7  1 6 6 1 kg/m3 

( 5 . 0  x 10 6 psi) 0 . 0 6 0  lb/in3 

0 . 2 7 5 8  GPa 0 . 4 8  

( 4 . 0  x 10 psi) 4 

Composite Properties of Laminate Plates 
4 3 D = 6 . 2 0 6 8  x 10  Pa - m 
8 Khl= 4 . 4 9 7 5  x 10 Pa - m 

z = . 02072  m n 
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Figure A . l .  Notation for Multilayer Plate  
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, 

Figure A.2. Edge and End Channels for Concentrator 
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Edge Channel  

2 
___ - -- A = 6.75,? x 1 0  -5 m2 

11= 6.319‘7 x 10  -9 m4 

I ~ =  4.0376 x l o ”  m4 
0.031 i n )  

J = 7.1580 X m4 

2.54cm 
(1.0 i n )  

- 

1.305 c m  
(0.75 i n )  

- 

2.54cm 
(1 .0  i n )  

-- 

End Channel  

0.15748cm 
(0.062 i n )  

I : I  

1.905cm 
(0.75 i n )  

-5 m2 

-9 m4 

A = 9.5040 x 1 0  

11= 9.9726 x 10” m4 

12= 3.5083 x ’10 

J = 8.0616 x 10-l’ m4 

A = area of cross s e c t i o n  

I1 

I2 

J = p o l a r  moment of i n e r t i a  

= area moment of i n e r t i a  a b o u t  1 a x i s  

= area moment of i n e r t i a  a b o u t  2 a x i s  

F i g u r e  A.3 .  S e c t i o n  P r o p e r t i e s  f o r  Edge and End Channels  f o r  C o n c e n t r a t o r .  
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Appendix B 

The mesh used for the finite element model of the concentrator- 

support mechanism combination is shown in Figures B.l through B.3. 

The support consists of a pedestal which is topped by a portion 

of the drive mechanism. Both of these components of the support 

are modeled with beam elements. The drive mechanism is attached 

to a plate, which is also attached to two ribs. 

ribs are attached to the concentrator at four different locations. 

The plate is modeled with plate elements and the ribs are modeled 

with beam elements. 

The plate and 

Aluminum plates (doublers) 0.01524 mm (0.06 in.) thick are 

added to the honeycomb support at the attachment points. The 

equivalent properties of some of the plates elements in the concen- 

trator are specified so that the bending and membrane stiffness of 

the doubler-honeycomb-laminate combination are correctly modeled. 

The elements are indicated in Figure B.4. 

7% 



-pedestal 

Figure B.l. End View of Concentrator - Support Mechanism Combination. 
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concr:? trator 

i 
ur j. v. 2 mechanism-f 

nedestal- . 

Figure B . 2 .  S ide  V i e w  of Concentrator - Support Mechanism Combination. 
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Figure B.3. Top View of Concentrator - Support Mechanism Combination. 
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centerline 
of ref lector 

1.0 m 

Figure B . 4 .  . .Plate Elements with Equivalent S t i f fness  to Plepresent 
Doubler-Honeycomb-Laminate Construction (Indsated by 
Shaded Areas). 
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