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Overview

* Optical Codes

* Analysis of PWR Modules
« Analysis of Gravity Sag

* Analysis of Wind Loading

« Summary




Optical Analysis Codes

HeI\iostat

MIRVAL

« Ray tracing; flux from entire
heliostat field; not supported

HELIOS

» Cone optics; flux from entire
heliostat field; not supported

DELSOL

* Hermite polynomials; flux
from entire heliostat field;
optimization; energy output

ASAP

« Commercial ray-tracing
5 code

Dish

« CIRCE

» “Daughter” of HELIOS;
cone optics; flux
distribution within receiver

ASAP

« Commercial ray-tracing
code

Parabolic Trough

« TROUGH_HELIOS

* Trough version of
HELIOS; cone optics

« ASAP

« Commercial ray-tracing
code
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ASAP Code

* Primary customer is automotive

industry

 Powerful scripting interface

« CAD import

U Eie Edt Edtor Optimze Vew System Rays Irace Analyss Dsplay Window Took Hebp
D-Z-7-Q«BES 02& "X E-ad®
| Ba FREEE = 2=] [ S

SAP - [FocusedFacet_v4.inr]

2 NR Input
FocusedFacet_v.rr
LIB Input
MAC Input
CR Input
TXT File
OSFFile
BSDF Fit Utility
INX Input
& Builder
TE
= EAPlot viewer
= 8 ASAP Plot 1
[1]PLOT
[2] TRACE
3]PLOT
4]PLOT
[5] TRACE
1PLOT

t1DEFINE MIRROR

#4DEFINE MIRROR REFLECTIVUITY
COATING PROPERTIES 0; (RHO) © "REFL’

$1DEFINE FLAT MIRROR OBJECT |

SURFACE

$IF (NBICONIC) EQ 1 THEN

BICONIC Z © (-2xFL) © (CONIC) (CONIC) $" (XHALF_M) (YHALF_H)
SELSE

OPTICAL Z @ (-2xFL) (CONIC) $" (XHALF_M) (YHALF_M)
SENDIF

O0BJECT "MIRROR®
REDEFINE COLOR 18

[6
[71pLOT
[8

] TRACE

9] PLOT

[10]PLOT

[11] TRACE

[12] PLOT
= Bl Display Viewer
displa01.tmp - TARGET
ispla0i2.tmp - TARGET
diepla03 tmp - TARGET
displa04.trmp - TARGET

>

tt IS THE HEIGHT OF ROUGHNESS,

*1ASSIGN REFLECTIUE COATING TO MIRROR SURFACE
INTERFACE COATING REFL AIR AIR

SHIFT 2 (2_MIRROR) !!SHIFT MIRROR T0 USER-DEFINED 2-COORDINATE
SHIFT X (X_MIRROR) !!SHIFT MIRROR TO USER-DEFINED X-COORDINATE

<
Vigws |3 Objects 4|

T1PLANE 2 © RECTANGLE (XHALF_M) (YHALF_M) t? CONUERT SIZES TO HALF-WIDTHS AND METERS

ROUGHNESS RANDOM © (SLOPE_ERROR) 2 !! THIS ASSIGNS A SLOPE ERROR TO THE MIRROR SURFACE. THE "@"
AND THE "2" REPRESENTS A
GAUSSIAN DISTRIBUTION FOR THE SURFACE NORMAL ERRORS GIUEN
! BY THE SLOPE ERROR IN RADIANS

x’ﬁLocal ~| T2 & - - -

PWR_6-5-10_1300_2mrad_550m.txt ~ [ TOTAL 100000 37834.73
PWR_6-5-10_1300_3mrad_550m.txt
PWR_6-5-10_1801_1mrad_316m.txt
PWR_6-5-10_1801_1mrad_450m.txt
PWR_6-5-10_1801_1mrad_550m.txt *
< > <

=== RETURN

%52 Errors: 0 Warnings: 0 .

nsap>

Ws: 1 SUr METERS i,

This program will calculate the solar flux distribution reflected from a
mirror onto a vertical planar target facing north (due north is in

the +Z direction). The target is assumed to be located at (8,Y.,0), where VY is
the height of the target aboue the mirror piuot pcint. The location of the
mirror is specified by the user in X and Z coordinates. The user also
specifies the Julian date and sclar time to prescribe the sun position.
Clifford K. Ho, 505-844-238Y4, ckho@sandia.gou, 5/13/09

MIRROR ¥ DIMENSION (M):

MIRROR Y DIMENSION (M):

MIRROR REFLECTIUITY (FRACTION):
MIRROR SHAPE (ELLIPSE OR RECTANGLE):[RECTANGLE |

CURUATURE (0:=SPHERICAL, -1=PARABOLIC): [ -1

MIRROR FOCAL LENGTH (M):

MIRROR SLOPE ERROR (MRAD): [ 1]

MIRROR Z-COORDINATE; +2 IS DUE NORTH (M):

