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Executive Summary

Two Schott 2008 model year PTR70 receivers were tested on the National Renewable Energy
Laboratory’s parabolic trough receiver heat loss test stand from 100°C — 500°C in 50°C
increments. Heat loss in the laboratory, normalized per meter receiver length, is summarized by
the following correlation:

Heat 1055 3 prpro = 0.141-T,, +(6.48E —9)- T}

abs abs

The absorber temperature in the above correlation is in °C, and the calculated heat loss is in watts
per meter (W/m) receiver length. There is £ 10 W/m uncertainty associated with the results.

The emittance of the receiver absorber was calculated from the laboratory heat loss test results.
The following correlation fits the calculated emittance to the absorber temperature.

Exo0sprr7o = 0.062 +(2.00E —7)- T,

abs

The emittance is a non-dimensional quantity and the absorber temperature in the correlation is in
°C. Emittance uncertainty depends on the testing temperature and is described further in the
report. At an absorber temperature of 400°C the emittance uncertainty is + 0.005.

A multi-step process was used to estimate solar field heat losses from the laboratory results. A
parabolic trough collector/receiver model calculated solar field heat loss using the emittance
curve correlation presented above and reasonable collector and solar field assumptions. Solar
Advisor Model (SAM) and Excelergy heat loss correlation coefficients were generated from the
heat loss outputs of the model. These coefficients are presented in Table 8 of this report.

The 2008 Schott PTR70 heat loss correlation coefficients were used in an annual SAM
simulation for a 100 MW, parabolic trough power plant with 6 hours of thermal energy storage.
SAM shows that the heat loss associated with the Schott 2008 PTR70 will decrease the levelized
cost of energy (LCOE) from the power plant by about 0.5 ¢/kWh and increase annual electricity
production by 5% relative to previous published PTR70 heat loss results. This analysis assumes
that the 2008 PTR70 is priced similar to the previous model and that they share similar optical
characteristics.

This report presents the thermal performance of the 2008 PTR70 parabolic trough receiver. We
did not perform receiver optical, durability, nor structural tests. These factors also affect the
solar plant performance of parabolic trough receivers and will be the subject of future testing.



Introduction

A parabolic trough power plant generates electricity using concentrated sunlight as the heat
source for its power cycle. Rows of single-axis-tracking, linear parabolic mirrors comprise a
solar field that concentrates beam radiation onto tubular receivers (also known as heat-collection
elements [HCEs]) located along the focal line of each parabolic trough. Heat-transfer fluid
(HTF) pumped through the receivers is heated by convection from the sun-heated receiver walls.
After being heated by the solar field, the HTF travels to a power block where it generates steam
in a series of heat exchangers. The energy in the steam is converted to electricity in a Rankine
steam-turbine power cycle. After heating the steam, the HTF returns to the solar field.

Figure 1 shows the solar field in an operating parabolic trough power plant. This photograph
was taken at one of the nine Solar Electric Generating Systems (SEGS) built in California’s
Mojave Desert by Luz International Limited [1]. It illustrates receivers (HCEs) and parabolic
mirrors mounted on supporting structures, collectively referred to as collectors. It also shows
how collectors are linked in series to form “loops” in the solar field. The HTF travels from the
power block to the solar field in large diameter “cold” header pipes. Then it flows through a
“loop” of parabolic trough collectors where the HTF is heated by concentrated sunlight, as
shown in Figure 1. Then the heated HTF flows into a “hot” header pipe which returns the heated
HTF to the power block. Many loops comprise a solar field.

; Power Cooling
Hot/cold header pipes that block towers Electricity
take heat transfer fluid (HTF) grid
to/from the power block

Figure 1. Parabolic trough receivers (also known as HCEs), mirrors, collectors, and “loops” in the
solar field of a parabolic trough power plant.



The electricity generated by the power block depends on the quantity and temperature of the
HTF delivered by the solar field; larger HTF mass flow rates and/or higher temperatures lead to
more power production. HCE heat loss has the effect of reducing one or both of these quantities.
For a constant HTF mass flow rate, an increase in HCE heat loss from some baseline value
decreases the loop HTF outlet temperature. Plant operators find this temperature fluctuation
undesirable, so they decrease the mass flow rate to maintain the loop outlet temperature. In both
cases, HCE heat loss adversely and significantly affects plant performance.

HCEs are designed to minimize heat loss to the environment while letting in and absorbing as
much sunlight as possible. Figure 2 illustrates some of the design features that make this
possible. The annulus between the absorber tube and the transparent glass cylindrical envelope
is evacuated to prevent heat conduction/convection from the hot absorber tube to the cooler glass
envelope. Radiative heat loss from the absorber is minimized by coating the absorber tube with
a selective surface that has high solar absorption (>0.95 [1]) but low thermal emittance. The
effect of heat conduction at the ends is reduced by making long HCEs (4 meters and more.)
Finally, the diameter of the absorber is small relative to the collecting aperture of the reflector,
thereby decreasing the surface area associated with heat loss.

Vacuum between
Evacuation glass envelope Glass to
nozzle and metal tube metal seal

| |

L

| I—
Steel Glass Chemical sponges Bellows
absorber envelope (Getters) to maintain
tube and indicate status
of vacuum

Figure 2. A shortened view of a parabolic trough receiver (HCE)
source: Flagsol

This report presents heat loss results of Schott 2008 PTR70 HCE. It shows that Schott made
improvements to its selective coating in 2008 that reduced heat losses compared to previous
published values [2, 3, 4], which already had low thermal losses relative to the state-of-the-art
when the SEGS plants were built [5].



Test Description

Figure 3 is a photograph of the National Renewable Energy Laboratory (NREL) HCE Heat Loss
Test Stand. This test stand is located indoors and uses electric resistance heaters on the inside of
an HCE to bring the absorber surface up to desired test temperatures. Once a desired steady-
state temperature is reached, power transducers measure the electrical power required to
maintain the absorber temperature. The power required is the heat loss of the HCE at that
temperature. The testing described here is that same as the tests described in [3, 6], except that
more thermocouples were used to determine the average absorber and glass temperatures. These
additional thermocouples allowed us to investigate how uniformly the HCE was heated. This
investigation is presented in Appendix I.

Figure 3. HCE heat-loss test stand at NREL

Present HCEs are 4.06 m long at 25°C (4.08 m at 400°C) with a stainless steel absorber
inner/outer diameter of 6.6/7.0 cm. To test HCE heat loss, two 2.17 m long, 5.4 cm outer
diameter copper pipes with internal heaters are inserted into the ends of an HCE—one copper
pipe per end. Spacers protruding from the copper pipe center it in the HCE and prevent it from
touching the inner absorber surface. The copper pipe evens out the temperature distribution
generated by three internal electric resistance heaters. Two of the heaters are 3-cm-long,
stainless-steel-sheathed, coiled cable heaters whose surfaces contact the interior of the copper
pipe. These heaters are referred to as “coil heaters” in the remainder of this report. The third
heater is a 2.12 m (2.01 m heated-length) inconel-sheathed cartridge heater suspended along the
cylindrical axis of the copper pipe using inconel spacers. The cartridge heater is fully inserted
into the copper pipe so that its inner-most end, shown in Figure 4, is flush with the inner-most
end of the copper pipe. When the copper pipe is inserted into the HCE, one coil heater ends up
just inside the HCE while the other is adjacent to it but just outside the HCE. The inner coil
heater compensates for end-loss effects, while the outer coil heater creates a zero temperature
gradient on the copper pipe between the coil heaters. The cartridge heater supplies most of the
thermal energy to the system, especially at increasing absorber temperatures. Power transducers



measure heater output. The total heat loss is based on the sum of the powers of the two inner-
most coil heaters and the two cartridge heaters. Figure 4 is a photograph of the heaters inside
one heating assembly, and Figure 5 shows the heating assembly ready for insertion into one end
of an HCE. Table 1 lists heater and power transducer specifications.

Figure 5. One heating assembly

Table 1. Heater and Power Transducer Specifications*

Error
Max. Power of Transducer Full- % of
Heater Type | # Used cach Heater (W) Scale Limit (W) Foull (W)
Scale
C01111ed cable 4 600 500 0.5 2.5
eater
Ciﬁrldge ) 4800 5000 0.5 25
eater

* Transducers calibrated using instruments traceable to NIST, DOE# 126410 and 01888C

Thermocouples measure the temperature of the copper pipe, stainless-steel absorber tube, and
glass envelope at the locations shown in Figure 6. The copper temperature is measured at six



locations, the absorber at eight locations, and the glass at three locations. The heating assembly
and thermocouple locations for the other half are identical and symmetrical about the HCE
center, with thermocouple naming conventions continuing from left to right though Cu 6, Abs 8§,
and Gl 3.

Figure 6. Glass (Gl), Copper (Cu), and Absorber (Abs) thermocouple locations for one-half of the
HCE. Labeling of thermocouples continues from left-to-right for other half (i.e. Gl 3, Cu 6, and Abs
8 located farthest to right). Figure not to scale.

Inconel, copper, and stainless steel have different linear thermal expansion coefficients. Care
must be taken to attach the copper and inconel-sheathed cartridge heater at only one point to
avoid thermal stresses. The innermost end of the copper pipe and cartridge heater is the location
of this attachment. Bolts thread through the copper pipe to rest on either side of an inconel
spacer shrink-fitted to the end of the cartridge heater. Therefore the inconel cartridge heater,
copper pipe, and stainless-steel absorber expand outward from the center of the HCE.

Wires attach the thermocouples to the copper and glass surfaces. The thermocouples measuring
absorber temperatures spring out from the copper pipe to contact the inner absorber surface.
Reliable absorber temperature measurements require good contact between the thermocouple and
the absorber, as well as local radiation shielding to prevent radiant heating of the thermocouple
by the copper pipe. Figure 7 shows the shielding underneath one thermocouple used to measure
absorber temperature, and Table 2 lists the thermocouple specifications. Note that the
uncertainty associated with the thermocouple temperature measurements is + 1.1°C or 0.4%:T-c,
whichever is greater [7]. A thermocouple also measures the air temperature.



Figure 7. Absorber thermocouple with radiant shielding on copper pipe.
Heating assembly in process of sliding into HCE.

