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EXECUTIVE SUMMARY

Researchers at the National Renewable Energy Laboratory completed heat-loss testing on
two of Solel’s UVAC3 parabolic trough receivers. The receivers showed identical heat
losses within experimental uncertainty. Normalized per meter of receiver length, heat losses
are 130, 200, 310, and 460 W/m at average absorber temperatures of 300°, 350°, 400°, and
450°C, respectively. Experimental uncertainty is about =10 W/m. A correlation was
developed to predict receiver heat loss as a function of the difference in °C between the
average absorber temperature and ambient temperature. This correlation is:

UVACS3 heat loss (W/m) = 0.26 * AT + 1.05 * 10 * AT*

Care must be taken to apply this correlation within context. The correlation was derived with
ambient temperatures of about 23°C, and it should not be used to predict heat losses at
ambient temperatures more or less than 10°C from this value. This limitation is explained
further in the report.

UVACS3 heat losses were compared to heat losses from UVAC2, the previous generation of
receiver. The UVAC3 receiver shows significantly lower heat loss: 310 vs. 380 W/m at
400°C, which is a 20% reduction in heat loss.

It is important to note that receiver performance depends on more than just heat losses.
Optical efficiency testing is required to create a collector/receiver efficiency curve that
estimates the heat gain to the heat-transfer fluid flowing within the receiver. Heat losses, as
tested in this report, serve to reduce the heat gain to the heat-transfer fluid and therefore
reduce the collector/receiver efficiency.



INTRODUCTION

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

Figure 1 shows a section of the solar field of a parabolic trough power plant. This
photograph comes from one of the nine Solar Electric Generating Systems (SEGS) built in
California’s Mojave Desert by Luz International Limited [1]. It illustrates the receivers
(HCEs) and parabolic mirrors mounted on a supporting structure, which is collectively
referred to as a collector.

Figure 1. Mirrored trough collectors and receivers at a SEGS plant

The SEGS plants currently provide 354 megawatts (MW) to the Southern California Edison
utility, and the latest plants operate at fluid temperatures of 293° to 391°C. At these
temperatures, the heat losses from the receivers to ambient can significantly affect plant
performance by decreasing the amount of heat gained by the internally circulating heat-
transfer fluid.



Solel Solar Systems Ltd., based in Israel, manufactures the UVAC3 HCE and the previous-
generation UVAC2. This report presents heat-loss test results of two UVAC3 HCEs.

TEST-STAND DESCRIPTION

Figure 2 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 heating on the
inside of the HCE to bring the absorber surface up to desired test temperatures. Once a
desired temperature is reached and the system comes to steady state, power transducers
measure the electrical power required to maintain the absorber temperature. The power
required is the heat loss of the HCE.

Figure 2. HCE heat-loss test stand at NREL

Present HCEs are 4.06 m long at 25°C (4.08 m at 400°C) with an absorber inner diameter of
6.6 cm. To test HCE heat loss, two copper pipes 2.17 m long and with 5.4 cm outer diameter
are inserted into the ends of an HCE—one copper pipe per end. Bolt heads protruding from
the copper pipe surface 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. We will refer to these
heaters as “coil heaters” in this report. The third heater is a 2.12 m (2.01 m heated-length)



inconel 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 innermost end,
shown in Figure 3, is flush with the innermost end of the copper pipe. The coil heaters are
held in position on the cartridge heater by shrink-fitted inconel spacers. When the copper
pipe is inserted into the HCE, one coil heater ends up just inside the HCE, whereas the other
is adjacent to it but just outside the HCE. The innermost coil heater compensates for end-
loss effects, whereas the outermost coil heater is used to create an adiabatic boundary along
the copper pipe between the two coil heaters. The cartridge heater supplies most of the
thermal input 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 innermost coil heaters and the two cartridge heaters. Figure 3 is a photograph of one
of the two heater assemblies, and Table 1 lists heater and power transducer specifications.

