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Motivation

= Concentrating solar receivers typically use coatings to
enhance solar absorptance

= Coatings degrade and need to be re-applied periodically,
which affects performance and increases O&M cost

= Conventional solar receivers are cylindrical or cubic

Crescent Dunes Receiver Ivanpah Receiver 5




Motivation

= Sandia proposed fractal-like geometries (FLGs) at multiple

scales to enhance solar absorptance — no need to coat
receivers

= Need to understand what geometries work best for absorbing
and retaining solar energy

R

- Radial fin receiver  Vertical fin receiver Horizontal fin receiver

Conventional receiver 6
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Previous Work

= The horizontal fin (bladed) receiver has many options in terms
of number of fins, number of tubes in the fin and back panels,
the spacing between the fins, and the angle of the fins

= The parametric study results of a tubular bladed receiver are
discussed by Christian et al.
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Bladed receiver configuration after parametric study 8




Panel Design

= The design of the bladed receiver
followed the requirements specified
for a pressure vessel in the ASME
Boiler and Pressure Vessel Code

= The design pressure and temperatures
for Inconel 625 were initially assumed
to be close to the operating conditions
that supercritical carbon dioxide
(sCO,) used by Ortega et al.

= Design Pressure: 20 MPa

= Design Temperature: 700 C

= Design Life: 100,000 hours of operation
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Panel Design

= Even though suppliers’ stock is typically limited to schedule 40
and 80 in these alloys even a schedule 160 would not be
sufficient to meet the Section VIl requirements

= The headers are considered our weakest component in the
design and the design temperatures and pressures were
adjusted accordingly
= These conditions are used to continue the rest of the design:
= Design Pressure: 15 MPa

= Desigh Temperature: 650 C
= Design Life: 100,000 hours of operation
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Panel Design

= Knowing the size requirements, the minimum wall thickness
required and maximum allowable working pressures were
determined using the UG-27 equations for longitudinal stress:

SEr ¢ = PR
R+ (.61) SE - 0.6P

M4 H:PF .!:PE =

and UG-34 equation for bending stress:

MAWS — (f‘m};* SE t = d ~JCP SE
 Component | Dimensions
Header Shell 3” sch. 80
Receiver Tubes 2" g.16
Inlet/Outlet Pipe %" sch. 40
Header Cap %" plate
Final dimensions of the components 11




Welds R

= The header pipes were cut into two longitudinal halves to
perform the tube welds internally

= The weld design requirements for the area of reinforcement
can be found in UG-37 while the weld strength analysis is
located in UG-41 of Section VIII

= The joint efficiency of a full-penetration weld is 85% (UW-12)




Manufacturing

I

Header tacked in place
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Receiver Test-loop

= The test loop designed provided air to the receivers at 800
kPa and ~0.11 kg/s with associated sensors to measure
temperature, mass flow rate, and pressure.

Hot air
exhaust

Mass flow Ajr manifold
meﬂt@m\ fwith valves

- Pmﬂfum

220 wresdf
Bay

Simple schematic of the test loop for the flat panel and bladed receiver tests 15
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Receiver Test-loop

= The system used air as a heat ® The air flow is then separated

transfer medium that was in three sections each had a
provided by an oil-free temperature, mass flow rate,
compressor at the ground and pressure at the inlet.

level of the Solar Tower.

Air compressor and 1000 Alicat mass flow rate
gallon air receiver tank sensors attached to the
three outlet manifold tank 16




Receiver Panel Oxidation

= |nconel 625 sample coupons were oxidized and their
reflectivity was measured.

= The oxidation was done at 800 C for different times

Sample Oxidation

Tem'é’oeg?t“re (Tr:ge) Reflectivity
- - 0.519 + 0.007
800 1 0.208 + 0.006
800 5 0.18 £ 0.001
800 24 0.151 £ 0.001 Sample 1 and Sample 4

800 30  0.124 +0.004 from table




Fin Panel Oxidation

= The leading edge/tube of the bladed receiver panels is
subject to very high solar fluxes (up to 3.5 times higher)

relative to the rest of the tubes due to higher view factors

\.

Bladed receiver panels with front tube
painted white with VHT Flame Proof
Header Paint. 18




Bladed Receiver Support and )

Insulation

= The structure holds the weight of the panels, the spillage
board required for on-sun testing, and thermal insulation
The insulation covered the inlet and outlet headers as well
as the back of the receiver tubes to reduce heat loss

Spillage board and insulation of the receiver mounted on the structure 13
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Results

= The temperature increase was
recorded throughout all the tests
and the average of the
temperatures and standard
deviations were used to estimate
the overall error propagation

= The impact on the mass flow rate
fluctuation and the heat flux
positioning were also included in the
error propagation analysis




Results: Temperature Rise

= |nlet, outlet, and back wall temperatures were recorded
during the tests

= Comparison of the temperature rise in the air flowing through
the receivers as function of average irradiance

450 ~
*

5
E 200 - ¢ Bladed Receiver
(]

o | .
g 150 - B Flat Receiver

0.00 10.00 20.00 30.00 40.00 50.00
Average Heat Flux (kW/m?)