Table 2. Thermocouple Specifications

Temperature Error,

o Calibration | Range Maximum of:

Thermocouple Description Type oC % of value -
o C

CO
Alloy 600 sheath, mineral K — soecial
insulated, AF metal transition, SP 0-1250 | +£0.4%T-c +1.1
limits
ungrounded

Testing proceeds once the heating assemblies are inserted and the HCE is supported in the test
stand. Electrical power to the inner coil and cartridge heaters is increased slowly until all
absorber temperatures approach a value of interest (e.g., 400°C). The power to the outer coil
heaters is adjusted so that the outer copper temperatures are equal to the inner copper
temperatures (i.e., Cu 1 = Cu 2 and Cu 5 = Cu 6), creating adiabatic boundaries between them.
Temperatures and power values are logged every 5 seconds. Steady state is achieved when the
glass and absorber temperatures remain constant (variation< 0.5°C) over a period of at least 15
minutes. The overall absorber temperature is calculated as the average temperature of Abs 2, 3,
4,5, 6, and 7, and the overall glass temperature is the average of Gl 1, 2, and 3. Total heating
power is the sum of that used by the inner coil heaters and the cartridge heaters. These
calculations are described in Appendix I.



Results

Two 2008 PTR70 HCEs were tested from 100°C to 500°C in roughly 50°C increments. Figure 8
shows the HCEs tested.

Figure 8. 2008 Schott PTR70 HCEs.

The HCEs were arbitrarily labeled #1 and #2. Each receiver was 4.06 m long at 25°C, with
absorber inner/outer diameters of 6.6 cm/7.0 cm and glass envelope inner/outer diameters of
about 11.5cm/12.0 cm. Heat loss results are presented in Figure 9 and Table 3. Detailed data
from one test near 400°C are presented in Appendix I. Uncertainties in the heat loss and
temperature measurements are presented in Appendix II. In brief, the uncertainty associated
with average temperatures and temperature differences is about +1°C, and for heat loss it’s 10
W/m.



600

500

400

300

200

Heat loss (W/m HCE length)

100

50 100 150 200 250 300 350 400 450 500 550
Absorber temperature (°C)

Figure 9. 2008 PTR70 heat loss results.

Instead of showing heat loss for the entire 4 m long HCE, heat loss per meter of HCE length is
calculated and presented on the y-axis. The x-axis is the average absorber temperature at the
time of testing. Heat loss results are not presented versus the average absorber temperature
above ambient because heat loss in these evacuated receivers is radiation dominated and
therefore more dependent on the absolute absorber temperature than the difference between
absorber and ambient temperatures. The sensitivity of the heat loss to HCE material properties,
HCE and collector geometry, and environmental conditions is explored in Appendix III.



Table 3. 2008 PTR70 heat loss results
2008 PTR70 #1

Average Average Average

absorber Average glass ambient absorber Heat loss

temperature temperature temperature temp. above (W/m HCE
Test (°C) (°C) (°C) ambient (°C) length) date of test
1 100 26 23 77 15 10/13/2008
2 153 30 23 130 23 10/13/2008
3 213 35 23 190 43 10/9/2008
4 246 38 23 222 59 10/14/2008
5 317 50 24 293 113 10/9/2008
6 346 55 24 323 141 10/14/2008
7 390 65 24 366 204 10/14/2008
8 418 73 24 393 257 10/9/2008
9 453 82 24 430 333 10/14/2008
10 458 84 24 434 348 10/9/2008
11 506 99 24 482 495 10/9/2008

2008 PTR70 #2

Average Average Average

absorber Average glass ambient absorber Heat loss

temperature temperature temperature temp. above (W/m HCE
Test (°C) (°C) (°C) ambient (°C) length) date of test
1 120 27 22 98 15 11/5/2008
2 203 33 22 180 36 11/5/2008
3 254 39 23 231 63 11/5/2008
4 292 45 23 269 90 11/6/2008
5 343 54 23 320 140 11/6/2008
6 403 68 23 380 231 11/6/2008
7 404 67 22 382 230 11/7/2008
8 451 80 23 429 334 11/7/2008
9 501 95 23 478 481 11/7/2008

Current parabolic trough power plants operate between 293°C and 391°C. The average HTF
temperature in each loop is about 340 °C, and when the collectors are on-sun the HCE absorber
walls are heated to an average temperature 5-10°C above the HTF temperature assuming current
flow rates, as shown in Appendix III. Thus a simple estimation of HCE heat loss in parabolic
trough solar fields corresponds to the heat loss that occurs at an absorber temperature of 350°C.
At this temperature on the x-axis of Figure 9, the heat loss of the 2008 PTR70 is 150 W/m.
Studies of some previous generations of the PTR70 [2, 3, 4] found heat losses between 200 and
270 W/m at an absorber temperature of 350°C. The black chrome receivers installed at the
SEGS plants in the 1980s lost more than 350 W/m at this temperature [5]. HCE heat loss has
been decreased significantly. The next section describes the effect this decreased heat loss has
on plant performance.
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Estimating Field Performance

The performance of a parabolic trough power plant is affected by HCE heat loss. Several
methods predict the performance of parabolic trough solar fields [5, 8, 27]. This report uses the
methodology developed by Price [9], and by extension, SAM [10].

Relating the heat loss acquired in the laboratory to heat loss in a solar field is a multi-step
process:

1) The absorber emittance is deduced from laboratory testing.
2) A model of a collector and HCE with the lab-derived emittance is used to predict the heat loss
of the HCE under a range of solar field operating conditions. This involves assumptions

regarding the optical performance of the collector and HCE.

3) A correlation is developed for heat loss as a function of the operating conditions, and the
coefficients of this correlation are determined.

4) The correlation is integrated relative to the HTF temperature so that the average HCE heat loss
in the solar field can be related to solar field loop inlet and outlet temperatures.

5) A parabolic trough power plant model using the integrated heat loss equation developed in 4)
calculates annual plant performance.

These steps are described in the following sections.
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Calculating absorber emittance

Figure 10 shows the heat loss that occurs during laboratory testing. The inner absorber surface
is heated to a uniform temperature by the internal heaters. Energy then conducts through the
absorber, radiates across the annulus, and conducts through the glass envelope. At steady-state
the temperatures are constant, and the conducted and radiated powers are equal to the measured

heat loss.
rain

T

abs,0 —

Figure 10. Schematic of 1-dimensional heat loss that occurs during laboratory testing

The absorber emittance, &5, 1s calculated from an iterative solution of the following equations

[11]:

Zﬂ-kabs (Tabs,i _Tabs,o ) _ 2ﬂ.kgl (Tgl,i _Tgl,o)

rabs,o - 1 l1-¢ v - r 1,0
ln( Abs’ij + gl [ abs,oJ ln( g/gl’ij

4 4
ahx,oo-(Tabs,o,Kelvin - Tgl,i,Kelvin

) 2nr
= = Heat loss,,

gabs 8gl rgl,i
Heat conducted Heat radiated Heat conducted Measured
through absorber across annulus through glass heat loss
(W/m) (W/m) (W/m) (W/m)

All temperatures in the equations above are °C, except for Tups.o,kewin a0 Taps,0.kervin. Which are K.
Known values in these equations are:

kg =1.1 W/m-°C [12]
kaps = 14.840.0153-Tops W/m-°C [13]
£,=0.89 [15]

Fapsi = 0.033 m

Fabso = 0.035 m

12



Vgli= 0.057 m
Tel0o=0.06 m
Tubsis Tg10 and Heat lossyy, are determined from testing and listed in Table 3.

The uncertainties associated with the preceding values are as follows:

kegt, kabs, Vabs,is Yabs,0» Vali » V'el,o — assumed zero.
eq +0.05 [15]

Tupsi: £ 1°C (see Appendix II)

Heat lossy,: £ 10 W/m (see Appendix II)
Tg10: +20°C (discussion below)

The uncertainty associated with the outer glass temperature isn’t associated with its
measurement, which Appendix II shows is + 0.6°C. Rather, it acknowledges that testing could
have occurred under different ambient conditions that would result in different glass
temperatures, as shown in Figures 11 and 12, and ensures that the calculated emittance is
minimally dependent on ambient conditions.

Figures 11 and 12 were generated using the one dimensional (1D) HCE model described in
Appendix III.  Using this model, the heat loss and glass temperatures were determined for
varying laboratory ambient and sky temperatures (10°C to 30°C) and wind speeds (0 m/s to 2
m/s). Ambient and sky temperatures were assumed equal in the laboratory.

The figures show that the ambient/sky temperatures and wind speed can affect the glass

temperature by = 20°C from its average value. However, the heat loss varies little with changes
in these parameters: + 2 W/m for the 250°C case, and £ 5 W/m for the 450°C case.

13
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Figure 11. Modeled glass temperatures and heat loss for ambient and sky temperatures 10-30°C,
wind speeds 0-2 m/s. Assumed absorber temperature of 250°C and absorber emittance of 0.08.
Calculation from the 1D HCE model (Appendix Ill).
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Figure 12. Modeled glass temperatures and heat loss for ambient and sky temperatures 10-30°C,
wind speeds 0-2 m/s. Assumed absorber temperature of 450°C and absorber emittance of 0.11.
Calculation from the 1D HCE model (Appendix Ill).
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The fact that heat loss in these evacuated receivers is insensitive to ambient conditions means
that the calculated emittance is insensitive to ambient conditions as well. Figure 13 shows the
variation of calculated emittance with respect to ambient conditions. This calculation used the
glass temperatures presented in Figure 11 for the 250°C case and the glass temperatures in
Figure 12 for the 450°C case. The heat loss was assumed to be 65.5 W/m for all the 250°C
absorber calculations, and 350 W/m for all the 450°C absorber calculations. The largest
differences in the calculated emittance are about + 0.002 for both cases. This variation is small
compared to the uncertainty in the emittance caused by the + 10 W/m uncertainty in the heat loss
measurement, as shown in Table 4. However, the uncertainty associated with the outer glass
temperature, Tg;,, is set at + 20°C to preserve the small uncertainty induced in the calculated
emittance by variation in ambient conditions and consequently the outer glass temperature.

0.13 : .
3 Tabs,o =450C
w-g 0.12 Heat loss = 350 W/m 0m/s
g 1m/s
e
—— -,

g i ~ 2m/s
£
2 0.1
L]
-g om/s
2 0.09 -
©
T 0.08 m— ;{ —
©
S
= 0.07 Tipso=250C
© Heat loss = 65.5 W/m

0.06 I

Tambient (oc)

Figure 13. Variation of calculated emittance due to changes in laboratory ambient conditions.
The glass temperatures presented in Figures 11 and 12 were used in this calculation. All 450°C
calculations used 350 W/m heat loss, and all 250°C calculations used 65.5 W/m heat loss.

