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ABSTRACT

Experiments were performed at the 10 MW, Solar Thermal Central Receiver
Pilot Plant to measure the convective heat transfer from the receiver. Determin-
ing the convective loss will help reduce the uncertainty in the calculation of thermal
efficiency for solar central receivers. Two types of results are presented from the
data: (7) the overall receiver convective coefficient, and (¢z) detailed information on
the local (panel) losses as a function of wind direction. The overall measured con-
vective coefficient is also compared with predictions from correlations developed
to calculate the convective coeflicient. The comparison between the measured and
predicted convective coefficients is good, although the correlations tend to overpre-
dict the measured data by about 10% .
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SOLAR THERMAL TECHNOLOGY
FOREWORD

The research and development described in this document was conducted
within the U.S. Department of Energy’s (DOE) Solar Thermal Technology Pro-
gram. The goal of the Solar Thermal Technology Program is to advance the engi-
neering and scientific understanding of solar thermal technology, and to establish
the technology base from which private industry can develop solar thermal power
production options for introduction into the competitive energy market.

Solar thermal technology concentrates solar radiation by means of tracking
mirrors or lenses onto a receiver where the solar energy is absorbed as heat and
converted into electricity or incorporated into products as process heat. The two
primary solar thermal technologies, central receivers and distributed receivers, em-
ploy various point and line-focus optics to concentrate sunlight. Current central re-
ceiver systems use fields of heliostats (two-axis tracking mirrors) to focus the sun’s
radiant energy onto a single tower-mounted receiver. Parabolic dishes up to 17 me-
ters in diameter track the sun in two axes and use mirrors or Fresnel lenses to focus
radiant energy onto a receiver. Troughs and bowls are line-focus tracking reflectors
that concentrate sunlight onto receiver tubes along their focal lines. Concentrating
collector modules can be used alone or in a multi-module system. The concentrated
radiant energy absorbed by the solar thermal receiver is transported to the con-
version process by a circulating working fluid. Receiver temperatures range from
100°C in low-temperature troughs to over 1500°C in dish and central receiver sys-

tems.

The Solar Thermal Technology Program is directing efforts to advance and im-
prove promising system concepts through the research and development of solar
thermal materials, components, and subsystems, and the testing and performance
evaluation of subsystems and systems. These efforts are carried out through the
technical direction of DOE and its network of national laboratories who work with
private industry. Together they have established a comprehensive, goal directed
program to improve performance and provide technically proven options for even-
tual incorporation into the Nation’s energy supply.

To be successful in contributing to an adequate national energy supply at rea-
sonable cost, solar thermal energy must eventually be economically competitive
with a variety of other energy sources. Components and system-level performance
targets have been developed as quantitative program goals. The performance tar-
gets are used in planning research and development activities, measuring progress,
assessing alternative technology options, and making optimal component develop-
ments. These targets will be pursued vigorously to insure a successful program.
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Nomenclature

Exponent in Equation (9)

Area, m?

Specific heat, Ws/kg°C

Receiver diameter, m

Grashof number, g8(Tyan — Teo) L3 /V?
Convective heat transfer coefficient, W/ m?°C
Conductive heat transfer coefficient, W/m? °C
Tube radius (m), used to calculate roughness parameter k;/d
Length, m

Mass flow rate, kg/s

Nusselt number, hL/k or hd/k

Rate of heat transfer, W

Reynolds number, u.d/v

Temperature, °C

Wind velocity, m/s

Greek

Coefficient of volumetric expansion, K1
Uncertainty in accompanying quantity

Emissivity '

Efficiency

Kinematic viscosity, m?/s

Stefan-Boltzmann constant, 5.669 x 1078 W/m?K*
Angular distance around a cylinder, degrees

Subscripts

Absorbed

Conduction
Convection

Diameter

Dewpoint temperature
Film temperature
Forced convection
Inlet

Incident




meas
pred
nat
out
panel
rad

refl

Length

Measured convective coefficient
Predicted mixed convective coefficient
Natural convective coefficient

Outlet

Solar One boiler panel

Radiation

Reflection

Ambient
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EXECUTIVE SUMMARY

Introduction

The 10 MW, Solar Thermal Central Receiver Pilot Plant, also known as Solar
One, near Barstow, California, is the world’s largest operational solar central re-
ceiver power plant. A two year Test and Evaluation Phase, which was concluded in
August 1984, characterized the various plant subsystems (receiver, collector, tur-
bine generator, and thermal storage). As part of the receiver evaluation, experi-
ments were performed to measure the convective heat transfer from the receiver.

Determining the convective loss will help reduce the uncertainty in the calcu-
lation of thermal efficiency for solar central receivers (1,2). Early predictions indi-
cated that under certain conditions as much as 30% of the collected energy could
be lost due to convection from the receiver. Therefore, it is important that receiver
designers have an accurate method to predict convective losses.

The goal of the experiments reported here was to provide convective loss mea-
surements in order to determine the convective coefficient for the receiver. The
measured convective coefficient is compared to the convective coefficient predicted
from correlations developed for predicting convective heat transfer coefficients for
solar central receivers by Siebers and Kraabel (3) . The agreement between the
measured and predicted convective coefficients is assessed.

The convective heat transfer process at Solar One is characterized by mixed
convection, a combination of both natural and forced convection. Two important
dimensionless numbers in correlations for mixed convection are the Grashof num-
ber and the Reynolds number. The Grashof number (for natural convection), Gr,
is a measure of the ratio of bouyant to viscous forces, and the Reynolds number
(for forced convection), Re, is a measure of the ratio of inertial to viscous forces.
For the case of an external central receiver, these forces interact to produce a fully
three-dimensional flow field. Little experimental data exist for a cylinder in three-
dimensional mixed convection, especially in the Grashof and Reynolds number
range that characterizes the Solar One receiver.

The experiments were performed with no flux on the receiver to eliminate un-
certainties associated with determining incident solar flux. The wall to ambient
temperature difference was a factor of three below that of a normal operating re-
ceiver. The reduced wall temperature, however, does not greatly alter the results.
The correlations (3) indicate that as the wall temperature is increased toward the
normal operating temperature, the convective heat transfer coefficient decreases



slightly. As wall temperature increases, natural convection increases (due to en-
hanced buoyancy), but forced convection decreases (due to changing air proper-
ties). Since forced convection effects usually dominate the mixed convection heat
transfer coefficient in this experiment, the net effect is a decrease in convection.

This report provides both qualitative and quantitative information on convec-
tive losses from the Solar One central receiver. Two types of results are presented
from this data: (7) the overall receiver convective coefficient, and (¢¢) detailed infor-
mation on the local (panel) losses as a function of wind direction.

Receiver and Experiment Description

Description of Receiver

The Solar One central receiver is composed of twenty-four panels, six of which
are preheat and the remaining eighteen being “once-through to superheat” boiler
panels. Each panel is made up of seventy 1.27 ecm (1/2-inch) diameter tubes,
welded together, and is 0.9 meters (35 in) wide by 13.7 meters (45 ft) long. The re-
ceiver, shown in Figure 1, is a cylinder 7.0 meters (23 ft) in diameter and 13.7 me-
ters in length. Water flows up the tower through a single pipe. The pipe splits and
water flows up through the first three preheat panels and then up through the next
three preheat panels. The flows are then recombined in a ring manifold which si-
multaneously feeds all eighteen boiler panels. All panel flows are from the bottom
to the top of the panel. Boiler panel flows are individually controlled and moni-
tored to provide the desired output: steam at 455 °C (850 °F) and 10.0 x 10% N/m?
(1450 psi).

Description of Experiment

Heated receiver feedwater is circulated through the receiver exactly as it is dur-
ing normal receiver operations; however, there is no solar flux on the receiver. The
total energy loss to the environment is measured as the energy loss in the feedwater
as it passes through the receiver. The energy lost by conduction and thermal ra-
diation is then calculated, and the balance of the loss is attributed to convection.

A root-sum-square error analysis is performed on the data analysis equations to
quantify the uncertainty in the resultant convective coeflicient.

The flow diagram of this experiment is shown in Figure 2. The major experi-
mental requirement was to find a way to heat the receiver feedwater. The thermal
‘storage subsystem answered this requirement. Prior to running the test, the ther-
mal storage tank was fully “charged”; that is, the thermal storage medium (oil) was
heated during solar operations. Steam was then generated by operating an extrac-
tion heat exchanger, which transfers heat stored in the oil to generate steam. This
steam is used in the feedwater heater to heat the water which flows through the re-
ceiver. The Solar One Pilot Plant Data Acquisition System was used to record the




Figure 1. Solar One central receiver with associated piping
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test data. Plant instrumentation which provided the data included thermocouples,
flowmeters, and meteorological instruments.