MIRROR X-COORDINATE; +X IS DUE WEST (M): [ -52]

TARGET HEIGHT ABOUE MIRROR, ¥ (M): [ 15|

DAY OF YEAR (1-365):

NO. HOURS RELATIUE TO SOLAR NOON (0=NOON, NEG=MORNING, POS=AFTERNOON):| -5.009]
LATITUDE (DEGREES):

HALF-GNGLE OF SUN (mrad):

DIRECT NORMAL INSOLATION (W/M"2):

DISTANCE BETWEEN SOURCE aND MIRROR (M): [ 5

USE APODIZATION FOR PROPER SUN SHAPE? (1:VES, 0=N0): [ 1|

oK Cancel | Bestore | e |

NUMBER OF RAYS:

NUMBER OF RAYS TO PLOT:

BICONIC SURFACE? (1=VES, @=NO): [ 1|

NUMBER OF PIXELS FOR SPOT IMAGE:

OUTPUT FILE WITH THE SPOT IMAGE? (1=YES, 8=NO):
PLOT IMAGE OF SUN SOURCE? (1:YES, 8:NO):

=]

Cancel | Bestare ‘ Erint ‘
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Normalized Irradiance

Sun Shape and Apodization

1 98-8
0.9 —e- Rabl and Bendt (1982)
08 - DELSOL

= SAND82-0181, Table 6, p.|
0.7 63 (King)
Data from Photo (6/26/09,
0.6 8:30 AM, NSTTF) .
ASAP

0.5
0.4 -
0.3
0.2 -
0.1 -

0 ‘ ‘ Ky A A e A A e o e

0 2 4 6 8 10

Angle (milliradians)
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Overview

* Optical Codes

* Analysis of PWR Modules

« Analysis of Gravity Sag
* Analysis of Wind Loading

« Summary




Single Mirror Module




Single Mirror Module

 All day test with
single mirror module

 Compared beam
flux distribution with
ASAP and DELSOL

. 8:04 AM, 1:00 PM,
and 6:01 PM (MDT)
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8:04 AM, June 5, 2010

31l m "




Official Use Only

8:04 AM, June 5, 2010

TARGET AVERAGE IRRADIANC

550 m focal length 108" 128m
Slant range to tower = 316 m .
ensity Graph 2 5
4 :
100~
200~
m_
400-
.,3 500~ ¢
< 600- o ¥
g 700~ : § =
800~ ;a*
900~ R, i iR 2
1000~ 153" ~10.5ft~3.2m
1100 -
| 4.66" ~ 32 ft
1234~ 1 7 0 - i T
600 800 1000 1200 1400 1624
Target X Pixels 8
BCS Data
Different RMS slope errors in ASAP

10 Official Use Only



Official Use Only

8:04 AM, June 5, 2010

Different focal lengths in ASAP

TARGET AVERAGE IRRADIANC

Slant range to tower = 316 m

FLUX /sqM

Target Y Pixels
8
=4
[835 |Ind %

TARGET AVERAGE IRRADIANC

{0002 153" ~10.5ft~3.2m [

| 4.66" ~ 32 ft
1234 i I 1 I [ I 1 T
o 200 400 600 1400

1200

Target X Pixels

« Shape of beam when mirror is angled
sharply provides indication of true
focal length

* Peak flux not always highest when ASAPMJ

focal length equals slant range Eﬁ;ﬁ;‘
11 Official Use Only

TARGET AVERAGE IRRADIANC

FLUX / sqrM




Optical Aberrations

Off-axis Trough

Off-axis Dish
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1:00 PM, June 5, 2010

North

—>




Official Use Only

1:00 PM, June 5, 2010

Different focal lengths in ASAP

TARGET AVERAGE IRRADIANC

Slant range to tower = 316 m

FLUX / sqtM

Inkensity Graph 2 %
- -100,0 -
~35.0
=500
200 : 2 5.0 ‘
= s ke -80.0 AQAD
= s 0 e ASAP
o f |7 _
[ Focus =
§ 500~ =E£0.0
< 600- ~55.0 i &
g ?DO jz g TARGET AVERAGE IRRADIANC 8
2 24" ~165ft~5m i g
=35.0
ol
=300
1000 - =25.0
1100 - =200
4.66" ~ 32 ft =150
I'23‘4:| 1 1 ] 1 ] 1 1 i —10.0
0 200 400 /00 800 1000 1200 1400 1624 =50
Target ¥ Pixels -0,0
« Actual focal length of modules S —

9e+002

appears to be less than 550 m

« Consistent with module profiles
shown in June 10 peer-review
presentation (slides 52 and 53)

14 Official Use Only

FLUX / sq-M

FLUX / sM
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6:01 PM, June 5, 2010

North

—>

T

;