Emittance results and uncertainties are presented in Figure 14. The £ 10 W/m heat loss
uncertainty causes most of the calculated emittance uncertainty, as shown in Table 4 for two
tested absorber temperatures. Emittance uncertainty increases with decreasing absorber
temperature because the £ 10 W/m becomes a larger proportion of the heat loss as the
temperature decreases. For instance, the heat loss at 390 °C is about 200 W/m. The uncertainty
in the heat loss is only 5% of this value (£10/200 = 5%), and the emittance uncertainty is about
+5% the calculated value. However, at 100°C the uncertainty is 66% of the heat loss value
(£10/15), which results in a similar uncertainty in the calculated emittance.
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Table 4. Contributions to the uncertainty in the absorber emittance

2008 PTR70 #2 Contribution to 2008 PTR70 #2 | Contribution to
Test 3 €qps UNcCertainty Test 8 €qps UNcertainty
Tapsi (°C) 253.6+1 0.3% 451.4 £1 3.0%
Ty (°C) 39.0+20 5.0% 80.1 £20 16.8%
€ql 0.89 £ 0.05 0.0% 0.89 £ 0.05 1.4%
Heat loss (W/m) 63.3+£10 94.7% 333.8+ 10 78.8%
Eabs 0.076 £ 0.012 0.104 £ 0.004
0.15 I I I
0.14 O 2008 PTR70 #1
013 O 2008 PTR70 #2
0.12 —curve fit
8 0.11 ) E'/ 2
w
o 0.10 T
I 21
-‘g’ 0.08 ; 1 /TL/Jf/(% \\
€ 0.07 — 5] \
g 0.06 2008 PTR70 S
§ 0.05 €45y =0.062+(2.00E-7) - T} oc——
e
< 0.04
0.03
0.02
0.01
0.00
50 100 150 200 250 300 350 400 450 500 550

Figure 14. Absorber emittance calculated from heat loss testing

Absorber temperature (°C)

Figure 14 shows that the emittance of the selective coating increases with increasing

temperature.

This is expected. As the absorber temperature increases more of the thermal

radiation is emitted at shorter wavelengths, and the solar selective coating must have low
reflectance (consequently, higher emittance) at shorter wavelengths to have high solar
absorption. However, the curve fits of the emittance in Figure 14 have shallower slopes than
might be expected from direct calculation of the emittance from spectral reflectance data [16].
One reason for this is that the proportion of heat loss that is due to conduction at the ends of the
HCE increases with decreasing absorber temperature. The 400°C test described in Appendix I
shows that the total power that the inner coil heaters require to keep the ends at the same
temperature as the bulk of the absorber is only 3% of the total heat loss value (25 W / 900 W).

16




This 25 W is most likely conduction, not radiation, but its value is so small relative to the total
heating power that it affects the emittance calculation slightly — 0.096 including the 25 W, 0.093
without it. At lower temperatures end conduction can be up to 15% of the total heat loss, so an
emittance calculation that lumps end conduction in with radiation will give higher values than
the actual emittance of the absorber surface. Therefore the emittances on the left hand side of
Figure 14 are inflated slightly by end conduction, resulting in a flatter emittance curve than what
might be calculated from a spectral reflectance curve for the selective coating of the absorber.

Table 5 presents the emittance results in tabular form.

Table 5. 2008 PTR70 emittance calculation

2008 PTR70 #1
Average Average
absorber glass Uncertainty
temperature, | temperature, | Heat loss Calculated in
Test Tapsi (°C) Tg0 (°C) (W/m) emittance emittance
1 100 26 15 0.106 0.074
2 153 30 23 0.077 0.034
3 213 35 43 0.074 0.018
4 246 38 59 0.075 0.013
5 317 50 113 0.083 0.008
6 346 55 141 0.084 0.006
7 390 65 204 0.091 0.005
8 418 73 257 0.097 0.004
9 454 82 333 0.103 0.004
10 458 84 349 0.105 0.003
11 506 99 495 0.115 0.003
2008 PTR70 #2
Average Average
absorber glass Uncertainty
temperature, | temperature, | Heat loss Calculated in
Test Tapsi (°C) Tg0 (°C) (W/m) emittance emittance
1 120 27 15 0.077 0.052
2 203 33 36 0.069 0.020
3 254 39 63 0.076 0.012
4 292 45 90 0.079 0.009
5 343 54 140 0.085 0.006
6 403 68 231 0.095 0.005
7 404 67 230 0.095 0.004
8 451 80 334 0.104 0.004
9 501 95 481 0.114 0.003
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Modeling the HCE in a parabolic trough collector

With the absorber emittance estimated by the curve fit in Figure 14, the heat loss from an HCE in
a solar field can be estimated by Forristall’s parabolic trough collector model [13, 14]. This
validated model calculates HCE heat loss given collector and HCE optical properties and
geometry, heat transfer fluid properties, and environmental conditions. It also accommodates
heat conduction/convection due to gases in the HCE annulus, and heat transfer that occurs when
an HCE has lost its glass envelope. Space considerations limit explanation of this model here,
though a simplified evacuated 1D HCE model tailored to the PTR70 geometry with VP1 as the
heat transfer fluid is presented in Appendix III. A full description of Forristall’s model is
available for download [13].

Model inputs are listed below. The parametric inputs were varied according to the values
indicated, while the fixed inputs were unchanged for all simulations.

Parametric inputs
Direct normal insolation, I,: 0, 800, 1000 W/m?
Windspeed, Vy: 1,2, 4, 8 m/s
Ambient temperature, Tomp: 15, 35 °C
Incidence angle, 04c0: 0°, 15°, 30°, 45°, 60°
HTF temperature, Tyre: 100, 150, 200, 250, 300, 350, 400, 450, 500 °C

Combinations of all the above variables requires 3-4-2:5-9 = 1080 parametric runs.

Fixed inputs
HTF: Therminol VP1!

Collector aperture: 5.75 m

Collector optical efficiency: 0.75

Incident angle modifier’, K = COS(Q4cg) + 0.000884- 04, - 0.00005369+(04c,)°
Fraction HCE length unshaded by bellows: 0.96 [24, Appendix V]

Assumed HCE glass envelope transmittance: 0.963 [24]

Assumed HCE absorber absorptance: 0.96 [16]

HCE absorber emittance: per curve fit in Figure 14

Desired temperature rise per 1 meter HCE length, if DNI available: 0.2 °C

The flow rate was controlled to deliver the desired temperature rise.

The desired output from the model was the heat loss from the absorber (W/m) for each of the
parametric runs.

Both the Calculating Absorber Emittance section and Appendix III show that an evacuated
HCE’s heat loss is not changed much by ambient conditions. This is not true for an HCE that

' Though the working limit of VP1 is about 400°C, higher HTF temperatures are explored to estimate HCE heat loss
at these temperatures.
? From Dudley et al. [5].
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has lost its vacuum, lost its glass envelope, or whose annulus has been infiltrated with hydrogen.
This is why ambient conditions are included in the parametric inputs above.

Determining the heat loss correlation coefficients
Five inputs/outputs of the model were of interest for use in the heat loss correlation:

Turr — Temperature of the HTF (°C)

V., — Wind speed (m/s)

I IAMCosTh = 1,K - Insolation that could reach the absorber tube (W/mz). This term 1is
the product of the beam radiation (I,), the incidence angle modifier (IAM), and the
cosine of the incidence angle (cos 0).

(Turr - Tams) — Difference between the HTF temperature and ambient (°C)

HL = Modeled heat loss from the absorber (W/m)

The correlation used to match the modeled results is
HL = A0+ Al - (T, = T,)) + A2 T + A3+ T + A4~ LIAMCoSTh - Ty, + )V, - (A5 + 46 - (T = T,)

Price [9] developed this correlation for Excelergy, and it’s still used in SAM. It correlates the
heat loss to the HTF temperature (A2 and A3), the heating of the absorber tube above the HTF
temperature by the sun (A4), and the effect of the ambient temperature and wind speed (A1, AS,
and A6). For evacuated HCEs whose limiting thermal resistance is radiation across the annulus,
ambient conditions affect heat loss slightly and coefficients A1, A5, and A6 are small. However,
some small percentage of the HCEs in the field may have lost their vacuum due to a crack in the
glass envelope, have lost their glass envelope entirely, or be filled with hydrogen [17,18]. In
these cases the glass envelope temperature is better coupled to the HTF temperature, and the
magnitudes of these coefficients increase.

Table 6 presents the heat loss correlation coefficients for the 2008 PTR70 HCEs tested in this
report. SigmaPlot[19] calculated these coefficients using the Levenberg-Marquardt algorithm
for least squares curve fitting. This algorithm is described by Press et al. [20]. Other software
programs such as Octave [21] can generate identical coefficients [22].

Table 6. Evacuated 2008 PTR70 heat loss coefficients

SAM/Excelergy Vacuum
coefficients 2008 PTR70

A0 4.05
Al 0.247
A2 -0.00146
A3 5.65E-06
A4 7.62E-08
A5 -1.70
A6 0.0125
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The correlation fits the modeled results well, as shown in Figure 15.
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Figure 15. Agreement between the correlated and modeled heat loss

Nine groupings of heat loss results are visible in the graph. These groupings correspond to the
nine simulated HTF temperatures. The spread of the points in each grouping show that
permutations of the other parameters can cause differences of almost 50 W/m for a given HTF
temperature.

One obvious question is how dependent the coefficients in Table 6 are on the choice of the
parametric runs used to derive them. Previous to this report, all heat loss coefficients were based
on 128 parametric runs:

Direct normal insolation, I,: 0, 1000 W/m?

Windspeed, Vy: 1,2, 4, 8 m/s

Ambient temperature, Tomp: 15, 35 °C

Incidence angle, O4c,: 0°

HTF temperatures, Tyrr: 50, 100, 150, 200, 250, 300, 350, 400 °C

with identical fixed inputs except for
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Collector aperture: 5 m
HTF flow rate =~ 8 kg/s

450 and 500 °C were added to this test suite (160 parametric runs) and the coefficients were
determined again. Table 7 compares the coefficients determined by correlating to 160
parametric runs instead of the 1080 parametric runs described previously.

Table 7. Comparision of heat loss correlation coefficients,
160 versus 1080 parametric runs

Vacuum Vacuum
s/sg(\)/g t%’z‘l‘gleégy 2008 PTR70 2008 PTR70
160 parametric runs | 1080 parametric runs

A0 1.67 4.05
Al 0.262 0.247
A2 -0.00148 -0.00146
A3 5.63E-06 5.65E-06
A4 5.34E-08 7.62E-08
A5 -1.12 -1.70
A6 0.0106 0.0125

The coefficients are similar and yield heat losses with differences less than the heat loss
uncertainty of this report (£ 10 W/m). The coefficients aren’t that sensitive to the parametric run
inputs, assuming the inputs are reasonably chosen. They can be used with confidence for
operating configurations different from those for which they were derived. This statement is
reinforced by the heat loss sensitivity study presented in Appendix III.