Temperature rise of pressurized air through receivers as a function of the incident
average irradiance 22
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Results: Wall Temperature

= The thermocouple in the back of the receiver is 20 cm from
the top from the exposed tube length

= This was used to track the peak temperatures

800.0 +

700.0 - L 2
z.')" 600.0 - ¢
]
5 500.0
© .
S 400.0 _
£ # Bladed Receiver
v J
; 300.0 [ ] M Flat Receiver
©
= 200.0 -

|
100.0 - |
0-0 1 1 1 1 1
0.00 10.00 20.00 30.00 40.00 50.00

Average Heat Flux (kW/m?)

Surface temperature of pressurized air through receivers as a function of the incident

average irradiance 23
I ——————
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Results: Pressure Drop

= Pressure drops across the receiver is below 10% of the inlet

= Asitis expected, the pressure drop increases as the viscosity
increases due to the temperature rise

Pressure Drop though Bladed Receiver
100.0 -

95.0
90.0
5 850
g
S 800 § §
8 750 §
5 75
2 700
g
& 65.0
60.0
55.0
50-0 1 1 1 1 1 1 1 1
0.00 500 1000 1500  20.00 2500  30.00 3500  40.00

Average Irradiance (W/m?)

Pressure drop of pressurized air through Bladed receiver as a function of the incident

average irradiance 24
I ——————



Results: Thermal Efficiency

The data collected in the steady-state region was used to
compute the thermal efficiencies as a function of the power
incident on each receiver

90% -

S Lt

5% | i
# Bladed Receiver

B Flat Receiver

Thermal Efficiency (%)

70% -

65% -

60%

0.00 10.00 20.00 30.00 40.00 50.00
Average Heat Flux (kW/m?)

Thermal efficiency of pressurized air through Bladed receiver as a function of the
incident average irradiance 25
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Conclusions

= Fractal-like receiver designs with novel light-trapping
geometries and features have been developed and tested

= The peak flux on the aperture of the bladed receiver panel
was over 200 kW/m?

= Fractal-like designs, the ability to accommodate higher
concentration ratios with on similar optical apertures

L 4

¢ Bladed Receiver

Incident Power (kW)
w
o
L 2

20 - [ | B Flat Receiver
10 [ |
[ |
0 T T T T 1
0.00 10.00 20.00 30.00 40.00 50.00
Average Heat Flux (kW/m?) 27
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Future Work

= Currently, the plan for the near future is to develop a test-
loop using pressurized gas bottles to test the receiver
performance at high pressure and temperature while

investigating the effectiveness of different gases and mixtures
as heat transfer media
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W (m)

Save CAD geometry as an STL
file.

!

MATLAB: Pre-process STL file
into a Stage file for SolTrace.

J

SolTrace: Perform ray tracing
using the heliostat field or solar
furnace ideal models from
NSTTF.

|

MATLAB: Post-process ray data

file to create 2-D heat flux maps.

}

Sandia
National
Laboratories

FLUENT: Heat flux profiles can
be imported to be used as
boundary conditions.

32




Reflectance Measurements =

The samples were oxidized for 20 hours at 800° C in order to
achieve the solar absorptivity

Surface Optics
410-Solar Reflectometer

Reflectance change

* p=0.403+0.001
* p=0.096+0.003 33



Emittance Measurements ) 2=,

The samples were oxidized for 20 hours at 800° C in order to
achieve the solar absorptivity

Surface Optics
ET100-Thermal Emissometer

Emittance change
« ¢=0.426+0.001
* ¢ =0.804+0.008 34




Header Design =

The headers were selected to be made out of 3” Inconel 625
pipe (3.5” or 88.9 mm 0O.D.) to have enough space for the
tubes and be able to select the smallest thickness possible

Nonetheless, suppliers’ stock is typically limited to schedule
40 and 80 in these alloys

Back Panels (13 tubes) Fin Panels (9 tubes) 3
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Header Design

= The joint or ligament efficiency can be estimated from UG-53
by selecting the lowest of the efficiencies calculated based on
the location of the holes

Figure UG-53.4
Example of Tube Spacing With Tube Holes on
Diagonal Lines

P1

Q a "E.)_ :
1.833' 15?_‘__6‘“£__ )

] P’

Longitudingl lin€  —

Longitudinal efficiency, % = Eong = [(p1 - d)/p1]100

J +025 - (1-001Ejong ) V075 +]

Diagonal efficiency, g, - 0.00375 1 0.005]
. + 0.

J=(p"/p1)?