Figure 3. Heater 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
C01}11ed cable 4 600 500 0.5 2.5
eater
Cirtrldge D) 4800 5000 0.5 25
eater

Thermocouples measure the temperature of the copper pipe, stainless-steel absorber, and
glass at the locations shown in Fig. 4. The copper temperature is measured at four locations,
the absorber at four locations, and the glass at one location. Figure 4 shows the heating
assembly that is responsible for heating one half of the HCE. The heating assembly and
thermocouple locations for the other half are identical and symmetrical about the HCE center
line, with thermocouple naming conventions continuing from left to right though Cu4 and
Abs4. The ends of the copper pipes touch when both heating assemblies are inserted into an
HCE.
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Figure 4. Copper (Cu), absorber (Abs), and glass (Gl) thermocouple
locations; absorber at 25°C

Inconel, copper, and stainless steel have different linear expansion coefficients. Care must be
taken to attach the copper and inconel at only one point to avoid thermal stresses. The center
line of the HCE is the approximate location of this attachment, as shown in Fig. 4. Bolts
thread through the copper pipe to rest on either side of an inconel spacer shrink-fitted to the
end of the inconel cartridge heater. This is the point from which the inconel cartridge heater,
copper pipe, and stainless-steel absorber expand outwards. At 400°C, the outer edge of the
absorber overlaps the insulation and almost overlaps the inner edge of the outermost coil
heater, whereas thermocouples Absl, Cul, and Cu2 become better centered over their
respective coil heaters.

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 5 shows the shielding underneath
one thermocouple used to measure absorber temperature, and Table 2 lists the thermocouple
specifications. Thermocouples also measure air and heater temperatures.

Testing proceeds once the heating assemblies are in place 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., Cul = Cu2 and Cu3 = Cu4), creating adiabatic boundaries between Cul—
Cu2 and Cu3—Cu4. Temperatures and power values are logged every 5 seconds. Steady
state is achieved when heater set-points are not changed and the center-of-glass and absorber
temperatures remain constant (variation < 0.5°C) over a period of at least 15 minutes.



Figure 5. Absorber thermocouple with required radiant shielding on copper pipe

Table 2. Thermocouple Specifications

Temperature Error
hrati Maximum of:
Thermocouple Description Calibration R%nge
Type C % of oc
Reading

Alloy 600 sheath, mineral K — special

insulated, AF metal transition, SP 0-1250 0.4 +1.1
limits

ungrounded

RESULTS

The heat-loss data for the two UVAC3 HCEs, arbitrarily labeled UVAC3 #1 and UVAC3 #2,
are presented in Table 3 and Fig. 6.

Figure 6 shows that the heat-loss results from each UVAC3 are identical within measurement
uncertainty. The heat-loss curve fit in Fig. 6 is within the uncertainty bounds of all data

points.

NREL has previously tested Solel’s UVAC2 receiver [2]. Figure 7 shows that the UVAC3
receiver has significantly less heat loss than the UVAC2 receiver.



Table 3. UVAC3 Heat-Loss Results

Uncert. Heat Uncert. in
HOE | Test | lsater | tgsse | fems | Tebo” Jao | inAT | loss | Heatloss | oo
(°C) (W/m) (=W/m)
1 156.3 30.2 229 133.3 1.6 29.6 8.9 10/4/07
2 246.9 405 | 23.0 223.9 1.6 83.0 8.9 10/4/07
UVAGS 3 309.4 526 | 23.1 286.3 1.7 146.3 9.0 10/9/07
i1 4 351.2 60.8 | 22.7 328.5 1.8 207.5 9.1 10/9/07
5 400.1 73.1 23.1 377.1 1.9 303.1 9.2 10/9/07
6 201.1 340 | 229 178.3 1.6 53.2 8.9 10/16/07
7 450.2 923 | 246 425.6 2.1 454.0 9.4 10/17/07
1 150.5 297 | 237 126.8 1.6 30.6 8.9 10/18/07
2 194.9 340 | 2358 171.2 1.6 51.1 8.9 10/18/07
3 249.2 40.8 | 22.7 226.5 1.6 88.0 9.0 10/19/07
UVAC3 | 4 299.8 50.1 229 276.9 1.6 140.2 9.1 10/19/07
#2 5 300.4 484 | 235 276.9 1.6 141.2 9.1 10/22/07
6 349.3 50.7 | 24.0 325.3 1.8 212.7 9.2 10/22/07
7 400.2 70.9 | 235 376.7 1.9 319.9 9.3 10/23/07
8 450.0 87.7 | 24.2 425.8 2.1 459.3 9.4 10/23/07
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Figure 6. UVAC3 heat-loss results