As mentioned earlier, the glass envelope and vacuum of HCEs in the field can be compromised.
Although these HCEs will likely represent a small fraction of the total HCEs in the field, their
increased heat loss makes it important to include them in a solar field model. SAM and
Excelergy include three “compromised” HCEs:

Broken glass — The HCE’s glass envelope is completely missing. The selective coating has
oxidized leaving it with a similar absorptance but an emittance based on oxidized steel
(€abs = 0.65 [11]), not the emittance presented in this report. The absorber radiates and
convects energy directly to the environment.

Lost vacuum — The glass envelope has a leak and air has leaked through it and resides in the
annulus at atmospheric pressure. The selective coating oxidizes as above, but the absorber
exchanges energy with the glass envelope, not directly with the environment.

Hydrogen — A sufficient quantity of hydrogen has permeated through the absorber to saturate the
getters and reside in the annulus at about 1 torr. The selective surface is uncompromised, but
hydrogen conducts a significant amount of heat from the absorber to the glass envelope,
increasing heat loss.
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The heat loss correlation coefficients for these “compromised” HCEs were determined in the
same manner as the coefficients for the evacuated (vacuum) PTR70. Table 8 presents all heat
loss correlation coefficients for the 2008 PTR70.

Table 8. SAM/Excelergy Heat loss correlation coefficients for the 2008 PTR70

Case Heat loss 2008 PTR70
coefficient
A0 4.05
Al 0.247
A2 -0.00146
Vacuum A3 5.65E-06
A4 7.62E-08
A5 -1.70
A6 0.0125
A0 11.8
Al 1.35
A2 7.50E-04
Hydrogen A3 4.07E-06
A4 5.85E-08
A5 -4.48
A6 0.285
A0 50.8
Al 0.904
A2 5.79E-04
Lost vacuum A3 1.13E-05
A4 1.73E-07
A5 -43.2
A6 0.524
A0 -9.95
Al 0.465
A2 -8.54E-04
Broken A3 1.85E-05
A4 6.89E-07
A5 24.7
A6 3.37

The “heat loss factor” for these coefficients is 1. This factor is described in the following
section.
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Solar field heat loss

The correlation presented in the previous section calculates the HCE heat loss occurring in a loop
per meter length. One entire loop in the solar field could be modeled meter-by-meter. This
entails:

1) Starting with an inlet temperature 7y7r;,, HTF heat capacity (cuyrr), and mass flow rate
(m). Appendix III presents a correlation for the heat capacity of VP1.
2) Finding the solar energy absorbed by 1 meter length of absorber:
Osotans =1, - €08 0-Ap- Hope IAM
This equation is described in Appendix III.

3) Finding the heat loss of the 1 meter length with the heat loss correlation presented in the
previous section. This requires the correlation coefficients AO0-A6, Turri, Vi,
Ib]AMCOSTh, and (THTF,in - Tamb).

4) Calculating the net power gain to the fluid, Q,., by subtracting 3) from 2) and
multiplying by 1 meter.

5) Finding the outlet temperature of the 1 meter section with

Qnet
T HTF,out — T HTF.n T
m:-Cpyrp
6) Repeating steps 1 through 5 until the entire loop distance is simulated.
The mass flow rate is varied to get the outlet temperature of the loop to the desired value.

This procedure was followed for an LS3 loop containing 144 HCEs. The inputs were:

HCE length (m): 4.08

Number of HCEs in loop: 144
Total loop length (m): 588
Mass flow rate (kg/s): 9.00

lp (W/m?): 950

Incidence angle, 6 (deg): 20

Optical efficiency, n,: 0.75
IAM: 1.00
Aperture (m): 5.75

Qsol,abs (W/m)-' 3834

Loop inlet temp (°C): 293

I,-IAM-Cos®& (W/m’): 889
Wind speed (m/s): 2
Ambient temp. (°C) 30
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The meter-by-meter simulation used the vacuum PTR70 heat loss correlation coefficients
presented in Table 8.

Figure 16 shows the temperature rise of the HTF. Although the temperature rise looks linear, it
actually curves down slightly — the temperature rise per meter decreases from 0.18°C at Tz =
293°C to 0.16°C at Tyrr = 391°C. The net gain of energy decreases as the fluid progresses
through the loop because heat loss increases as the HTF temperature increases. The heat loss in
the loop is shown in Figure 17.
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Figure 16. HTF temperature increase as it flows through one loop
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Figure 17. Heat loss as a function of HTF temperature
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The difficulty with this meter-by-meter method is that many calculations are required to simulate
a loop. SAM and Excelergy use a simpler method for the entire solar field on an hour-by-hour
basis:

— PipingHeatLossy, .,

Qdelivereafby.S'F,W/m2 - Qabmrbeal,W/m2 - I—I[Javg,W/m2

where

Qoelivereabysr,wm2 18 the power delivered by the solar field per m? solar field collector aperture area
(W/m?).

Qubsorved, wim2 18 the power absorbed by the solar field per m? solar field collector aperture area
(W/m?).

The reader is referred to the SAM User’s Manual [10] for information regarding the two
quantities above.

HL 4y wm2 1s the average heat loss from the HCEs in the solar field, normalized per m? solar field
collector aperture area (W/m?).

PipingHeatLoss > is the heat loss from other pipes in the solar field normalized per m* solar
field collector aperture area (W/m?). Kelly and Kearney [23] describe how to calculate
this parameter. SAM 2.5 uses 10 W/m”.

This method requires HL, wim2, Which is the average heat loss that occurs in a loop, HL g w/m,
divided by the aperture width of the collector. HL,,q wm 1s calculated by integrating the heat loss
presented in Figure 17 and then dividing by the temperature span. This approach works because
the temperature rise per meter HCE is nearly linear, as shown in Figure 16.

The integration proceeds as follows:

. [ (404 A1 (T, ~T,,)+ 42T + 43Ty, + A& LIAMCoSTh- Ty, + [V, (A5 + 46+ (T, ~T,,,)-dTy
avg W /im — (7—; —T;)

where
T; is the loop inlet temperature, °C
T, is the loop outlet temperature, °C

The integrated result simplifies to

_ HLTerml + HLTerm2 + HLTerm3 + HLTerm4

HL =
avg, W /m (TO _ T;)

where

HLTerml =(A0+ A5-\JV )T, -T)
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T>-T*

HLTerm2 = (Al+ A6-,JV, )( -7, (T, —TI.)J

(A2 + A4-1,IAMCosTh) (r-17)

HLTerm3 = 3 =1,

o 1

HLTermé4 = ?(T“ -7?)

HLqq wm 18 the average amount of heat per HCE length (W/m) that is lost in the solar field. SAM
and Excelergy normalize this heat loss by the collecting aperture with

avg W /m

HL
v = HeatLossFactor -
et im Collector Aperture

The Heat Loss Factor in SAM and Excelergy provides an easy means to scale HCE heat loss.
This value is 1 for the HCEs presented in Table 8. However, a program user may wish to be
conservative in the estimation of heat loss by increasing this factor from 1 to 1.1 or 1.2. This
increases heat loss from the HCEs by 10% and 20%, respectively.

Finally, the total thermal energy (MWy,) delivered by the solar field is

Q _ QdeliveredbySF’W/m2 : NetAreaSF
SF —

1,000,000

QOsr 1s divided by 1,000,000 to convert Wy, to MWy,

where
NetAreagr 1s the net area of the solar field (mz)
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Demonstrating improved plant performance

With the heat loss correlation coefficients determined, SAM can calculate the effect of HCE heat
loss on plant performance. A 100 MW, parabolic trough power plant is simulated with the 2008
PTR70 HCE, and the results of this simulation are compared to the results of an identical plant
simulation that uses the previous, default Schott PTR70 in SAM [2,3,4]. The previous PTR70 is
referred to as the default PTR70 in the remainder of this section. The parabolic trough power
plant had the following characteristics:

Configuration/Solar Field/Power Block/Parasitics

Size: 100 MW,

Thermal energy storage: 6 hours, 2 tank molten salt

Solar field size: 875,000 m*

Solar field inlet/outlet temperature: 293 °C/391 °C

Heat transfer fluid: VP1

Condenser: Wet-cooling

No fossil fuel backup

Location: Daggett, CA

Solar Collector Assembly: Solargenix SGX-1

HCE heat loss correlation coefficients: default PTR70 or 2008 PTR70

HCE bellows shading: 0.96 [see Appendix IV, 24]

HCE glass transmittance: 0.96 [24]

HCE absorber absorptance: 0.96 [16]

HCE conditions in the field: 98% Vacuum, 1% Lost vacuum, 0.5% Broken glass, 0.5% Hydrogen

Turbine gross/net output: 110/100 MW,

Design turbine gross efficiency: 0.3774

Total design point parasitics: 20 MW, (These are total plant parasitics, which are not concurrent.
Parasitics during operation are roughly half this value)

Costs/Maintenance

Direct

Site improvements: $3/m’

Solar field: $300/m’

HTF system: $150/kW,

Storage: $40/kWy,

Power plant: $850/kW,

Contingency: 8%

Indirect

Engineer, procure, construct: 16% of direct costs
Project, land, miscellaneous: 3.5% of direct costs
Sales tax: 7.75% applied to 80% of the direct costs
Maintenance: $50/kW-yr

Note: These default values distributed with SAM 2.5 are not necessarily representative of actual
COSIS.
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Financial/Incentives

30% investment tax credit
8% real discount rate

30 year plant life

15% internal rate of return
1.4 minimum debt service cover ratio (DSCR)

20 year loan

Loan rate: 8%
Federal and state depreciation: MACRS Mid-Quarter convention
40% loan debt fraction

Two SAM simulations were performed. One simulation used the default PTR70 heat loss
correlation coefficients presented in Figure 18, and the other used the 2008 PTR70 heat loss

correlation coefficients presented in Figure 19.