The primary sources of error were identified prior to the experiments as solar
flux calculation, receiver mass flow rate measurement, and receiver fluid temper-
ature measurement. These potential problem areas were addressed in the experi-
mental design in the following ways.

1. All tests were conducted with no solar flux on the receiver to eliminate the un-
certainty associated with flux calculations (there are no solar flux measure-
ments at Solar One). Except for one test set which was conducted on an over-
cast day,all tests were conducted at night, which eliminated the need to ac-
count for any solar input.

2. Individual boiler panel flow rates were limited to a minimum of 0.13 kg/s (1000
Ib/hr). Flow rates less than this are subject to unacceptably large measurement
uncertainties.

3. All receiver fluid thermocouples to be used in the data analysis were calibrated.
Those which could not be adjusted to read correctly were eliminated from the
analysis.

Data Analysis Approach

The data analysis was divided into two categories: total receiver and panel data
analyses. Both analyses refer to the measurement of energy loss in the receiver wa-

In the receiver analysis, the receiver is considered a cylinder, with only one in-
let, one outlet, and one mass flow rate. One convective coeflicient is calculated for
the entire cylinder. This convective coefficient is then compared with that pre-
dicted using the correlations from Siebers and Kraabel (3}, A goal of this experi-
ment is to validate these correlations for an operating receiver. :

Local mixed convection heat transfer data has been obtained from individual
panel measurements. An energy balance is formed for each panel in the same man-
ner as for the entire cylinder. Thus, a convective coefficient is calculated for each
panel. No comparison with correlation can be made since there are no available
correlations to predict convective coefficients on roughened flat plates as a function
of wind speed and direction. However, the results of this analysis are presented and
the trends in heat transfer versus wind direction are compared with published data
on flow over a roughened cylinder. An area-averaged convective coefficient is also
calculated for the cylinder from the panel data and compared with the total cylin-
der calculation of the same quantity.




Measured Convective Coefficient

Total Heat Loss-The total heat transfer, Qso1q, is the primary measurement in
the experiments. It is calculated as:

Qtotal = M Cp AT (1)

After the total heat loss from the receiver or the panel is measured, the convection
heat loss is obtained by subtracting the calculated radiation and conduction losses.

The mass flow rate, 1, for the entire receiver is the sum of the eighteen mea-
sured boiler panel lows. The specific heat is calculated at the average water tem-
perature. The temperature difference, A T, for the entire receiver is measured di-
rectly using a differential thermocouple installed between the inlet and outlet of the
receiver. The differential thermocouple is used for improving the accuracy of the
measurement. The temperature difference between the inlet and outlet of a boiler
panel is the difference between the mixed fluid temperature in the ring manifold
and the average of the two outlet thermocouples located at the outlet of each panel.

Thermal Radiation Loss—The receiver loses thermal energy by radiating to its
surroundings—the sky and the ground.

Qrad = €A0(0.5 (Tpoy — Toky) + 0.5 (Tpun — Tay)) (2)

The radiation, Q,.q, is split between the ground and the sky. The ground is as-
sumed to be at the ambient air temperature, T, and the sky temperature, Ty, is
estimated using a method described by Berdahl and Fromberg (4), where a relation-
ship between sky temperature and ambient temperature is defined in terms of sky
emissivity.

Conduction Loss—The conduction heat loss is a small percentage of the total
heat loss from the cylinder, usually ranging from 3 to 6 percent. Nevertheless, a
conduction calculation is used in the data analysis. The conduction heat transfer,

Qcond, 1s calculated by:
Qcond = kA(Twall - Tcore)- (3)

The back of the receiver is insulated with Kaowool insulation, with a conduc-
tion coefficient, k, of 1.136\7\7/m2 °C (5). The receiver front wall temperature is used
as T,qu for this calculation and the ambient air temperature serves as Teore, the re-
celver core temperature. N

Convective Heat Loss-The convective heat loss, Qcony, is computed as the total
heat loss minus the radiative and conduction losses.

Qeono = Cp AT — € A0(0.5(Tay — Tiiey) +0.5(Tau — Too)) —k A(Tuati — Teo) (4)

Qconv = hmeas A (Twall - Too) (5)
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Using equations (4) and (5), the measured convection coeflicient, Ameqs, is com-
puted.

Predicted Mixed Convective Coefficient

The mixed convective coefficient, hp,q, is calculated using correlations pro-
posed by Siebers and Kraabel for an external, cylindrical central receiver. The nat-
ural and forced convective coefficients are calculated separately and then combined
using the relation:

hpred = (hgzat + hl}orc)l/a' (6)
A value of 3.2 is recommended for the exponent a (3).

Natural Convective Coefficient-The natural convection correlation was devel-
oped by Siebers (¢) for heat transfer from a heated flat plate. The Solar One re-
ceiver is large enough that, in natural convection, it can be treated as a flat plate.
Properties are calculated at the ambient temperature.

—0.14
Nug = h”;‘ L _ o.0086rY/ 3(%"2’-’-) (7)
hpat(rough) = (—g) hnat (sooth) (8)

The factor 72 accounts for the effects of surface roughness due to the tubes @),
which could enhance the heat transfer.

Forced Convective Coefficient—-The forced convection correlation has been in-
terpolated for Solar One tube-sized roughness elements from the correlations pre-
sented by Siebers and Kraabel. A roughness parameter, k;/d, of 90 x 107° is com-
puted by defining k, as the tube radius and d as the receiver diameter. Thus the
forced convection correlation becomes:

_ h’forcD

[ = 0.93(2.57 x 1073)Re%® + 0.07(0.0135R%). (9)

.‘V'UD

This correlation is valid for 3.7 x 10° < Rep < 1.0 x 107. Properties are cal-
culated at the film temperature. Data required for the calculation of k.4 include:
Twatis Too, and us. The wall and ambient temperatures are identical to those used

in calculating Ameqs.

Cylinder Data Analysis

Convective loss tests were conducted on nine test days from February through
July 1984. During these test days, twenty-three data points were gathered. The
data were analyzed to provide both measured and predicted convective coefficients
for each data point.




Convective Coefficient Versus Wind Speed

The measured convective coefficient, calculated from Equations (1-5), is plot-
ted versus the ambient wind speed in Figure 3. The plot shows a clear increase in
the convection coefficient as wind speed increases.

Measured versus Predicted Convective Coefficient

The measured convective coefficient is plotted against the predicted convective
coefficient in Figure 4. The solid line indicates where a perfect agreement between
the measured and predicted quantities would lie. The agreement between hyeqs
and hp,eq is quite good, considering the uncertainties associated with the data and
the predictions. The agreement between hyeas and hp,eq for low values of k was im-
proved by removing the roughness factor (7/2) from the natural convection cal-
culation. The results shown in Figure 4 were calculated with the (7 /2) factor re-
moved from the correlations.

The results of the data analysis show good agreement between the measured
convective coefficient and that predicted using the correlations proposed by Siebers
and Kraabel. The scatter in the data is primarily the result of the large experimen-
tal uncertainties inherent in field testing.

Interpretation of the Results

Test conditions were examined to determine if they created any biases in the
data. Test characteristics that are considered include: wall temperature, mass flow
rate, wind direction, wind direction fluctuations, and percent wind speed fluctua-
tions.

The only factor which was found to influence the agreement between the mea-
sured and predicted convective coefficient was the receiver mass flow rate. For
higher values of m, the agreement is better than for lower values. This result is
not totally unexpected, since it is known that the flowmeter errors increase with
decreasing flow. Figure 5 shows a more dramatic representation of the influence
of mass flow rate with a plot of only data which have a flow over 5 kg/s (40,000
1b/hr).

Uncertainty Analysis-A root-sum-square uncertainty analysis for determining
the uncertainty in single-sample experiments was performed on the data analysis
and correlation equations. The uncertainty in the predicted convective coefficient,
hpred, is from 40 to 60% and for the measured convective coefficient, hmeqs, it is 30
to 50%. The uncertainty in hg,q is due to uncertainties in the correlations; the un-
certainty in Ameqs is due to instrument uncertainties.
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Panel Data Analysis

The panel data analysis shows the variation of the convective coefficient around
the receiver as a function of wind direction. The panel data analysis allows a more
detailed examination of the data. The trends in the convective coefficient around
the receiver are qualitatively compared to results in the literature for flow over
roughened cylinders. Finally, an area-averaged convective coefficient is calculated
for the cylinder from the panel data and compared with the total cylinder calcula-
tion and the correlation prediction of the same quantity.