36




Header Design

PIPE OD (D)

PIPE WALL (t)

DESIGN PRESSURE (P)
DICTICATING EFFICIENCY (E)

3" sch40 pipe

MANUFACTURING TOLERANCE
DESIGN TEMPERATURE
ALLOWABLE STRESS (S)
MINIMUM THICKNESS (tmin)

3" sch80 pipe

88.9 mm
7.62 mm
20 MPa
0.6

05 %
700 °C
84.3 MPa
 MINIMUM THICKNESS (tmin)

MINIMUM THICKNESS (tmin) B mnm .
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Header Design

= The calculations are based on the UG-27 and UG-53 equations
for the tubes and pipe connecting to the header

3" sch80 pipe

88.9 mm

7.62 mm

15 MPa

0.6

0.5 %

650 °C

137.9 MPa

7562 mm

152 MPa
13518 MPa

MAWPpipe = mmmot t- PR amar sTrRESS = 2R+ 6D
R=+(60) SE— 0.6P Er

38




Tube/Pipe Design

127 mm
1.651 mm
15 MPa
0.6

05 %
650 °C
137.9 MPa
0:67 mm
40 MPa

26.67 mm

2.8702 mm

15 MPa

0.6

05 %

650 °C

137.9 MPa

184 mm "
| MAXIMUM ALLOWABLE WORKING PRESSURE 825 MPa —
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End Cap Design

= Asimilar procedure to estimate the thickness of a flat caps
using the same design conditions is depicted in UG-34

= These caps are flat instead of ellipsoidal to reduce the costs
and lead time of manufacturing Inconel 625

d ~/CP C/R }:.“ el

SE MAWP —

I =

3/4" plate

88.9 mm
7.62 mm
15 MPa
0.85

05 %
650 °C
0.3
137.9 MPa
19.05 mm

— MINIMUM THICKNESS (tmin) 14.56 mm
\/ = NORKING PR = 32 5 MPa
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Tube/Pipe Design

= The tubes and inlet/outlet pipes were selected to be made
out of 4" (12.7 mm 0O.D.) Inconel 625 tube and %” (1.05” or
26.67 mm 0O.D.) Inconel 625 pipe

= The same design conditions are used in the tube and pipe

Back Panels (13 tubes) Fin Panels (9 tubes)

41



Welds
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The weld design requirements for the area of reinforcement

can be found in UG-37 while the weld strength analysis is

located in UG-41 of Section VIl

Figure UG-37.1
Nomenclature and Formulas for Reinforced Openings
GEMERAL NOTE: b By - {
Imcludes :an:idm!hndlhﬂse araas if ety t_ R"__ |
By < 1.0 (both sides of G -t | PUNE |
e e
2 hror 2.5rﬂ¢ e I: %\
Uiga pmaller waiug R & T
HR »
WP
h, 251 2,50 See UG-40
fae liemits of

Use smallest walue

reinfarcemant

—
-ﬂwﬂﬂ. l‘"‘-l'

- _— ¥

e
s 1arger valus | Use larger value

For nozrie wall inserted thraugh the vnmlmll—-b-l-ﬁ—— Far norzle wall abuiting the vassel wall

Without Reinforcing Element

= A =dnFritg il Fl1-1y] AreR el
= SlEq t- Fi ) =ty (Eqf - Frd 11 - fh
= e E = Frd = Qg lEqr - Fr iy - iyl

= Ay Aren available in shell; use larger value
Araa avallable in nozzle projecting outwarnd; use

Bify = ) frat
smaliar valug

= Gty —tonl frgly
e Ares vailable in imvard nomle; use smallast value
= St
- 2highy
= Agq = outward nozzbe weld = fl!ﬁ?z?,g Area avallable in outward weld

Arna avallable (n imeard woeld

Opening is adequately reinforosd

‘Opening is nat adequately reinfarced so
reinforcing elements must be added
andfor thicknesses musl be increased

= Agg = inward nozzie weld = ‘Ilsz:f..z

<> BEOD

WAy + Ag+ Ayt tagy #A
IFAy+Ag+Ag+dgq+ags< A

‘With Rainforcing Elemant, Added

A =game 8s A, above Area required

Ayq = same oAy, above Ares available

A = Gty = typlfpat Area available in nozzle prajecting outward;
TLm 2ty — ity 2Bty + ) g use el er aren

Az =samnas As, sbove Area available in inward nozzle

Area available in outeard weld

n

A qq = outward nozzle weld = [IEgIz'I'(a
MAgn = outer element weld = llcg?i{,-. Aren sailable in suter weld
Area available in imward weld

gas

Agq = inward nozzle weld = (ool o
= Ag =0y —d— Ity fy WMot (1] Area available in element

Iy g v Ag + g # A, v A5+ A2 A Opening is adequately remlorced

(GEMERAL NOTE: This figure llustrates a common nozele configuration and i not intended to prohibit other configurations permitted by the
(Code

MOTE:
[1) This formula & applicable for a rectangular cross-sectional element that falls within the limits of reinforement.
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Results: Thermal Efficiciency

= The data collected in the steady-state region was used to
compute the thermal efficiencies as a function of the power
incident on each receiver

T [ C,(r)dT

o
n

Thermal Ef ficiecncy =
chidenr

= where is the total mass flow rate of air per section, and are
the Inlet and outlet air temperatures, is the heat capacity of
air and is the total power incident on the receiver

Thermal efficiency of pressurized air through Bladed receiver as a function of the
incident average irradiance 45