Heat Loss Parameters

inimumn Windspeed [mdz)

Al Heat Lozs Coefficient

A1 Heat Losz Coefficient

A2 Heat Lozz Coefficient

A3 Heat Losz Coefficient

A4 Heat Lozz Coefflicient

A5 Heat Lass Cosfficient

AR Heat Lozz Coefficient

Heat Logzz Factor

Heat Loss Parameters

AL Heat Logz: Coefficient
A1 Heat Loss Coefficient
A2 Heat Loss Coefficient
A3 Heat Loss Coefficient
A4 Heat Lozs Coefficient
A8 Heat Loss Coefficient
AB Heat Loss Coefficient

Heat Loss Factor

Default Default Default Default
PTR70 PTR70 PTR70 PTR70
Vacuum Lost vacuum  Broken glass ~ Hydrogen
| 1.6615 016634 | 1625 5.2418
01874 0.87716 -0.97124 1.3648
0,001 1594 -0.00075942 001 0R3A 00010516
£.E02EE -6 B7723E6 29254ER 4 8011E-E
2.8034E-8 4 4504E-8 £.352E-7 9.2562E-8
091215 -4.2154 -100.51 -3.7595
0011763 013313 52652 033064
1.28 1.25 1.25 1.25
i i 0g i
Figure 18. SAM default PTR70 heat loss correlation coefficients
2008 2008 2008 2008
PTR70 PTR70 PTR70 PTR70
Vacuum Lost vacuum  Broken glass ~ Hydrogen
4.05 50.3 -5.95 11.8
0.247 0,904 0,45 1.35
-0.007146 0,000579 -0.000854 0.00075
BESE-E 1.13E5 1.85E-5 407ER
T.EZE- 1.73E-7 E.89E-F 5.05E-B
17 432 247 -4.48
0.0125 0.524 337 0.285
1 1 1 1
i 0 0 0

Firmmum Windzpeed [m/z)

Figure 19

. 2008 PTR70 heat loss correlation coefficients
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The default PTR70 heat loss correlation coefficients were not based on an emittance that was
derived from heat loss testing. When heat loss results become available, we discovered that the
heat loss determined by the coefficients needed to be scaled up by 1.25 to be consistent with
values in the literature [2, 3, 4]. This is why the heat loss factor for the default PTR70 is 1.25.

SAM simulation results are presented in Table 9.

Table 9. SAM simulation results for the default and 2008 PTR70

Simulation result | Default PTR70 heat | 2008 PTR70 heat | 2008 PTR70
loss coefficients loss coefficients | Default PTR 70
Real levelized cost of
energy (LCOE), 11.4 10.8 95%
¢/kWh
Nominal LCOE, 0
¢/kWh 14.4 13.7 95%
Annual electricity 0
production (MWh,) 348,000 367,000 105%

As described in the SAM User’s Manual [10], “The levelized cost of energy (LCOE) is an
economic measure that is useful for comparing and ranking technology options because it is a
cost that accounts for the purchase, financing, tax, and operation costs of a power system over its
lifetime. Analysts can use the LCOE to evaluate renewable energy projects and to compare them
to energy efficiency and conventional fossil fuel projects.”

In these utility scale projects, the revenue based on a desired internal rate of return (IRR) is
considered a cost of the system and is included in the LCOE calculation. The difference between
real and nominal LCOE:s is the discount rate used to levelize the present value of a nominal
power purchase agreement over the lifetime of the plant. The reader is referred to the SAM
User’s Manual for details.

Table 9 shows that the 2008 PTR70 decreases the LCOE by about 0.5 ¢/kWh and increases

annual electricity production by 5% relative to the previous PTR70. This assumes that the HCEs
are the same in all other respects.
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Conclusion

Two Schott 2008 model year PTR70 HCEs were tested on NREL’s heat loss test stand from 100
—500°C in 50°C increments. Absorber emittance was determined from the laboratory testing so
that the performance of the HCEs could be modeled in a parabolic trough collector.
Collector/HCE simulation results for many different field operation conditions were used to
create heat loss correlation coefficients for Excelergy and SAM. SAM estimates that the
decreased emittance of the 2008 PTR70 will decrease the LCOE for parabolic trough power
plants by 0.5¢/kWh and increase the electricity generated by 5% relative to previous PTR70s.
These conclusions assume that the 2008 PTR70 is supplied at the same cost and with the same
optical performance as earlier PTR70 models.
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Appendix | — Detailed data from one test near 400 °C

This section shows the data gathered during one heat loss test and explains how this data is used
to calculate the values presented in Figure 9 and Table 3. The data presented in this section was
gathered during Test 6 in the table below.

2008 PTR70 #2

Average Average Average

absorber Average glass ambient absorber Heat loss

temperature temperature temperature temp. above (W/m HCE
Test (°C) (°C) (°C) ambient (°C) length) date of test
1 120 27 22 98 15 11/5/2008
2 203 33 22 180 36 11/5/2008
3 254 39 23 231 63 11/5/2008
4 292 45 23 269 90 11/6/2008
5 343 54 23 320 140 11/6/2008
6 403 68 23 380 231 11/6/2008
7 404 6/ 22 382 230 11/7/2008
8 451 80 23 429 334 11/7/2008
9 501 95 23 478 481 11/7/2008

Figure I-1 shows the absorber temperatures (Abs 1 through Abs 8) and heater powers (Inner coil
heater 1, Cartridge heater 1, Cartridge heater 2, Inner coil heater 2) during the 15 minute steady-

state period.
Data from 2008 PTR70 #2, average absorber temperature at 403 °C
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Figure I-1. Absorber temperatures and heater powers during Test 6 of 2008 PTR70 #2

35



Figure I-1 shows that absorber temperatures and heater powers varied little during the steady-
state period. The cartridge and coil heater powers are roughly equal for each side of the HCE, as
should be the case because the HCE is symmetric. The absorber temperatures range between
401 °C and 404 °C, except for Abs 2 (409 °C) and Abs 5 (400 °C). The absorber temperature
uncertainty is 0.4% - 400 °C = 1.6 °C = 2 °C, which means that individual thermocouple
temperatures should range between 405 °C and 401 °C for an actual absorber temperature of 403
°C. Abs 2 and Abs 5 are outside of this range, and Figure I-2 supports the conclusion that these
temperature variations are real.

Data from 2008 PTR70 #2, average absorber temperature at 403 °C
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Figure I-2. Absorber temperatures and heater powers during Test 6 of 2008 PTR70 #2

Note that Gl 1 > Gl 3 > Gl 2 in Figure I-2. This indicates that the glass envelope temperatures at
the ends are slightly higher than the center-of-glass temperature. As shown in Figure 6, Gl 1
measures the glass envelope temperature at an axial location on the HCE between Abs 2 and Abs
3, while GI 2 measures the glass envelope temperature between Abs 4 and Abs 5. Abs 2’s
increased temperature relative to the other absorber temperatures means that the glass envelope
in its vicinity (Gl 1) is heated more than the others. Likewise, the absorber temperatures in the
middle (Abs 4 and Abs 5) are less than the mean absorber temperature, and Gl 2’s temperature is
correspondingly less than Gl 1 and Gl 2. The point of this discussion is to make the case that the
HCE isn’t being heated uniformly.

Other than serving as support structures for the thermocouples, the purpose of the copper pipes is
to provide uniform heating to the absorber surface. Figures I-1 and I-2 indicate that they fulfill
this task imperfectly. The heating inside them isn’t uniform — the inner coil heaters provide
additional heating at the ends to counteract increased end conduction, and it’s likely that the tips
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of the cartridge heaters aren’t putting out as much power as sections nearer the middle.
Therefore heating and temperature variations exist. However, these variations are small and
investigating their effect through the use of the HCE model presented in Appendix III shows that
a variation of £ 5 °C for one section (of six) of the absorber from the mean absorber temperature
corresponds to a heat loss variation of less than + 3 W/m for the entire absorber for almost all
testing temperatures. Appendix II shows that the heat loss measurement uncertainty is
significantly greater than this, so the effect of small, local temperature variations on the overall
heat loss calculation is minor.

The average absorber temperature is approximated as

_ Abs 2+ Abs 3+ Abs 4+ Abs 5+ Abs 6+ Abs 7 I-1
ave 6

Abs

and the average glass temperature is

Gl =G11+Gl2+Gl3
ave 3 I_2

The heat loss is calculated from

Coil 1+ Cart 1+ Cart 2+ Coil 2+M(Cu 1-Cu 2)+M(Cu 6-Cus5) 13
HL,,, = Ax Ax

w/m

LHCE

where:

HLy,y, is the total heat lost (W/m)

Coil 1 and Coil 2 are the inner coil heater powers (W)

Cart 1 and Cart 2 are the cartridge heater powers (W)

k 1s the thermal conductivity of copper (W/m-°C)

A is the copper pipe’s cross-sectional area (m?)

Ax 1s the distance between Cu [ and Cu 2, and Cu 5 and Cu 6 (m)

Cu 1, Cu 2, Cu 5 and Cu 6 are the temperatures of the copper near the ends of the HCE (°C), as
shown in Figure 6.

Lyce is the length of the HCE at the time of the test (m)
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Finally, the absorber temperature above ambient is
AYqAbsfair = Absave - Al}’ 1_4

The conduction terms at the end of I-3 are included to account for heat conduction into and out
of the HCE due to a non-adiabatic boundary along the copper. Figure I-2 shows that these terms
will be small (Cu 1 = Cu 2 and Cu 5 = Cu 6). Note that the temperatures and heater powers
presented in equations I-1 through I-4 are averages of values taken every 5 seconds for a total of
15 minutes.

Inserting values into equations I-1 through I-4 for this test:

~408.9 +402.6 +402.2+400.1+403.3 +402.7
ave 6

Abs =403.3°C

Gl = 70.5+65.5+67.3

= 67.8°C
3

—4 —4
14.3+456.7+458.8+10.2+w(444.1—444.0)+w(439.0—439.0)
L - . 0.04
v 4.08
HL, =231W/m
AT =403.3-23.1=380.2°C

Abs—air

These values are presented in the table at the beginning of this section.
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Appendix Il - Uncertainty analysis

Measurement uncertainty is quantified using the root sum-of-the-squares method described by Dieck [25]. The expression for
n error sources 1is

2
U - Z I ] A2 1I-1
A ax, '
where

Ur  is the uncertainty in some function, £, due to either bias or precision errors

8_ is the partial derivative of function f with respect to variable x;
X .