Convective Coefficient versus Wind Direction

The convective coefficient, h, is calculated for each boiler panel, according to
equations (1-5). The six preheat panels are treated as a large, single panel. Adja-
cent panels are fifteen degrees apart. The relative wind direction for a panel was
estimated as the angle between the panel normal and the ambient wind direction.

In general, all of the plots show similar trends in the heat transfer as a func-
tion of wind angle. Figure 6 shows a typical “well-defined” profile. The wind was
incident at Panel 18 and had a velocity of 9.9 m/s (22 mph). The heat transfer is
fairly uniform up to 90 degrees from stagnation, where it increases to a maximum
at about 115 degrees and then falls to minimum at about 180 degrees. These re-
sults are typical for all tests, although some of the profiles are not as uniform or as
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d. One factor which contributes to the smoothness of the profile is re-
ow rate. The lower mass flow rate tests show more erratic profiles.

ver Convective Coefficient

convective coefficient was calculated from the individual boiler panel
anel convective coefficients, according to the equation:

1= 4(h Apanel) + 6hpreheat Apanel
24 Apanel

htotal - (10)

1t between hyo1q1 and Ryneqs (calculated from equations (1-5)) is quite

lations of Ayptqr and hypeqs use the same flowmeter readings, but dif-
ature data to calculate h. So, although the calculations of Ay, and
completely independent, the excellent agreement between hiotar and
nfidence to both sets of data.
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Conclusions
Comparison of Receiver Convective Coefficient with Predictions

The data analysis yielded convective coefficients over a range of ambient wind
speeds and wall temperatures. The measured convective coefficient, Ameqs, calcu-
lated from the receiver energy balance is a function of wind speed. As wind speed
increased from 2.0 to 12.0 m/s (4.5 to 27 mph), hpeqs increased from 3.2 to 27.8
W /m?°C. ‘

Mixed convective coefficients for the test conditions were predicted from cor-
relations developed by Siebers and Kraabel (3). The comparison between the mea-
sured and predicted convective coefficients is good, although the correlations tend
to overpredict the measured data by about 10% . Another important conclusion
from this experiment is that atmospheric turbulence does not enhance the convec-
tive heat transfer from the receiver. Siebers and Kraabel estimated that turbulence
effects could increase the convective heat transfer coefficient by as much as 70 %
above the correlation results.

The predicted mixed convective coefficient, hp,eq, is calculated from the nat-
ural and forced convective coefficients (hnqet and hyo.c). The correlations for both
hnat and h oy account for the surface roughness introduced by the receiver tubes.
The predicted mixed convective coefficient fits the experimental results better if the
roughness factor is removed from the natural convection correlation.

Local Measurements

The convective coefficient was calculated for individual receiver panels. The
variation of convective energy loss (Nu/Re%®) as a function of wind direction was
examined. These results were qualitatively compared with data presented in the
literature (7) for forced convection heat transfer over a roughened cylinder. The
comparison is not rigorous since (7) the Solar One measurement of wind direction
is approximate, (i7) the wind speed and turbulence intensity are not well character-
ized, (#77) the local heat transfer measurement is averaged for each panel and (iv)
it is not known how the bouyancy effects (natural convection) influence the results.
However, a consistent trend is observed in the heat transfer around the receiver.
The smoothness of the plot is related to the receiver mass flow rate; low flow rate
tests have more irregularly shaped curves, reflecting the inaccuracy of the flow me-
ters at low flows.

The panel data were also averaged to give an overall convective coefficient for
the receiver. These results compared well with the convective coefficient as calcu-
lated from the single measurement of m Cp AT.
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Introduction

The 10 MW, Solar Thermal Central Receiver Pilot Plant, also known as Solar
One, near Barstow, California, is the world’s largest operational solar central re-
ceiver power plant (Figure 1). Solar One is jointly owned by the U. S. Department
of Energy and Southern California Edison. A two year Test and Evaluation Phase,
which was concluded in August 1984, characterized the various plant subsystems
(receiver, collector, turbine generator, and thermal storage). During the three year
Power Production Phase, which followed the Test and Evaluation Phase, the plant
was operated as a power plant and supplied electricity to the Southern California
Edison grid. These experiments were performed as part of the receiver evaluation,
to measure the convective heat transfer from the receiver. The results of these con-
vective loss experiments are described in this report. Preliminary results were pre-
sented in a status report (1) in June 1984.

Figure 1. 10 MW, Solar Thermal Central Receiver Pilot Plant near Barstow,
California
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agreement between the two has been assessed. Experimentally verified correlations
are necessary to predict convective losses from Solar One or from other external
central receiver designs. The Solar One receiver presents a unique opportunity for
performing convective heat transfer measurements on a large cylinder.

The convective heat transfer process at Solar One is characterized by mixed
convection, a combination of both natural and forced convection. Two important
dimensionless numbers in correlations for mixed convection are the Grashof num-
ber and the Reynolds number. The Grashof number (for natural convection), Gr,
is a measure of the ratio of buoyant to viscous forces, and the Reynolds number
(for forced convection), Re, is a measure of the ratio of inertial to viscous forces.
For the case of an external central receiver, these forces interact to produce a fully
three-dimensional flow field. Fundamental understanding of the mixed convection
process for a cylindrical geometry is poor. Abrams (21) has recently summarized
the available mixed convection literature, particularly that which applies to solar
central receiver operation. Figure 2 shows the additions that have been made by
recent convection research. Little experimental data exist for the case of a cylin-
der in three-dimensional mixed convection, especially in the Grashof number range
(10'%) that characterizes the Solar One receiver. The range of wind speeds and wall
temperatures in the experiments as well as under operating conditions includes
both natural and forced convective effects.
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Figure 2. Progress in convective loss research from 1979-1985. Boundaries of
the regions are approximate.
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The experiments in this study were performed with no flux on the receiver to
eliminate uncertainties associated with determining incident solar flux. The wall
to ambient temperature difference was a factor of three below that of the normal
operating receiver. The reduced wall temperature, however, does not greatly alter
the results. Correlations (20) indicate that as the wall temperature is increased to-
ward the normal operating temperature, the mixed convective coefficient decreases
slightly. As wall temperature increases, natural convection increases {due to en-
hanced buoyancy), but forced convection decreases (due to changing air proper-
ties). Since forced convective effects usually dominate the mixed convective coef-
ficient in this experiment, the net effect is a decrease in mixed convection. Calcula-
tions which illustrate this conclusion are presented in Appendix B.

This report provides both qualitative and quantitative information on total
and local convective losses from the Solar One central receiver. In the first sec-
tion, a physical description of the receiver and the test method is provided. This
is followed by a development of the data analysis equations and a description of the
test results. Two types of results are derived from this data: (¢) the overall receiver
convective coefficient, and (7¢) detailed information on the local (panel) losses as a
function of wind direction. The most important results from the experiments are
summarized in the conclusion section. Four appendices describe (7) the root-sum-
square uncertainty analysis, (¢7) the effect of lower wall temperature testing, (¢¢7)
the complete panel data, in plotted form, and (¢v) the effect of convective losses on
receiver performance during normal plant operation, using the Siebers and Kraabel

correlations. »

16




Receiver and Experiment Description

Solar One Central Receiver

The Solar One central receiver is composed of twenty-four panels, six of which
are preheat and the remaining eighteen being “once-through to superheat” boiler
panels. Each panel is made up of seventy 1.27 cm (1/2-inch) diameter tubes,
welded together, and is 0.9 meters (35 in) wide by 13.7 meters (45 ft) long. The
receiver, shown in Figures 3 and 4, is a cylinder 7.0 meters (23 ft) in diameter
and 13.7 meters in length. Water flows up the tower through a single pipe. The
pipe splits and water flows up through the first three preheat panels and then up
through the next three preheat panels. The flows are then recombined in a ring
manifold which simultaneously feeds all eighteen boiler panels. All panel flows are
from the bottom to the top of the panel. Boiler panel flows are individually con-
trolled and monitored to provide the desired output: steam at 455 °C (850 °F) and
10.0 x 10% N/m? (1450 psi).