Target ¥ Pixels

Official Use Only

6:01 PM, June 5, 2010

Different focal lengths in ASAP

TARGET AVERAGE IRRADIANC

Slant range to tower = 316 m

0- ~100.0
=95.0
149" ~10.2ft~3m BCS Data -30,0
200 S 5.0
=L 4l L =750 ASAP
400~ P : : 700
: - -65.0 Focus =
500~ _' F L K -66.0
-_ 1 e 316 m
600 : ; -s50 T
=50.0 z °
b ¥
=45.0 : TARGET AVERAGE IRRADIANC s
800 -] 40,0 g
900 - -35.0 8
=30.0
1000 - ~25.0
1100~ 7200
4.66” ~ 32 ft ~15.0
1234 ; : . ~10.0
0 200 400 600 800 1000 1200 1400 1624 =50
TaT@t % Pixels A -0.0

0

1.4e+003

ASAP

Focus =
550 m

Official Use Only

FLUX /sqM

FLUX / s¢M

FLUX / sg-M




Official Use Only
Comparison of Peak Fluxes

8
=3

8:04 am g
DNI=850 W/m?  f -

153" ~10.5ft~32m

5

5

4.66" ~ 32 ft

g:

i \ I 0 | v
400 600 800 1000 1200 1400
Target X Pixels
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1:00 PM
DNI=990 W/m?
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5 104 %

:

e S
bﬁbbhbbbbbbbbhbbhbb

2RI %

BRI %

« BCS images all taken with same f-
stop (f/8)

» Measured peak fluxes appears
consistent with predictions

Predicted Peak Flux (suns)
550 m focal length
Time ASAP DELSOL*
8:04 AM 1.2 1.1
1:00 PM 1.0 0.89
6:01 PM 1.4 1.2

*Included atmospheric attenuation (0.963)
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Official Use Only

Four Modules

June 14, 2010

ASAP Ray Tracing, 1:59 PM (MDT), June 14, 2010
Official Use Only
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Official Use Only

1:59 PM (MDT), June 14, 2010

Different focal Iengths in ASAP

TARGET AVERAGE IRRADIAI

Slant range to tower = 316 m
Intensity Graph 2
0- =100.0
1.34” ~16.6 ft ~ 5.1 ~a5.0 ﬁ.
100~ N — 30,0 - <
200- ' -850 =
BCS Data e
300 3 ot ir] " I
£ _ _ B2
400~ © ~70.0
o 650 -
3 7 ! ~60.0
& = 2
> 600~ o 550 = .
5 e (?‘ -50.0 i %
L ™ -45.0 E o
800~ o ~40.0
900- g2t
300 3
1000 =250 §
=20.0 o
100 2.58" ~ 32 ft L
1234~ i | i ] I i i o
400 600 800 1000 1200 1400 1624 |Ill-50
Target X Pixels -0.0

BCS Data, 1:59 PM (MDT), June 14, 2010 (F/10)

1.8e+003

FLUX / scpM

i
ories

Official Use Only
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Overview

* Optical Codes

* Analysis of PWR Modules

« Analysis of Gravity Sag

* Analysis of Wind Loading

« Summary




* Integrate deformed
shapes from gravity loads
into ray-tracing analysis

« Sun shape and limb
darkening

» Slope errors at multiple scales
« Small-scale distortions

» Larger-scale errors from
loads

Gravity-induced deformation of NSTTF heliostat in different orientations
21

URES (mim)
524364000
57234000
520364000
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Single Facet Testing for Model

Validation

Test

Model

TARGET AVERAGE IRRADIANC

0

\ tu
\ (04604003

4.6e+003

3

&

0
X
]
3
w
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Static Loading Test

 Hang weights from
heliostats in different
orientations

 Measure displacements
and compare to models
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Overview

* Optical Codes
* Analysis of PWR Modules

« Analysis of Gravity Sag

* Analysis of Wind Loading

« Summary




| {us

- Static Wind Loading

AN NINTSTINTN

]
]
[]]
I
/
"

[

3D Solidworks model
of heliostat at Sandia

CFD simulations of
flow over heliostat on facet

25
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FEA analysis of loads
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Dynamic Analysis

* Plan to do modal testing of NSTTF heliostats
this summer
* Instrument heliostat with accelerometers, strain gauges
« Validate models through modal analysis

* Instrument numerous heliostats at NSTTF for
dynamic wind-response tests
« Accelerometers, strain gauges, pressure sensors

* Record environmental variables (wind speed direction,
temperature, etc.)

* Glean information regarding field response (e.g., interior
VS. perimeter)

* Apply methods and analyses to other heliostat fields
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Overview

* Optical Codes
* Analysis of PWR Modules
« Analysis of Gravity Sag

* Analysis of Wind Loading

« Summary




Summary

« Sandia has several optical and system
performance codes to analyze heliostats
and central receivers

« DELSOL, ASAP, HELIOS, MIRVAL
 Incorporating FEA and CFD into optical analysis

* Testing to validate models
« Static loading
* Individual facets or heliostats

* Dynamic testing
* Modal testing and analysis of entire heliostat
 Instrumentation of heliostats for dynamic wind analysis

28
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