1

Ax, is the bias or precision error of variable x;

1

The uncertainty associated with the average absorber temperature, equation I-1, is evaluated using II-1 as follows:

2 2 2 2 2 2
)Ab. )Ab. )Ab. \Ab Ab )Ab.
(U )2 — a Save (f 1bs2)2 + a Save (f 1bS3)2 + a Suve (f 1bS4)2 + a Save (f 1bS5)2 + a Save (f 1bs6)2 + a Suve (f 1bS7)2
A d4bs 3 dAbs 4 dA4bs 5 dA4bs 6 dAbs 7
N N N N N

0Abs 2

0Abs,, 0Abs,, O0Abs,, 0Abs,, 0Abs,, O0Abs,, 1
= = = = = — and AAbs2 =~ AAbs3 ~ Adbs4 ~ AAbs5 =~ AAbs 6 =~ AAbs T = AAbs

0dbs2  OAbs3  OAbs4  Odbs5  0Abs6  odbsT 6

1 2
U, ) = 6-{&) AAbszj 11-2

The uncertainty in the average glass temperature in I-2 is found similarly

1 2
Ug, ) = 3-((3) AGI 2} 11-3

SO
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The uncertainty in the heat loss equation, I-3, is found by

2 2 2 2 2 2
U’ =[ CHL j ACoillz+( CHL j ACart1? +( CHL j ACart2? +[ CHL j ACoil2? +(§HLJ ACul? +(§HLJ ACu2’...

0Coill Cartl Cart?2 Coil2 Cul u2
2 2 2
+( OHL ) ACu5* +( OHL ) acue? +| 2HL AL,
oCu5 0Cub HCE

where no uncertainty has been assumed for the copper thermal conductivity, the copper pipe’s cross-sectional area, and the
distance between the thermocouples on the ends of the copper pipe. The partial derivatives are

OHL _ OHL _ OHL _ OHL | OHL _oHL _ k-4 OHL _ OHL k-A  ang OHL _ XX

0Coill  0Cartl  0Cart2  0Coil2 Ly, —0Cul 0Cub Ax Ly, 0Cu2  0Cu5  Ax-Ly OLycy Ly

where XX = Coil 1+ Cart 1+ Cart 2+ Coil 2 +%(Cu 1-Cu 2)+%(Cu 6—Cus5)

Approximating ACoill = ACoil2 = ACoil, ACartl = ACart2 = ACart, and ACul ~ ACu2 ~ ACu5 =~ ACu6 = ACu
the uncertainty equation simplifies to

2 2 2 2
Up) =2 ( ! ] ACoil* |+2- [ ! J ACart® |+4- [k—AJ ACu? J{_)f’(j ALy 11-4
LHCE L HCE Ax- LHCE LHCE

Finally, the uncertainty associated with the absorber’s temperature above ambient (I-4) is found using

2 2
Uar)” = (ajiT J (Abs,..)" + @j—TJ (Adir)? = (Adbs,, ) +(Adir) 11-5
S(IVE.’ r

while being careful not to confuse AA4bs,, (the result of applying precision and bias errors in II-2) with Ad4bs.

ave
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Equations II-2, 1I-3, 1I-4, and II-5 are evaluated for both precision and bias errors so that the total uncertainty associated with
the measured and calculated values is

Utotal = i\/[]bzias + (2 ) Uprecisian )2 11-6

Calculations of the uncertainties in the average absorber temperature and heat loss for Tests 1, 5, and 9 of 2008 PTR70 #2 are
detailed in Tables II-1 and II-2, respectively. These tables show that uncertainties associated with temperature and heat loss
measurement increase as testing temperatures increase. Calculation of average glass temperature, average absorber

temperature above ambient, and air temperature proceed similarly.

Table II-1. Calculation of average absorber temperature uncertainty

Average Precision
absorber Number of | Thermocouple uncertainty, ) 2
temperature data points | bias, AAbsg;,s |  Std. dev. during 0/\/; (Ugias) (Uprec) Urota
Test (°C) during test, n (°C) testing, 0 (°C) | AAbSpy (°C) (°C? (°C?) (°C)
1 120 192 1.1 0.2 0.01 0.20 2.8E-05 0.4
5 343 192 14 0.2 0.01 0.31 2.0E-05 0.6
9 501 192 2.0 0.1 0.01 0.67 1.1E-05 0.8

Table II-2. Calculation of heat loss uncertainty

Ave. absorber ACail ACart ACu AL XX (W) L HCE (kA)/(LOAX) (Ugias)” | (Uprec ) Urotar

Test temp. (°C) | Bias (W)| Prec. (W)| Bias (W) | Prec. (W) | Bias (°C) | Prec. (°C) | Bias (m) (m) | WIm“C) T w2im?)| wm?)| & wim)
7 120 25 0.01 25 0.9 T 0.003 | 0.005 o1 707 0.90 80 | 0.0 9.0
5 343 25 0.06 25 05 15 0.008 | 0.005 | 571 4.08 0.86 83 | 004 9.1
9 501 25 0.06 25 0.8 22 0.006 | 0.005 | 1964 | 4.09 0.83 89 | 008 95

The maximum uncertainties associated with average absorber, glass, air, and absorber above ambient temperatures are 0.8°C,
0.6°C, 1.1°C, and 1.4°C, respectively. The maximum heat loss uncertainty is 9.5 W/m. To be conservative, this report

assumes an average absorber temperature uncertainty of £1°C and a heat loss uncertainty of £ 10 W/m.
Engineering Equation Solver (EES) [26] evaluates uncertainty propagation numerically. As a function of interest becomes

more complicated, EES is faster than evaluating all the partial derivates by hand. EES duplicated the uncertainty results
presented above, and calculated other uncertainties presented in this report.
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Appendix lll - 1D HCE heat loss model and sensitivity study

Dudley et al [5] and more recently Forristall [13, 14] present parabolic trough collector and HCE
models validated by experimental data. Both are one-dimensional, steady-state, neglect the non-
uniform nature of the flux incident on the absorber tube, and rely on user-entered optical
characteristics (e.g. optical efficiency, incidence-angle modifier) instead of ray-tracing to
determine the radiation incident on the HCE absorber. Both models calculate HCE heat loss as
well as the overall thermal efficiency of the collector (which includes the HCE).

This model is presented for two reasons:
1) To explore the sensitivity of the HCE heat loss results to laboratory testing conditions
2) To explore the sensitivity of the HCE heat loss and collector thermal efficiency to
variations in solar field conditions.

Figure III-1 presents Forristall’s 1D HCE model simplified for heat loss in evacuated HCEs.
This model includes a collector with a specified aperture. Both collector and HCE are assumed to
be 1 meter long perpendicular to the page.

O~<:onv,HTF
Glass
envelope  Evacuated Absorber Qeond,abs Qeond gl
nnul
a ulus Qrad,ann
Tamb
O~so|,abs

Parabolic reflector

Ap

Figure llI-1. 1D HCE heat loss model [13, 14]. Not to scale.
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Quantities in Figure III-1 are described below. The sources for the equations are Forristall [13,
14] and Incropera and Dewitt [11].

Ap — The parabolic reflector aperture. An LS3 collector’s aperture is 5.75 m.
Tubs.i» Tups,o — The inner and outer average absorber surface temperatures, °C.
To1i, To10 — The inner and outer average glass surface temperatures, °C.

Tyrr — The heat transfer fluid (HTF) temperature, °C. Therminol VP1 is the HTF assumed in
this section. VP1 thermophysical properties are described in [13].

T.mp» — Ambient temperature, °C.
Ty, — The sky temperature for radiation heat transfer, °C.

Fabs,is Vabs,0, Tali, Valo— PTR70 radii: the inner absorber surface (0.033 m), outer absorber surface
(0.035 m), inner glass envelope surface (0.057 m), and outer glass envelope surface
(0.06 m).

Osor.abs — The concentrated solar radiation absorbed by the absorber tube (W/m).

Qsol,abs = 117 - COS 9 : Ap : nopt ' IAM

where

I, 1s the direct normal radiation, W/mz,

0 is the incidence angle, degrees.

Nop: 18 the optical efficiency at normal incidence. This term includes the reflector
reflectance, glass envelope transmittance, absorber absorptance, and effects of dirt,
geometry, and shading. Forristall’s more detailed model [13, 14] allows independent
specification of these parameters.

1AM is the incidence angle modifier. The IAM is a function of incidence angle and the
optical quality of the collector. It’s assumed that the IAM is that determined by
Dudley et al. [5]:

— .2
s AM:mm(L cos 6 +0.000884 499 0.0000537 -6 j
COS

Dudley et al. chose to include the foreshortened collector aperture in their incidence
angle modifier, as shown by the inclusion of cos 6 in the numerator of the above
expression. This work includes the cosine effect in the Q1455 calculation, so
Dudley’s IAM is divided by cos 6 here.
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QOconv,rr — The heat transferred to the HTF from the inner absorber surface through
convection (W/m).

Qconv,HTF = habs,HTF : 272- . rabs,i . (Tabs,i - THTF )

where

haps irr 18 the convective heat transfer coefficient. It depends on the thermophysical
properties of the HTF, the diameter of the tube, the flow rate, and the temperatures of
the HTF and inner absorber surface. Forristall [13, 14] fully describes its calculation.
For typical conditions in the loop of an operating plant (Therminol VP1, 6.6 cm inner
diameter absorber, average HTF temperature of 340°C), the convective coefficient
can be calculated from the mass flow rate from 4 kg/s to 12 kg/s as

Py e = 522+ 478 - 1

The units of A, 7 are W/ (m2-°C). m is the VP1 mass flow rate (roughly 8 kg/s in an
LS3 loop).

When sufficient solar radiation exists, Qcon,n7r 1S positive (heat is transferred to the
HTF). When the collector is off-sun, Q.onymrr 18 negative.

Ocond.abs — The heat transferred through the absorber from the outer absorber surface to the inner
absorber surface by conduction (W/m).

272- ’ kabs ’ (Tabs,o - Tabs,i)
V.
ln( abs,oJ
rabs,i
where
kaps 1s the thermal conductivity of the stainless steel absorber. Forristall [13] uses
k, =14.840.0153-T

abs

T s 1s the average of Typs; and Typs.our, and is in °C. The units of kyps are W/(m-°C).

Qcond ,abs =

Similar to Qconv,rr, Ocondabs 18 positive when there is net heat transfer to the HTF.

Oraaann — The heat transferred across the evacuated annulus from the outer absorber surface to
the inner glass surface through radiation (W/m).

o 27 (T, ~-T )

abs o abs,o,Kelvin gl,i,Kelvin
Qrad,ann -

1 + 1 - 8gl rabs,o
gabs ggl rgl,i
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where

T aps.0.keivin 18 the outer absorber surface temperature in Kelvin

T1i ketvin 18 the inner glass surface temperature in Kelvin.

€abs 18 the emittance of the outer absorber surface. This value is determined by the heat
loss testing of this report. The emittance of the 2008 PTR70 is

&, =0.062+(2.00E-7)-T>

abs
where T, 1s in °C.

gg11s the emittance of the borosilicate glass surface, 0.89 [15].
o is the Stefan-Boltzmann constant, 5.670e-8 W/(m*K*).