Tm

(TOP VIEW)

ORIENTATION
AND

N NUMBERING
13.6m ‘ SCHEME

PANEL TYPE

PREHEAT (1-3) +(22-24)
BOILER/SUPERHEATER 4-21

Figure 3. Receiver physical characteristics
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Figure 4. Solar One central receiver, with associated piping

An energy balance can be defined around the operating receiver as the power
into the receiver equal to the power out of the receiver. Explicitly, the power in-
cident on the receiver (P, = solar flux) equals the power gained by the receiver

working fluid (Pgp,
tion (Pyqq), convee

) plus the power lost through reflection (P, ), thermal radia-
tion (Peony ), and conduction (Pgypg)-

Pinc:Pabs+Prefl+Prad+Pconv+Pcond

Thus, convective losses (Peony) can be inferred from data gathered during receiver

operations provide
the other terms of
does not currently

d that a reasonable measurement or calculation can be made of
the energy balance. However, a solar flux measurement system
exist at Solar One; solar flux must be predicted from a computer

code, which results in large uncertainties. The effect of wind speed on receiver effi-
ciency has been sought in data from normal plant operations (22}, The results from
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these analyses have proven inconclusive, with considerable scatter in the data. Ap-
parently, the large uncertainties associated with estimating P;,, obscure any care-
ful attempts to measure convective losses during receiver operation at Solar One.

In order to obtain meaningful results from the convective loss experiments, an
experiment was designed in which solar flux was not a variable. To accomplish this,
the convective loss experiments were performed mostly at night with no concen-
trated solar flux on the receiver.

Description of Experiment

Heated receiver feedwater is circulated through the receiver, exactly as it is
during normal receiver operations; however there is no solar flux on the receiver.
The total energy loss to the environment is measured as the energy loss in the feed-
water as it passes through the receiver. The energy lost by conduction and ther-
mal radiation is calculated, and the balance of the loss is attributed to convection.
A root-sum-square error analysis was performed on the data analysis equations to
quantify the uncertainty in the resultant convective coefficient.

The flow diagram of this experiment (Figure 5) is straightforward. The ma-
jor requirement for the experiment was to find a way to heat the receiver feedwa-
ter. The thermal storage subsystem answered this requirement. Prior to running
the test, the thermal storage tank was fully “charged”; that is, the thermal storage
medium (oil) was heated during solar operations. Steam was then generated by op-
erating an extraction heat exchanger, which transfers heat stored in the oil to gen-
erate steam. A small pipe added to the system transported the steam to one of the
receiver feedwater heaters. Within one hour, the receiver feedwater was brought up
to 180 °C (355 °F) and 3.45 x 108 N/m? (500 psi), the limit of the system, at which
time the testing commenced.

Instrumentation and Data Acquisition

The Solar One Pilot Plant Data Acquisition System was used to record the test
data. Only one addition was made to the plant instrumentation for these tests. A
differential thermocouple was added to accurately determine the temperature dif-
ference between the receiver inlet and outlet. Plant instrumentation which pro-
vided the remaining data included thermocouples, flowmeters, and meteorological

‘instruments.

Data Acquisition System—The data system scan rate for the receiver instrumen-
tation is once every ten seconds. For the meteorological instrumentation it is once
every sixty seconds. Data are recorded in engineering units. All data points used in
this analysis are five minute averages of either the 10 or 60 second data. The data
processing software package used in this analysis was written and is maintained by
McDonnell Douglas Astronautics Company. The data processing program reads
raw plant data tapes and provides either tabular output averaged over a requested
time interval or plotted instrument output as a function of time. Both types of
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Figure 5. Convective loss experiment flow diagram

1g were used, the tabular results providing data values and the plot-
»viding time traces of various instruments for monitoring stability of
speeds, for example. Also, data analysis software was written to ma-
and calculate results.

uples—Chromel-Alumel (Type K) thermocouples provided the pre-

et (receiver inlet), ring manifold, mixed receiver outlet, and individ-
el outlet temperatures. These thermocouples are nominally ranged at
(0 to 1500 °F), except for the inlet thermocouples ranged at 18 to
00 °F).

re-Flowmeters, installed at the inlet to each of the eighteen boiler

ed the total receiver and individual panel flows. Three flowmeters
d on the first pass of the preheat panels. The sum of these flows can

with the total flow from the eighteen flowmeters as a check for con-

flowmeters, manufactured by Ramapo, are generically called target-
the flow moves over a circular target on a cantilever beam. A strain
on the beam measures the deflection of the target, which is related

e. These flowmeters, like most flowmeters, lose accuracy at low flows.
23) recommended not using them

to provide qu
decline in acc

b

pracy with decreasing flow rate, starting near 0.13 kg/s (1000 1b/hr),

ntitative data at low flows. These calibration tests showed a steep

with a 25% ﬂdj;w deviation.

Meteorolo
losses, four m
ture, wind spe

gical Instrumentation-To measure and characterize the convective
casurements are needed: dewpoint temperature, ambient tempera-
red, and wind direction. The meteorological instruments at Solar One
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include two dewpoint temperature sensors and two ambient temperature sensors.
These sensors are located at two stations: one in the heliostat field and the other at
Level 7 (37.8m) on the receiver tower. The Level 7 data are used here.

For characterizing the wind, Solar One has wind direction vanes and anemome-
ters. The anemometers are cup-type anemometers which measure the component
of wind speed parallel to the ground. Twenty-four measurements of wind speed
along with twelve measurements of wind direction are available at twelve locations
throughout the plant. There are four stations at the edges of the heliostat field
(north, east, south, and west), each with one anemometer, and six stations in the
west field, each with an anemometer at 3.0, 6.1, and 10.0 meters.

Although standard correlations may be used (20) ¢6 estimate wind speed as a
function of height above the ground, using ground level measurements, estimat-
ing the tower wind velocity with the correlations proved unsatisfactory. Solar One
has two anemometer stations at Level 7 on the tower. These stations are located
in the northeast and southwest corners of the tower. In the experiments, the tower
anemometers were used to measure wind velocity since they provided actual data
as opposed to extrapolated values. Since the two tower anemometers are 180 de-
grees apart on the receiver tower, one of them is obstructed by the tower depend-
ing on wind direction. It reads low due to this obstruction; thus, the higher velocity
anemometer was used to supply the data.

Instrument Calibration— Preliminary analysis and a proof test (9/83) at the Pi-
lot Plant (24) indicated that uncertainties in receiver fluid temperature measure-
ments were so high that the experimental results would be rendered meaningless.
Conflicting results were especially evident in redundant instrumentation, most no-
tably at each boiler panel outlet, which has two thermocouples and one resistance
temperature sensor. A campaign was undertaken to calibrate all receiver fluid ther-
mocouples. Instruments which could not be checked in a calibration oven and/or
adjusted to read correctly were removed from the data analysis instrumentation;
these included resistance temperature sensors and preheat panel outlet thermocou-
ples. During this campaign, a differential thermocouple circuit was installed be-
tween the receiver inlet and outlet for more accurate measurement of this tempera-
ture difference (25,

Accuracy in the thermocouples was also improved by calibrating the instru-
ments in their expected range of use instead of at their limits. For example, the
receiver outlet thermocouples were calibrated at 150 and 480 °C (300 and 900 °F)
instead of at —18 and 815 °C (0 and 1500 °F). Also, since the data acquisition soft-
ware uses a linear fit between the calibration points for temperature readings off
the calibration points, software which interpolates the thermocouple table (2 °F in-
crements) and makes corrections for this linear assumption was developed (25) for
use in the convective loss data analysis program.

Receiver flow rate was another major source of error in the data analysis and
the flow meters could not be calibrated prior to testing. Since flowmeters lose accu-
racy rapidly as flow rate decreases, the boiler panel flow rates were kept above 0.13
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receiver flow rate can be obtained in one of two ways: (¢) by sum-

ming the three preheat flow rates or (:7) by summing the eighteen boiler panel flow
rates. Error analysis shows that, in general, computing the total flow from the sum
of eighteen boiler flows was more accurate than summing the three preheat flows.
If each preheat flowmeter has a £5% error, a 3% error in the total mass flow rate
results. However if each boiler panel flowmeter has a £5% error, the error in the to-

tal mass flow
before the ery

rate is +1%. Each boiler flow rate must have a random error of +12%
or in the total mass flow rate equals that calculated from the three

flowmeter sum.