Comparison of UVAC3 and UVAC2 Heat Loss
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Figure 7. UVAC3 receiver shows less heat loss than UVAC2 receiver

Convention has been to present receiver heat-loss data as a function of the temperature
difference between the heat-transfer fluid temperature and ambient temperature [3,4] or the
temperature difference between the average absorber temperature and the ambient
temperature [2]. Heat losses from evacuated receivers are dominated by radiation heat
transfer from the hot absorber surface. For this reason, heat losses from evacuated parabolic
trough receivers are better described by the absolute absorber temperature (see Figure 8) than
the difference between the absorber or heat-transfer fluid temperature and ambient.
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Figure 8. UVAC3 heat loss as a function of absorber temperature

To illustrate how the correlation based on the temperature difference between the absorber
and the environment can incorrectly estimate heat loss, consider the following example that
uses a validated 1-dimensional heat-transfer model for parabolic trough collector and
receiver performance [5]:

A parabolic trough receiver with an absorber spectral emittance curve similar to a UVAC2
receiver is mounted on a collector with a 5 m aperture and operated under direct-normal
radiation of 900 W/m” at normal incidence to the sun. Therminol VP1 at 380°C is flowing
through the receiver’s absorber at 140 gallons per minute. If the ambient temperature is 5°C,
the model predicts that the average absorber temperature will be 385°C (AT = 380°C) and the
heat loss will be 380 W/m. If the ambient temperature is 40°C, the model predicts that the
average absorber temperature will be 385°C (AT = 345°C) and the heat loss will be 370
W/m. Even though the ambient temperature, and therefore the AT, changed by 35°C in this
example, the heat loss changed by only 10 W/m. At a AT = 380°C, the UVAC2 correlation
in Fig. 7 shows heat losses that agree with the model prediction of 380 W/m. However, if AT
= 345°C is used in Fig. 7 for the UVAC2 curve, the correlation predicts heat losses of about
310 W/m, not 370 W/m. For this reason, the correlations in the figures should be used with
caution—they are most likely accurate to within 10% if they are used with ambient
temperatures within 10°C of the temperature at which the data were taken. To predict losses
in the solar field, thermal loss coefficients need to be derived from the heat-loss data
presented in Table 3. This will be the subject of a future report.



Figures 9 and 10 show the data gathered during one steady-state period to make one data
point in Table 3 and Fig. 6. Consider the 400°C absorber steady-state period of Test 5 of
UVACS3 #1 in Table 3. Figure 8 shows the absorber temperatures and power use during the
test period, whereas Fig. 9 shows the simultaneous glass and air temperatures. “N” and “S”
in Fig. 8 refer to the north and south sides of the test stand (the thermocouples are numbered
from 1 starting at the north end). In Figs. 8 and 9, all values deviate only slightly during the
test period, indicating steady state was reached. The heater powers of Fig. 8 are added and
divided by the HCE length to determine heat loss per meter receiver length.