Ocondgt — The heat transferred through the glass envelope from the inner glass surface to the
outer glass surface by conduction (W/m).

27['kgl '(Tg],,’ _Tgl,o)

Qcond,gl =
ln 7 gl,o
rgl,i
where

kg is the thermal conductivity of the glass, 1.1 W/(m-°C) [12].

QOraasky — The heat transferred from the glass envelope to the sky through radiation (W/m).

Forristall [13] shows that the effects of the view factor to the reflector and temperature of the
reflector in the calculation of this value are minor.

_ 4 4
Qrad,sky =0 ggl ’ 27{ : rgl,u ’ ( 7—:gl,o,Kelvin - ]:‘ky,Kelvin )
where

Tg10,kevin 1S the outer glass envelope surface temperature in Kelvin

T iy, ketvin 18 the sky temperature in Kelvin. Forristall [13] finds the sky temperature (°C)
from ambient temperature (°C) using

T, =T,,—8

sky a

Qconvamp — The heat transferred to ambient from the outer glass surface through convection
(W/m).
Qconv,amb = hamb : 27[ : rgl,o : (Tgl,o - T;tmb )
where

hamp 1s the convective heat transfer coefficient to ambient. It is strongly a function of
wind speed. Forristall [13, 14] presents the detailed calculation, but for the PTR70

geometry and expected ambient temperatures the convection coefficient can be
estimated from
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h,,=49+49-v, —0.18-v]
vy, 18 the wind speed in m/s. The units of 4, are W/(m2-°C).
An additional thermal input not shown in Figure III-1 is the absorption of a small amount of

insolation by the glass envelope. This increases the glass envelope temperature. Forristall [13]
describes this calculation in detail, but his method is simplified here:

77 opt
T

QSoIarAbsbyGlass = Ib cos @ - Ap . - JAM - o

glass
« abs

gl
where

7g 1s the glass envelope transmittance, 0.96 [24]
0aps 18 the absorber absorptance, 0.96 [16]

Oglass 1 the glass’s absorptance (Forristall [13] uses 0.02).

At steady-state the following quantities are equal:

Qconv,HTF = Qcond,abs
Qsol,abs = Qcond,abs + Qrad,ann
Qrad,ann = Qcond,gl

Qcond,gl + QSolarAbsbyGlass: Qrad,sky + Qconv,amb

The heat loss from the HCE absorber is Q,4qann. Testing this value is the subject of this report.
If the HCE wasn’t evacuated and there were a gas in the annulus, then the heat loss would

include the heat radiated across the annulus (Q4q4nn) as well as that conducted/convected across
the annulus by the gas.

The net heat gain of the fluid over the 1 meter section is Q.om,z7r, and the temperature rise of the
fluid is calculated using

THTF,in + THTF,out
2

THTF -

Qconv,HTF ) L

T HTF out — T, HTF in B
m-Cyrp
where
L = length of HCE simulated: 1 meter
Tyrr is the average HTF temperature in the 1 meter section
Thrrin 1s the HTF temperature entering the 1 meter section
Thrr 0w 1s the HTF temperature leaving the 1 meter section
m 1s the HTF mass flow rate
curris the heat capacity of the HTF. The heat capacity is a function of the HTF
temperature and for VP1 can be calculated from [13]
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Corp =1494+2.76-T,, .
The units of ¢y are J/(kg-°C).

Finally, the thermal efficiency of the collector and HCE is calculated with

Qconv,H TF

Qi,Oinc

My =

where
Nt 1s the thermal efficiency of the collector and HCE
qi.0inc 18 the insolation on the trough aperture at zero incidence angle, (W/m).

qi,Oinc = Ib : Ap

Note that the denominator of the efficiency equation does not contain cos 6, which would
correct for the decreased insolation on the aperture at non-zero incidence.

The equations above comprise the 1D HCE heat loss model. This model is used to investigate
the sensitivity of heat loss results to laboratory test conditions and operating conditions in a solar
field for the duration of this section.

Table I1I-1 shows the sensitivity of HCE heat loss results to laboratory conditions. There are
fewer model inputs for laboratory testing than solar field operation. The solar radiation, collector
aperture, and mass flow rates are unused. Tyrr is the temperature of the inner absorber surface,
and the radiant sky temperature is identical to ambient air temperature. The sensitivity study
focuses on an absorber temperature of 340°C. Case 1 models the laboratory environment that the
heat loss tests occur in: 23°C with no wind. Cases 2 through 4 show that reasonable variations in
temperature and wind speed affect the heat loss from the HCE, Q,444nn, by £ 3 W/m or less. The
glass temperature changes signficantly, however. A 1 m/s wind speed decreases the glass
temperature by about 10°C, although heat loss changes by only 2 W/m. Wind speed is not
measured in the laboratory, and the convective coefficient from the glass surface is not
determined during testing. Therefore even though the glass temperature is measured, there is
uncertainty associated with its temperature. This increases the uncertainty associated with the
calculated absorber emittance, as described in the Calculating Absorber Emittance section. The
baseline absorber emittance in Tables III-1 and III-2 are from the 2008 PTR70 curve fit
determined in the Calculating Absorber Emittance section.

Case 5 shows that the heat loss from the HCE depends strongly on the absorber emittance, while
Case 6 shows that the glass emittance is less important and some uncertainty with its value can
be tolerated. Case 1 and Case 7 have the same absorber and glass temperatures, but different
absorber emittances. Even though these cases have the same temperatures, the larger heat loss
associated with Case 7 indicates the larger emittance of its absorber surface.
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Table III-1. Modeled sensitivity of HCE heat loss results to laboratory conditions

Case 2 - Case 3 - Case 4 - Case 5 -
o Case 1- Decreased Wind Wind 20% Case 6 -5%| Case 7 - Same
sensitivity case: Baseline | T,mand | speed1 |speed2.5| increased | increased | temperatures,
simulation Toky m/s m/s €abs &g different e,
1, (W/m?) 0 0 0 0 0 0 0
0 (deg) 0 0 0 0 0 0 0
Ap (m) 0 0 0 0 0 0 0
% Nogt 0 0 0 0 0 0 0
o m (kg/s) 0 0 0 0 0 0 0
E Ture (°C) 340* 340* 340* 340* 340* 340* 340*
3 Tomo (°C) 23 10 23 23 23 23 23
§ Ty (°C) 23 10 23 23 23 23 23
Vy (M/s) 0 0 1 2.5 0 0 0.4
Eabs 0.085 0.085 0.085 0.085 0.102 0.085 0.102
&g 0.89 0.89 0.89 0.89 0.89 0.94 0.89
Qi,0inc (W/m) 0 0 0 0 0 0 0
Qgol,abs (W/m) 0 0 0 0 0 0 0
Qconv e (W/m) 0 0 0 0 0 0 0
Qcond,abs (W/m) -136 -138 -138 -139 -164 -137 -163
Q,ad,2nn (W/m) 136 138 138 139 164 137 163
2 Qeong,gl (W/m) 136 138 138 139 164 137 163
5 Qsolabsbyl (W/m) 0 0 0 0 0 0 0
= Qrag,siy (W/m) 76 73 52 37 63 78 77
S Qconv,amb (W/m) 60 65 86 102 101 59 86
§ Tabs,i (°C) 340 340 340 340 340 340 340
Tabs,o (°C) 340 340 340 340 340 340 340
Tg, (°C) 57 46 48 41 63 56 57
Ta0 (°C) 56 45 47 40 61 55 56
Tirreout - Trresin (°C) N/A N/A N/A N/A N/A N/A N/A
Nen N/A N/A N/A N/A N/A N/A N/A

a 0.2°C

early spring, late fall, and winter.

maintain temperature

rise

over
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meter

length

*HTF isn’t used in the laboratory heat loss testing — electric heaters bring the inner absorber
surface up to desired test temperatures. Therefore Txzr is the inner absorber surface temperature
in the laboratory heat loss tests.

Table I11-2 shows the sensitivity of HCE heat loss results to solar field conditions. 17 cases are
studied. Case 1 is the baseline simulation — it uses inputs typical of solar field geometry,
performance, and environmental conditions for a north-south tracking axis trough located about
35° from the equator operating between 293°C and 391°C using VP1. The incidence angle will
be 20° or less for about half the daylight hours of the year, with larger values associated with
Except for cases 9, 10, and 11, the mass flow is controlled to
the 1

simulated.




Table I11I-2. Modeled sensitivity of evacuated annulus (vacuum) HCE heat loss and
collector/HCE thermal efficiency to solar field conditions