Summary-The primary sources of error were identified prior to the experiments

as solar flux ¢

alculation, receiver mass flow rate measurement, and receiver fluid

temperature measurement. These potential problem areas were addressed in the

experimentall

.design in the following ways:

1. All tests were conducted with no solar flux on the receiver to eliminate the un-

certainty
ments at
cast day,
count for

associated with flux calculations (there are no solar flux measure-

Solar One). Except for one test set which was conducted on an over-
all tests were conducted at night, which eliminated the need to ac-

any solar input.

2. Individual boiler panel flow rates were at least 0.13 kg/s (1000 Ib/hr). Flow

rates less

3. All receiv

than this have unacceptably large measurement uncertainties.

er fluid thermocouples used in the data analysis were calibrated.
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Data Analysis Approach

The data analysis was divided into two categories: total receiver and panel data
analyses. Both analyses refer to the measurement of energy loss: mCp(Tip — Tout)-

In the receiver analysis, the receiver is considered a cylinder, with only one in-
let, one outlet, and one mass flow rate. One convective coefficient is calculated for
the entire cylinder. This convective coefficient is then compared with that pre-
dicted using the correlations from Siebers and Kraabel (29), A goal of this experi-
ment was to validate these correlations.

Local mixed convective heat transfer data has been obtained from individual
panel measurements. An energy balance is formed for each panel in the same man-
ner as for the entire receiver. Thus, a convective coefficient is calculated for each
panel. No comparison with correlation is possible since there are no available cor-
relations to predict convective coefficients on roughened flat plates as a function of
wind speed and direction. However, the data are presented and the trends in heat
transfer versus wind direction are compared with published data on flow over a
roughened cylinder. An area-averaged convective coefficient is then calculated for
the cylinder from the panel data and compared with the total cylinder calculation
of the same quantity.

Measured Convective Coefficient

After the total heat loss from the receiver or the panel was measured, the con-
vective heat loss was obtained by subtracting the calculated radiative and conduc-
tive losses. The equations used to calculate the radiation and conduction losses are

described in this section.

Total Heat Loss-The total heat transfer, Q;,q1, was the primary measurement
in the experiments. It is calculated as:

Qtotal =m Cp AT (1)

The mass flow rate, mn, for the entire receiver is a calculated quantity. It is the sum
of the eighteen measured boiler panel flows after corrections have been applied for
the density difference in water at operating versus calibration temperature. The
mass flow rate for a boiler panel is the density corrected reading from its individual
flowmeter. The specific heat is calculated at the average water temperature. The
temperature difference, A T, for the entire receiver is measured directly using a dif-
ferential thermocouple installed between the inlet and outlet of the receiver. The
differential thermocouple is used for improving the accuracy of the measurement.
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The temperature difference between the inlet and outlet of a boiler panel is the dif-
ference between the mixed fluid temperature in the ring manifold and the average
of the two outlet thermocouples located at the outlet of each panel.

Thermal Radiation Loss—The receiver loses thermal energy by radiating to its
surroundings—the sky and the ground.

Qrad = € A0 (0.5 (Tooy — Tay) + 0.5 (Taan — Tio)) (2)

The radiation, Q,.4, is split between the ground and the sky. The ground is as-
sumed to be at the ambient air temperature, T, and the sky temperature, Ty, is
estimated using a method described by Berdahl and Fromberg (26) | The sky radi-
ance can be described in alternate ways: o T:ky O €44y O T% . A relationship be-
tween sky temperature and ambient temperature in terms of sky emissivity may be

derived as:
Tsky = (fslcy)o‘25 Tw (3)

Berdahl and Fromberg have correlated sky emissivity with dewpoint temperature
for clear sky conditions according to the formula:

€oky = 0.741 + 0.0062 Tyjeype- (4)

The difference between the receiver radiating only to the sky and radiating to
both the sky and ground is small. However, for this experiment in which the wall
temperature is low, even this small difference is appreciable. The assumption that
the receiver radiates to both the sky and the ground reduces the radiative loss and
increases the convective coefficient from 1.5 to 11% of its original value. The mag-
nitude of this increase depends on the magnitude of the driving potential for radia-
tion, that is, (Tyen*—Tsky?) of (Twan® —Too*), where the temperatures are absolute
temperatures (Kelvin). For the lower bound, there is about 100K (180 °R) differ-
ence between T, and Ty,qy, whereas for the upper bound this temperature differ-
ence is 140K (250 °R).

The measured value of Solar One infrared emissivity is 0.80 +0.1 (37), An ef-
fective emissivity value, which uses the measured emissivity and incorporates the
effect of the tube shape, is used for the receiver. Calculations have been performed
(28) which use detailed shapefactor calculations and account for the scalloped tube
surfaces causing some tubes to radiate to other tubes rather than to the environ-
ment. However, the radiating area is the total surface area of the scalloped receiver
tubes and not its projected area (normally used for receiver area). So, while there
is a decrease in overall radiation due to reabsorption of some radiative losses, the
true surface area is increased and the net result is to increase the emissivity of the
surface. The equation which describes this interaction for Solar One receiver tubes

is given by:

(5)




This equation results in an increase in apparent emissivity from 0.80 to 0.86. In-
corporation of this change into the radiation loss calculation typically causes a de-
crease in the measured convective coefficients of from 2.5 to 10 percent. The effect
is greater when radiation is a large portion of the total loss or when wall tempera-
tures are higher.

The computer code SAPPHIR (29) was used to develop a simple expression for
the wall temperature calculation. SAPPHIR models the thermal and hydraulic
behavior of a Solar One boiler panel, representing the panel as a single tube. The
code was used to calculate the average front wall temperature of representative
panels under the test conditions. This average Ty,,;; was then compared to an es-
timation of the same quantity using the average of the fluid inlet and outlet tem-
peratures. There was a seven percent difference between the average wall temper-
ature from the SAPPHIR calculation and the average wall temperature calculated
as the arithmetic average of the inlet and outlet fluid temperatures. The difference
between the SAPPHIR calculation and the average fluid temperature was therefore
accounted for by using a weighted average, biased seven percent toward the outlet
temperature. For a single panel, the average temperature is calculated using the
ring manifold temperature as the inlet and the average of two thermocouples as the
outlet temperature. For the entire receiver average temperature, an area-weighted
average is calculated, with the six preheat panels comprising 25% of the receiver
area, and the eighteen boiler panels the remaining 75%. A single average wall tem-
perature is then calculated from these two areas by using three temperature mea-
surements: the preheat inlet, the ring manifold (outlet temperature for the preheat
panels and inlet temperature for the boiler panels), and the mixed receiver outlet
temperature.

Conduction Loss-The conduction heat loss is a small percentage of the total
heat loss from the cylinder, usually ranging from 3 to 6 percent. The conduction
heat transfer, @ .4, is calculated by:

Qcond = kA(Twa!l - Tcore)- (6)

The back of the receiver is insulated with Kaowool insulation, 5.1 cm. thick.
The conduction coefficient, k, is 1.136 W /m?°C (39) The front wall temperature is
used as Ty, for this calculation and the ambient air temperature serves as T¢ore,
the receiver core temperature. Receiver backwall thermocouples do exist, so a bet-
ter representation of backwall temperature could be made; however, there is no
measurement of the core temperature, which is certainly higher than ambient tem-
perature. Therefore, both front wall and ambient temperatures are low estimates,
so the net effect of their difference is retained and a reasonable estimate of Qonqg is
obtained.

Convective Heat Loss—The convective heat loss, Qcony, is computed as the total
heat loss minus the radiative and conduction losses.

Qeono = Cp AT — € A0(0.5(Tqn — Tiy) + 0.5(Tragu — Teo)) — k A(Twant = Too) (7)
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Qconv = hmeas A (Twall Too) (8)

By setting the right sides of equations (7) and (8) equal, the measured convective
coefficient, Ameqs, can be computed.

Predicted Mixed Convective Coefficient

The mixed convective coefficient, hyq, is calculated using correlations pro-
posed by Siebers and Kraabel (20) for an external, cylindrical central receiver. The
natural and forced convective coefficients are calculated separately and then com-
bined using the relation:

hpred = (hglat + haorc)l/a9 where a = 3.2. (9) :

Natural Convective Coefficient—The natural convective correlation was devel-
oped by Siebers et al.(13) for heat transfer from a heated flat plate. The Solar One
receiver is large enough that, in natural convective, it can be treated as a flat plate.
Properties are calculated at the ambient temperature.