UVAC3 #1 Test 5 steady-state period - absorber at 400 °C
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Figure 9. Absorber temperature and power use during Test 5 of UVAC3 #1



UVAC3 #1 Test 5 steady-state period - absorber at 400 °C
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Figure 10. HCE glass and ambient air temperature during Test 5 of UVAC3 #1

UNCERTAINTY ANALYSIS

Measurement uncertainty is quantified using the root sum-of-the-squares method described
by Dieck [6]. The general expression for n error sources is

(0 ) =2[§—RJ Ae? (1)

i=1

The receiver heat-loss equation is

W, =Hl+H2+H3+H4+ %(Cul —Cu2)+ %(cm —Cu3) (2

where :

W, is the heat lost (W)

H1 and H4 are coil heater powers

H2 and H3 are cartridge heater powers

k is the conductivity of copper

A is the copper pipe's cross — sectional area

Ax is the length between copper thermocouples

Cul — Cu4 are copper thermocouple temps

10



Note that Cul is controlled to equal Cu2, and Cu4 is controlled to equal Cu3, so the
contribution due to heat conduction across the end boundary in Eq. (2) is negligible.
However, these terms are included in this equation to estimate the uncertainty induced in the
results from a potentially non-adiabatic boundary at each end of the HCE.

oW, _ow, _ow, _aw, _, 3)
OH\ 0H2 0OH3 0OH4

ow, oW, _kiA 4)
oCul 0Cud4 Ax

ow, oW, Kk )
oCu2 ~ oCu3  Ax

Zero error has been assumed for the thermal conductivity, cross-sectional area of the copper
pipe, and distance between the copper thermocouples.

Substituting (3), (4), and (5) into (1):
2 2 2 2 2 kA ’ 2 2 2 2 6
ey =Aey” +Aey,,” +Ae, +Ae,,” + ™ (ACul +ACu2” + ACu3 +ACu4) (6)

Equation (6) is calculated for bias and precision errors. Consider the following values for a
400°C absorber heat-loss measurement:

Aeyipias = Al =2.5W
A€y = Al =25W
ACul,, =ACu2,, =ACu3
w
m—K
AeHlprec = AeH4prez‘ =0.04 W
AeHZprez‘ = Aemmc =04W

ACul . =ACu2 , =ACu3 . =ACu4 . ~0.005°C

prec prec prec prec

_ ~ o
bias bias bias — Acu4bius ~1.8°C

k ~380 A=35%x10""m*> Ax=0.04m

380*3.5x107*

Uncert,,,’ =2.5% +25% +25% +2.5% + ( S0

2
J (1.8% +1.8% +1.8% +1.8%)~ 1400 W

Uncert,,,, =~1400 =37 W

380*3.5x107*

Uncert, > =0.04> +0.4> +0.4% +0.04> +
0.02

prec

2
J (4%+0.005% )~ 0.1

Uncert,,, =+0.33=0.6 W

prec

bias

Uncert,,, = i\/(Uncert 2y (2 *Uncert )2 ) =+37TW

11



Normalizing per meter length:

37WJzi9

Uncert,,,, = (

4
4m m

CONCLUSION

NREL has completed heat-loss testing on two of Solel’s UVAC3 parabolic trough receivers.
The receivers showed identical heat losses within experimental uncertainty. Normalized per
meter of receiver length, the heat losses are 130, 200, 310, and 460 W/m at average absorber
temperatures of 300°, 350°, 400°, and 450°C, respectively. Experimental uncertainty is
about £10 W/m. A correlation was developed to predict receiver heat loss as a function of
the difference in °C between the average absorber temperature and ambient temperature.
This correlation is:

UVACS3 heat loss (W/m) = 0.26 * AT + 1.05 * 10 * AT*

This correlation will be accurate within 10% for ambient temperatures between 13° and
33°C. UVACS3 heat losses were also compared to previous-generation UVAC2 heat losses.
The UVACS3 receiver shows significantly lower heat loss: 310 vs. 380 W/m at 400°C, which
is a 20% reduction in heat loss.

Receiver performance depends on more than just heat losses. Optical-efficiency testing is
required to create a collector/receiver efficiency curve that estimates the heat gain to the heat-
transfer fluid flowing within the receiver. Heat losses, as tested in this report, serve to reduce
the heat gain to the heat-transfer fluid and thereby decrease collector/receiver efficiency.
Determination of loss coefficients to predict solar field performance will be the subject of a
future report.
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