Case 14 -
Case9- | Case10-| Casel1ll-| Case12- Maximizing | Case 15- | Case 16 - | Case 17 -
Sensitivity case: Casel- | Case2- | Case3- Case6- | Case7- | Case8- | decreased | HTF loop | HTF loop | Decreased | Case 13 - heat 20% Heat loss 5%
Baseline I, = 800 lpb=0 Case4- | Case5- 5m 8m 80% optical| mass flow inlet outlet ambient | Increased | transferto | increased in increased
simulation w/m? W/m? 0=0° 0=45° | aperture | aperture | efficiency rate temp. temp. temps. |wind speed| ambient €305 [2,3,4] &g
Iy (W/mz) 950 800 0 950 950 950 950 950 950 950 950 950 950 950 950 950 950
0 (deg) 20 20 20 0 45 20 20 20 20 20 20 20 20 20 20 20 20
Ap (m) 5.75 5.75 5.75 5.75 5.75 5.0 8.0 5.75 5.75 5.75 5.75 5.75 5.75 5.75 5.75 5.75 5.75
% Nopt 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.80 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
o rh (kg/s) 7.6 6.3 7.6 8.1 5.1 6.6 10.7 8.1 5.0 7.6 7.6 7.6 7.6 7.6 7.5 7.5 7.6
E Turr (°C) 340 340 340 340 340 340 340 340 340 293 391 340 340 340 340 340 340
% Tamb (°C) 30 30 30 30 30 30 30 30 30 30 30 10 30 10 30 30 30
§ Toy (°C) 22 22 22 22 22 22 22 22 22 22 22 2 22 2 22 22 22
v,, (m/s) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 8 8 2.5 2.5 2.5
€abs 0.086 0.086 0.085 0.086 0.086 0.086 0.086 0.086 0.086 0.080 0.093 0.086 0.086 0.086 0.103 0.150 0.086
gl 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.94
G oinc (W/m) 5463 4600 0 5463 5463 4750 7600 5463 5463 5463 5463 5463 5463 5463 5463 5463 5463
Qso,205 (W/m) 3834 3229 0 4097 2614 3334 5335 4090 3834 3834 3834 3834 3834 3834 3834 3834 3834
Qony,ure (W/m) 3690 3085 -138 3953 2471 3190 5190 3946 3688 3739 3616 3688 3689 3686 3657 3587 3690
Qcond,abs (W/m) 3690 3085 -138 3953 2471 3190 5190 3946 3688 3739 3616 3688 3689 3686 3657 3587 3690
Q24,20 (W/m) 144 144 138 144 143 144 145 144 146 95 218 147 145 148 177 247 144
_& Qeond gl (W/m) 144 144 138 144 143 144 145 144 146 95 218 147 145 148 177 247 144
5 Qsolnbsbya (W/m) 82 69 0 88 57 72 114 88 82 82 82 82 82 82 82 82 82
: Qrad,sky (W/m) 76 72 50 78 68 73 86 78 76 61 99 67 49 42 46 109 79
% Qeony,amb (W/m) 150 141 88 154 132 143 173 154 152 116 201 162 178 188 213 220 148
§ Tabs,i (°C) 344 344 340 344 344 344 345 344 346 297 395 344 344 344 344 344 344
Tabs,o (°C) 346 346 340 346 345 346 347 346 348 299 397 346 346 346 346 346 346
Taii (°C) 56 54 46 57 53 55 60 57 56 50 65 38 46 26 59 68 56
TgLo (°c) 55 53 45 56 52 54 59 56 55 49 63 37 45 25 58 66 55
Ture,out - Threin (°C) 0.2 0.2 -0.007 0.2 0.2 0.2 0.2 0.2 0.3 0.21 0.18 0.2 0.2 0.2 0.2 0.2 0.2
Nth 0.675 0.671 0 0.724 0.452 0.672 0.683 0.722 0.675 0.684 0.662 0.675 0.675 0.675 0.669 0.657 0.675
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Inspection of the HCE heat loss, Q444 in Table I11-2 shows that it changes little with changes
in insolation, incidence angle, aperture, optical efficiency, mass flow rate, ambient temperature,
wind speed, and glass emittance. The largest differences from the baseline case occur for no
insolation (case 3), changes in HTF temperature (cases 10 and 11), and increases in absorber
emittance (cases 15 and 16). A change in the outer absorber temperature is associated with most
of these cases. Note that the average outer absorber temperature is only 5-10°C above the HTF
temperature. This is due to large mass flow rates and consequent large pipe wall convection
coefficients.

The heat gained by the HTF is Qcom,urr, and the thermal efficiency, 7, is defined as
Oconv,1irFqi0me. The thermal efficiencies in Table I1I-1 are affected by changes in 7, (especially 7,
=0 W/m?), incidence angle (), aperture, optical efficiency (10pt), HTF temperature, and absorber
emittance. Note that the decreased heat loss of the 2008 PTR70 (case 1) relative to previous
PTR70s (case 16) causes an increase in thermal efficiency increase of nearly 2% at Tyrr =
340°C. This performance increase will be larger at higher HTF temperatures as well as larger
incidence angles.

In summary, Tables III-1 and III-2 show that ambient temperature and wind conditions don’t
significantly affect evacuated HCE heat loss, although they do affect glass surface temperature.
Table I1I-2 quantifies how much HCE heat loss affects thermal efficiency, and shows that the
relatively low heat loss of the 2008 PTR70 will increase thermal performance significantly
relative to previous models. This is explored in the Estimated Field Performance section.

The insensitivity of HCE heat loss to ambient conditions depends on small heat transfer values
between the absorber and glass envelope. If air leaks into the annulus, or a high thermal
conductivity gas such as hydrogen infiltrates it, the sensitivity of heat loss to ambient conditions
increases. This is demonstrated in Table III-3. This table uses the heat loss correlation
coefficients derived in Table 8 to determine radiation and conduction/convection heat loss for
four HCE annular conditions:

1) vacuum (modeled previously in Table I1I-2),

2) hydrogen

3) lost vacuum

4) broken glass (no glass envelope).
These annular conditions are described in the “Determining the heat loss correlation coefficients”
section.
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Table II1-3. Effect of annulus condition on heat loss and thermal efficiency.

Uses heat loss coefficients derived in Table 8 for the 2008 PTR70.

Case 2 - Case 4 - Case s - Case 6 - Case 7 - Case 8 -
Sensitivity case: Casel- Vacuum HCE, Case 3 - Hydrogen HCE, Lost Vacuumm Lost Vacuum Broken glass Broken glass
Vacuum HCE 8m/s Hydrogen HCE 8m/s HCE, 8 m/s HCE, 8 m/s
windspeed windspeed HCE windspeed HCE windspeed
Iy (W/m?) 950 950 950 950 950 950 950 950
0 (deg) 20 20 20 20 20 20 20 20
Ap (m) 5.75 5.75 5.75 5.75 5.75 5.75 5.75 5.75
Nopt 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
m (kg/s) 7.6 7.6 7.6 7.6 7.6 7.6 7.6 7.6
" Ture (°C) 340 340 340 340 340 340 340 340
5 Tam (°C) 30 30 30 30 30 30 30 30
g' Tgy (°C) 22 22 22 22 22 22 22 22
T v,, (m/s) 2.5 8 2.5 8 2.5 8 2.5 8
-8 € 0.89 0.89 0.89 0.89 0.89 0.89 N/A N/A
p= AO 4.05 4.05 11.8 11.8 50.8 50.8 -9.95 -9.95
Al 0.247 0.247 1.35 1.35 0.904 0.904 0.465 0.465
A2 -0.00146 -0.00146 7.50E-04 7.50E-04 5.79E-04 5.79E-04 -8.54E-04 -8.54E-04
A3 5.65E-06 5.65E-06 4.07E-06 4,07E-06 1.13E-05 1.13E-05 1.85E-05 1.85E-05
A4 7.62E-08 7.62E-08 5.85E-08 5.85E-08 1.73E-07 1.73E-07 6.89E-07 6.89E-07
A5 -1.7 -1.7 -4.48 -4.48 -43.2 -43.2 24.7 24.7
A6 0.0125 0.0125 0.285 0.285 0.524 0.524 3.37 3.37
Gl ginc (W/m) 5463 5463 5463 5463 5463 5463 5463 5463
Qgo1,abs (W/m) 3834 3834 3834 3834 3834 3834 3834 3834
Qony e (W/m) 3689 3686 3019 2914 2786 2637 1310 -24
Qond,abs (W/m) 3689 3686 3019 2914 2786 2637 1310 -24
Qpeatioss(W/m) 145 148 816 920 1048 1197 2524 3858
2 Qeonggl (W/m) 145 148 816 920 1048 1197 N/A N/A
5 Qsolapsbyal (W/m) 83 83 83 83 83 83 N/A N/A
= Quaq 56y (W/m) 76 50 330 205 437 274
T 2524 3858
© Qony,amb (W/m) 152 181 569 798 694 1006
§ Tabs;i (°C) 344 344 344 343 343 343 342 340
Tabs,0 (°C) 346 346 345 345 345 344 342 340
Tg, (°C) 56 46 130 102 153 121 N/A N/A
Tai0 (°C) 55 45 124 95 145 112 N/A N/A
Thre.out - Turein (°C) 0.2 0.2 0.16 0.16 0.15 0.14 0.07 -0.001
Nth 0.675 0.675 0.552 0.533 0.510 0.483 0.240 0
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Appendix IV — Bellows shading calculation

The bellows shading parameter in SAM quantifies the fraction of collector aperture that sees the
HCE absorber at normal incidence. It is the ratio of the HCE absorber length, L, to the length
of the mirror underneath it, L,,;0, @s shown in Figure IV-1. A bellows shading parameter of 1
indicates that L, is less than or equal to L,s,. Though Figure IV-1 illustrates this concept for a
single HCE and the collector mirrors underneath it, the bellows shading calculation is typically
done for an entire Solar Collector Assembly (SCA).

At off-normal incidence some of the insolation reflected from the collector will strike the
bellows instead of the absorber tube. The incidence angle modifier (IAM) takes this effect into
account. Thus it is important that a SAM simulation use an IAM derived from ray-tracing or
experimental data that is consistent with the HCE and collector simulated.

LHCE

abs

L

glass

L

mirror

Figure IV-1. Lengths in the bellows shading parameter calculation. Not to scale.

The length of the mirror (L, ) under the HCE is not an explicit SAM input; it is lumped in
with the total SCA aperture area. Therefore a SAM user must have dimensions of the SCA and
exact HCE mounting locations to correctly calculate the bellows shading parameter.

This study uses a different, simpler approach to approximate the bellows shading parameter. It is

not collector dependent, and therefore does not require collector and mirror dimensions. It
assumes that L., = Lycr (as shown in Figure IV-1), so that the bellows shading parameter is:
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where
BS is the bellows shading parameter

_ min(Lglass > Labs )

LHCE

Lgiass 1s the length (m) of the borosilicate glass envelope. This length puts an upper limit on the
collecting length of the HCE.
Laps 1s the length of the absorber within the glass envelope. This length is coated with a solar

selective coating. Schott employs internal bellows that allow for relative expansion between
the stainless steel absorber and borosilicate glass envelope. The internal bellows collapse

towards the ends in response to the thermal expansion of L.
Lycr is the total length of the HCE. The stubs on the end are an extension of the absorber pipe,

but are not coated with the solar selective coating.

The lengths in the bellows shading calculation are based on measured lengths at room
temperature, the linear expansion coefficients of the materials, and representative operating
temperatures. The estimated operating temperatures are based on a loop with HTF increasing

from 293°C to 391°C and the glass temperature measured in the heat loss tests (Table 3).

Table IV-1 presents the calculated bellows shading parameter for the Schott 2008 PTR70.

Table IV-1. Calculation of bellows shading parameter

Coefficient Calculated
of linear Measured Estimated length at
thermal length at operating operating Bellows
expansion 23°C temperature | temperature Shading
Component Variable Material (um/m-°C)® (m) (°C) (m) Parameter
Coated absorber Laps stainless steel 17.3 3.91 350 3.93
Glass envelope Lgass borosilicate glass 3.3 3.95 55 3.95 0.963
Absorber and ends Lyce stainless steel 17.3 4.06 350 4.08

The calculated 0.963 bellows shading parameter agrees with the “>96% active length” statement

by Schott [24].

3 Wikipedia, 8 May 2009. < http://en.wikipedia.org/wiki/Coefficient_of thermal expansion>
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