. ~0.14 '
N’lLL = hnat' L = 0098@'7‘}/‘j (Tj‘%) (10)
aty o0
7
hpat (rough) = (—2—) hnat(smooth) (11)

The inclusion of the factor 7/2 was recommended by Siebers and Kraabel (29) to
account for the effects of surface roughness of the tubes which could enhance the
heat transfer.

Forced Convective Coefficient—The forced convective correlation has been in-
terpolated for Solar One tube-sized roughness elements from the correlations pre-
sented by Siebers and Kraabel. A roughness parameter, k;/d, of 90 x 107° is com-
puted by defining ks as the tube radius and d as the receiver diameter. Siebers
notes that using the tube radius for k, is probably a conservative estimate. This
overestimation of the roughness elements may result in a slight overprediction of
the convective coefficient. Thus, the forced convection correlation becomes:

hforc d
kair

Nug = = 0.93(2.57 x 107%) Re3%® + 0.07(0.0135Re%%). (12)
This correlation is valid for 3.7 x 10° < Reg < 1.0 x 107. Properties are calculated
at the film temperature. Measurements required for the calculation of hpq include
receiver wall temperature ( Tyqy), ambient temperature (7o), and wind velocity

(¢ss). The wall and ambient temperatures are identical to those used in calculating

hmeas-
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Cylinder Data Analysis

Results

Convective loss tests were conducted on nine test days from February through
July 1984. During these test days, a total of twenty-three data points were gath-
ered. The data were analyzed to provide measured convective coefficients for each
data point. Corresponding predicted convective coefficients were computed based
on measured values of ambient wind speed and temperature, and receiver wall tem-
perature. These results as well as the conditions during individual tests are pre-
sented in this section. Various plots are presented, accompanied by brief interpre-
tive discussions. The discussion of individual test day conditions, which follows the
plot presentation, gives interpretation to the plotted data. Results of the root-sum-
square uncertainty analyses for both Ameqs and hp,eq are then presented.

Convective Coefficient versus Wind Speed-The measured convective coefficient,
calculated from Equations (1-8), is plotted versus the ambient wind speed in Fig-
ure 6. The plot shows a clear increase in the convective coefficient as wind speed
increases. Although the calculation of hy,eqs is independent of wind speed Yoo, Fig-
ure 6 shows that h,,.qs Increases with uee.

The predicted convective coefficient, hpyeq, is plotted versus wind speed in Fig-
ure 7. Forced convection influences all calculations of hy.q. For lower wind speeds,
the magnitude of the natural convective coefficient, hyqyy, is roughly twice that of
the forced convective coefficient, hyo,c. At higher wind speeds, hpyeq is completely
dominated by h or.. Both wind speed and wall temperature are used in the calcu-
lation of hyyeq. The wall temperature dependence is present through the air prop-
erty calculation in hjo,. at the film temperature (Ty = (Tyau + Too)/2). The wind
speed dependence in the forced convective coefficient is strong (Eq. (12)), with a
Reynolds number power of about 0.95. By comparison, the forced convection cor-
relation for the smooth cylinder has a weaker dependence with a Reynolds number
power of about 0.60.

Measured versus Predicted Convective Coefficient—The measured convective
coefficient is plotted against the predicted convective coefficient in Figure 8. The
solid line indicates where perfect agreement between the measured and predicted
quantities would lie. The agreement between hyeas and hy,eq is quite good, con-
sidering the uncertainties associated with both the data and the prediction. The
correlation overpredicts the measured convective coefficient by roughly ten percent.

Two additional plots can be examined to understand in more detail the com-
parison between hyeqs and hp,eq. The first plot (Figure 9) shows the ratio of the
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measured and the forced convective coefficients plotted versus wind speed. At low
wind speeds, the measured convective coefficient ranges from half of the predicted
forced convective coefficient to 1.6 times hjo... At low wind speeds, hf,,, is rela-
tively small. The variation in Rsmeas/h forc for a single wind speed shows (1) a vari-
ation in the contribution of natural convection to the measured convective coeffi-
cient and (77) scatter in the data. As wind speed increases, the range of values for
homeas/h forc decreases, and above a wind speed of 10 m/s, the ratio becomes con-
stant at about 0.90. At these wind speeds, hy,,. completely dominates the mixed
convective coefficient calculation, so if the correlation was to accurately predict the
measurements, the ratio of Aypeqs /b fore would equal 1.0 at high wind speeds. The
difference between 1.0 and 0.90 is the magnitude of disagreement between hy,.q and
hyneas Wwhen forced convection dominates.
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Figure 10. hyeqsured/ Pnatural Versus wind speed

Likewise, plotting hymeas/hnat versus wind speed (Figure 10) highlights how
well the natural convection correlation predicts the measured convective coeffi-
cient at low wind speeds. The natural convective coefficient, hpg, is niot dependent
upon wind speed, but upon receiver wall temperature. So, for relatively constant
wall temperatures, hy,q remains virtually constant. However, as shown in Fig-
ure 6, fipeqs increases with wind speed. Thus, the ratio hmeas/hnat also increases
with wind speed. Under ideal conditions (perfect agreement between measure-
ment and prediction) the ratio Ameqs/hnat would never be less than unity, since
that means the measured convective coefficient is less than the contribution from
natural convection alone. Ideally, the curve of hmeqs/hnat Would remain unity from
wind speeds of zero up to the point where forced convection becomes a significant
contributor. The curve would then begin to increase with wind speed as the total
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heat transfer was more and more influenced by the forced convection contributions.
Figure 10 depicts less than ideal agreement between measurement and prediction,
with eight data points having the ratio hyeqs/Rnat less than unity. This plot indi-
cates that h,q overpredicts the total convective loss.

One simple adjustment can be made to the natural convection correlation
which will reduce its magnitude on the low end. In the recommended correlations
(20) for external receivers, a factor of 7/2 is added to account for the unknown ef-
fect of surface roughness introduced by the receiver tubes (Eq. (11)). It was felt
that roughness could serve to enhance the natural convective heat transfer, but to
what extent was unknown. The experimental data indicate that inclusion of the
recommended roughness factor is not warranted.

The same plot of Ayeas/Pngt versus wind speed, is shown in Figure 11 where the
natural convective coefficient was calculated without the roughness factor. Now
only one point has the ratio Ameqs/fngt less than unity. For completeness, Apeas
versus hyq is replotted in Figure 12 with the 7 /2 factor removed from the natural
convection correlation. The effect of this change is evidenced by better agreement
between measurement and prediction for convective coefficients less than about
10 W/m?°C.

Interpretation of Results

The results of the data analysis show good agreement between the measured
convective coefficient and that predicted using the correlations proposed by Siebers
and Kraabel. The scatter in the data is primarily the result of the large experimen-
tal uncertainties inherent in field testing. However, a more detailed examination of
the particular conditions during each test does provide further insight into the re-
sults.

Test Conditions—Table 1 summarizes the receiver and ambient conditions dur-
ing the convective loss testing. The test numbers (1-23) have been assigned for
convenience. The day number refers to the Julian date in 1984 on which that par-
ticular test was run. In general, two or three tests were run per test date. Table 2
gives the results of Siebers and Kraabel’s correlations for the test conditions.

Early in the testing, there are some tests with lower than normal inlet temper-
atures. The lower inlet temperatures resulted from physical difficulties which arose
during some tests that kept us from achieving a higher inlet temperature. The goal
was to always achieve the highest possible inlet temperature. However, if steady
conditions were reached at a low inlet temperature, the data point was taken. Note
that tests 1, 4~7, and 9 have low inlet temperatures.

During successive tests on the same test date, the variable that was intention-
ally changed was the receiver mass flow rate. Each of the eighteen boiler panel flow
valves was adjusted. The goal, which was realized more often in the latter half of
the test program, was to run one high flow case, one medium flow case, and one
low flow case. Different groups of panels have different sizes of flow control valves;
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Table 1. Summary of Test Data

Test Day Too Uoco Twall m I‘ Tin Tout hmeas
°C m/s °C kg/s | °C °C  W/m?Q
1 58-1 18.4 5.9 105.0 | 6.16 121.2 92.4 21.0
2 58-2 15.6 2.0 158.6 | 6.03 180.8 141.3 13.1
3 58-3 16.6 3.0 159.7 | 5.06 181.6 1422 9.0
4 50-1 19.2 3.2 104.7 7.35 1123 97.7 10.4
5 50-2 13.7 3.0 1478 7.18 163.0 134.6 11.7
6 130-1 27.5 8.5 1406 | 6.30 164 .4 122.0 235
7 131-1 26.2 11.0 126.3 6.34 149.1 100.0 27.1
8 131-2 24.6 9.9 141.5 3.96 1785 115.9 20.0
9 137-1 25.1 2.0 136.7 6.34 147 4 126.2 7.3
10 137-2 22.9 3.4 166.1 6.22 182.7 151.7 8.5
11 137-3 21.3 2.1 160.5 3.31 184 4 141.7 3.2
12 138-1 25.4 10.3 153.4 6.25 181.6 132.4 23.8
13 | 1382 24.4 9.8 141.9 3.10 182.8 116.0 14.9
:T_‘i 138-3 22.3 9.9 149.3 4.83 182.4 | 126.3 19.8
T 151-1 34.2 2.4 168.0 | 6.22 182.2 155.1 6.9
16 151-2 33.8 3.1 163.6 | 4.91 182.5 1475 7.9
17 151-3 31.1 5.4 155.0 3.49 181.6 135.1 7.0
18 152-1 32.9 12.0 151.4 6.24 180.4 1207 27.8
19 152-2 20.1 9.2 148.8 4.84 182.4 125.2 22.6
20 152-3 27.9 9.8 1400 | 3.78 182.7 1137 22.8
21 206-1 21.4 4.4 162.0 6.21 181.6 145.7 115
22 206-2 21.1 4.8 156.7 451 182.0 138.1 9.9
23 206-3 19.9 5.7 149.3 3.52 182.6 126.2 11.2

the high flow panels are located on the northern side of the receiver because the
concentration of solar flux on these panels is greater. Higher flow rates, therefore
larger control valves are required for the high flux panels. The high and low flow
cases used boiler panel flow distributions which were in proportion to the control
valve size, whereas in the medium flow case, the flows in each panel were nearly
identical. The different distributions had no discernible effect on the results.

Tests 4 and 5 have exceptionally high flows because the flow valve on boiler
panel 5 was stuck open, allowing about 1 kg/s (8000 Ib/hr) of flow through that
panel alone. During Test 1, five of the boiler panel flowmeters recorded severe os-
cillations (0 to 100 % of the flow setting). These oscillations most likely indicate
that the flow control valves were oscillating between open and closed. The averag-
ing technique used to obtain data points produced reasonable values for the flow in
these panels, however, the resulting temperature drops in these panels are not con-
sistent with those in neighboring panels. The details of these panel results will be
discussed in the Panel Data Analysis section. The point is that, since the flow rates
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Table 2. Predictions from Convective Correlations{29)

Test Day Too Uoo Twall Anat hforc hpred
°C m/s °C W /m?°C| W /m?°C | W /m?°C
1 58-1 184 5.9 105.0 5.8 17.7 17.8
2 58-2 15.6 2.9 158.6 6.8 8.3 9.5
3 58-3 16.6 3.0 159.7 6.7 8.7 9.7
4 50-1 19.2 3.2 104.7 5.7 0.7 10.3
5 59-2 13.7 3.0 147 .8 6.7 8.8 9.8
6 130-1 275 85 140.6 6.1 23.8 23.0
7 131-1 26.2 11.0 126.3 5.9 31.1 31.2
g 131-2 24.6 9.9 1415 6.2 27.5 27.6
9 137-1 25.1 2.0 136.7 6.1 5.8 74
10 137-2 22.9 34 166.1 6.6 9.6 10.4
11 137-3 21.3 2.1 160.5 6.6 6.1 7.9
12 1381 25.4 10.3 153.4 6.3 28.3 28.4
13 138-2 244 0.8 141.9 6.2 27.2 27.3
14 138-3 22.3 9.9 149.3 6.4 274 275
15 151-1 34.2 24 168.0 6.3 6.6 8.0
6 151-2 33.8 3.1 163.6 6.2 8.7 9.5
17 151-3 31.1 5.4 155.0 6.2 14.9 15.1
18 152-1 32.9 12.0 151.4 6.1 32.5 32,5
19 152-2 29.1 9.2 1488 6.1 25.2 25.3
20 152-3 27.9 9.8 140.0 6.0 27.3 274
21 206-1 214 44 162.0 6.6 124 12.9
22 206-2 21.1 48 156.7 6.5 13.5 13.9
23 206-3 19.9 5.7 149.3 6.5 16.1 16.4

are suspect on a panel basis and the total flow is computed as the sum of the panel
flows, Test 1 may not provide a good data point.

Other special circumstances during testing include the one test date (Day 151)
on which all tests were run during the day. The day was completely overcast, with
the threat of rain (which did not occur during the tests). All other tests were run
on clear nights. The fact that the tests were run during the day does not seem to
have noticeably influenced the test results. In addition, on Day 206, one of the elec-
tronic remote stations for processing the output of a group of instrumentation, was
not working. This station processed much of the meteorological instrumentation,
notably the receiver tower anemometers, and ambient and dewpoint temperature
sensors. Therefore, it was necessary to use other field sensors to supply this data
for Day 206.
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Figure 13. Effect of wall temperature

Influence on Test Results-Possible biases in the data resulting from these
anomalous test conditions were examined. Test characteristics that were consid-
ered include wall temperature, mass flow rate, wind direction, wind direction fluc-
tuations, and percent wind speed fluctuations. The results of these examinations
are presented in a series of plots (Figures 13-17). The measured versus predicted
convective coefficient was plotted and each data point was associated with a speci-
fied range of the test characteristic under consideration. The purpose of these plots
is to determine if there are ranges of the test characteristic for which agreement be-
tween Ameqs and hyreq tends to be better or worse.

Wall temperature was not a test variable; however a range of values resulted
due to varying wind speeds and other physical test conditions which prohibited the
inlet temperature from reaching its targeted value. Wind direction measurements
are expressed in degrees from due north (between panels 12 and 13), as shown in
Figure 3. Wind direction fluctuations were estimated from time plots of the wind
vane output. Time plots of the wind direction were not recorded for Tests 1-5. The
percent wind speed fluctuations were calculated in the same manner as the wind
direction fluctuations. The magnitude of the fluctuation was estimated from the
time plot and then expressed as a percentage of the total wind speed reading. No
biases appear to exist for Ty, (Figure 13), wind direction (Figure 15), wind direc-
tion fluctuations (Figure 16), or percent wind speed fluctuations (Figure 17).

The only factor which was found to influence the agreement between the mea-
sured and predicted convective coefficient was the receiver mass flow rate (Figure
14). For higher values of 1, the agreement is better than for lower values. This
agreement is not unexpected, since it is known that the flowmeter errors increase
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with decreasing flow. Figure 18 shows a more dramatic representation of the in-
fluence of mass flow rate with a plot of only data which have a flow over 5 kg/s
(40,000 I1b/hr).

Experimental results of heat transfer over rectangular bodies (3} and spheres
(32) have shown increases in heat transfer in the field of up to 200% from similar
experiments performed in the wind tunnel. This may be due to atmospheric tur-
bulence in the field that was not duplicated in the wind tunnel. Since the heat
transfer correlations used to predict hy,.q were developed from wind tunnel test-
ing, Siebers (29) suggested that convective losses at Solar One may also exhibit such
an enhancement in heat transfer. The data collected in these experiments do not
seem to show increased heat transfer due to increased turbulence intensity. How-
ever, the meteorological instrumentation used in this study to assess the turbulence -
intensity was not complete enough to properly characterize it. A topic for further
study would be to assemble more detailed measurements of atmospheric turbulence
using three-dimensional anemometers and a faster data scan rate. From the results
of this work, it does appear that the effect of atmospheric turbulence may be negli-
gable.
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Figure 18. Measured versus predicted convective coefficient, high mass flow rate

Uncertainty Analysis-A root-sum-square uncertainty analysis for determining
the uncertainty in single-sample experiments was performed on the data analysis
and correlation equations. The uncertainty in the predicted convective coefficient,
hored, is from 40 to 60% and in the measured convective coefficient, hyeas, 30 to
50%.
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The procedure for using the root-sum-square analysis was established by Kline
and McClintock (33) and is recommended by Siebers and Kraabel for convective
loss experiments. An enhancement was made to the basic uncertainty analysis fol-
lowing the recommendations by Abernethy et al. (34) | which separately accounts
for the precision and bias errors in the equation variables. Briefly, the precision er-
rors reflect the repeatability of the instrumentation, which can be reduced by mul-
tiple sampling of the output, and bias errors reflect an offset in the instrument’s
reading. The two results are then added together for the final uncertainty. Table
3 summarizes the results of the uncertainty analysis, listing the values of the mea-
sured and predicted convective coefficients and their associated uncertainties. The
main contributors to the uncertainty in Ameqs are receiver mass flow rate (), wall
temperature (Tya), and the receiver emissivity (¢). For hgyeq, the main contribu-
tors to the uncertainty are the uncertainties in the constants used in the correla-
tions. More detail on the uncertainty analysis is provided in Appendix A.

Table 3. Results of Uncertainty Analysis for hpeq and hyseqs

Test Correlation Uncertainty | Measurement| Uncertainty
hpred ‘Shpred himeas Ohmeas

1 17.8 +11.4 21.0 +6.5
2 9.5 +4.9 13.1 +5.6
3 9.7 5.2 9.0 +5.0
4 10.3 +6.0 104 +4.7
5 9.8 +5.3 11.7 +5.1
6 23.9 +15.5 23.5 +7.5
7 31.2 +20.3 27.1 +8.1
8 27.6 +18.0 20.0 +6.8
9 74 +3.3 7.3 +3.7
10 10.4 ’ +5.9 8.5 +5.1
11 7.9 +3.4 3.2 +4.2
12 28.4 +18.3 23.8 +7.6
13 27.3 +17.7 14.9 5.9
14 27.5 +18.0 19.8 +6.7
15 8.0 +3.6 6.9 +5.2
16 9.5 +4.9 7.9 +5.2
17 15.1 +9.4 7.9 +5.1
18 32.5 +20.3 27.8 +8.6
19 25.3 +16.3 22.6 +7.5
20 27.4 +17.7 22.8 +7.5
21 12.9 +7.9 11.5 +5.4
22 13.9 18.6 9.9 +5.1
23 - 16.4 +10.3 11.2 +5.2
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Panel Data Analysis

The panel data analysis shows the variation of the convective coefficient around
the receiver as a function of wind direction. The panel data analysis allows a more
detailed examination of the data. The trends in the convective coefficient around
the receiver are qualitatively compared to results in the literature for flow over
roughened cylinders. Finally, an area-averaged convective coefficient is calculated
for the cylinder from the panel data and compared with the total cylinder calcula-
tion and the correlation prediction of the same quantity.

Convective Coefficient versus Wind Direction

Panel Heat Transfer-An individual convective coefficient, h, was calculated
for each boiler panel, using equations (1-8). The six preheat panels were treated
as one large panel. Since the flow through a preheat panel is roughly five times as
high as through a boiler panel, the temperature drop is smaller and its accurate
measurement is more difficult. In addition, the thermocouples used for fluid tem-
perature measurement on the preheat panels were found to be inaccurate and not
adjustable during the instrument calibration campaign. Aggregating the preheat
panels into a single panel minimized these effects.

The convective coefficient determined for each panel in the experiments is plot-
ted as the Nusselt number {(Nu = hd/k) normalized by the square root of the
Reynolds number for data presentation. This parameter, Nu/Re%°, is used by
Achenbach (®®) in the presentation of local heat transfer around a roughened cylin-
der; Nu/ReO'5 equals unity for laminar boundary layers at stagnation (zero angle
of wind incidence) over a variety of Reynolds numbers. Panel number, rather than
angle of incidence, is plotted as the abscissa since the latter is less precise. The an-
gle of incidence can, however, be inferred from the plots which list the panel num-
ber at which the angle between the panel normal and the ambient wind direction
is approximately zero. It should be noted that the wind direction is obtained from
a single wind vane halfway down the tower. This vane is the one closest to the re-
ceiver and is considered an approximation of wind direction. Adjacent panels are
15 degrees apart. Figure 19 shows a qualitative representation of the different re-
gions occurring in flow around a central receiver. Stagnation always occurs at a
zero wind angle, although the other regions, such as transition, shift with respect
to wind angle due to surface roughness and Reynolds number.

As indicated in Figure 20 (a-f), all of the plots show similar trends in the heat
transfer as a function of wind angle. A few characteristic plots are presented and
discussed in this chapter, with a complete presentation of all twenty-three plots
in Appendix C. Figure 20a shows the results from Test 14, a high wind case, with
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Figure 19. Convective heat transfer zones on a cylindrical, external receiver

the wind incident at panel 18. The data point at panel number 0 is that for the six
preheat panels, combined as one. The heat transfer is fairly uniform up to 90 de-
grees from stagnation, where it increases to a maximum at about 115 degrees and
then falls to a minimum at about 180 degrees. The results shown in Figure 20a are
typical for a high wind test run, although some of the profiles are not as uniform.
Test 8 (Figure 20b) is such an example, having the same wind speed and virtually
the same direction as Test 14, yet exhibiting a much rougher profile. The point of
increase for this plot is about 105 degrees; the minimum is reached at about 195
degrees where, as in Test 14, the heat transfer again begins to increase. The ma-
jor difference between Tests 8 and 14 is the receiver mass flow rate; Test 14 has a
higher flow rate than Test 8.

The low wind tests also show similar trends. In Test 2 (Figure 20c), the wind
is incident on panel 7. The heat transfer remains uniform until about 105 degrees,
where it increases to a maximum and then declines at about 180 degrees. It ap-
pears that the panel 5 heat transfer is too high in Tests 1-5. An examination of the
raw data confirms an apparent problem with the panel flow reading during these
tests. In all cases, the reading is from 75 to 100 % higher than that of panel 6, yet
the outlet temperatures are identical. Other panels with flow rates about equal to
panel 6 show outlet temperatures similar to that of panel 6. Therefore, the high
value of Nu/Re%5 at panel 5 is believed to be anomalous.
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Figure 20. Convective heat transfer versus wind direction



Test 5 (Figure 20d) is similar to Test 2, except that the wind is incident upon
panel 21. The heat transfer initially increases gently, then shows a more abrupt in-
crease at about 105 degrees and falls to a minimum near 195 degrees. Test 3, shown
in Figure 20e is a second type of result seen in some of the low wind tests. These
profiles are considerably less pronounced. There is not a definitive explanation for
this change in profile, especially for these two tests (2 and 3) which were run on the
same night. The major change between the two runs was in the panel mass flow
rates; Test 3 was conducted with lower flows than Test 2. The complete set of test
profiles in Appendix C shows that, in general, the more clearly defined profiles are
associated with high mass flow rate tests, whereas the rougher or less well-defined
profiles tend to be associated with low and in some cases, medium, flow rate tests.

Test 1 (Figure 20f) is the only plot in which the data appears to be totally scat-
tered. Three points are out of range on the Nu/Re%® axis. Examination of the raw
data shows several inconsistencies between reported panel mass flow rates and out-
let temperatures - some of the reported outlet temperatures are exceedingly low.
These results are believed to be due to errors in the flowmeter readings, although it
is unclear why these errors are not present in Tests 2 and 3, which were conducted
on the same date as Test 1.

Heat Transfer from a Roughened Cylinder-Qualitative comparisons are made
between trends in the data and in heat transfer around a roughened cylinder un-
der controlled laboratory conditions, such as described by Achenbach (35). The lo-
cal heat transfer was measured as a function of angle around a roughened cylinder;
Achenbach reports results for three roughness values (ks/d of 75 x 107%, 300 x
1075, and 900 x 107%), and for Reynolds numbers ranging from 4.8 x 10* through
4.0 x 10%. Results at the smallest roughness are of interest since they are closest to
the calculated roughness at Solar One (90 x 1079).

The local heat transfer (Nu/Re%?%) is, in all cases, very nearly unity at stagna-
tion (¢ = 0°) where the boundary layer is laminar. At the lower Reynolds num-
bers, the boundary layer remains laminar until it separates from the cylinder (from
¢ = 80" to ¢ = 105° with increasing Reynolds number). Separation is indicated
by a minimum in the local heat transfer. At a Reynolds number of 5.9 x 10°, the
laminar boundary layer transitions to turbulence near ¢ = 60°, which causes
an increase in heat transfer, and then separates near ¢ = 115°, indicated by an-
other, more gradual increase in heat transfer. With increasing Reynolds number,
the boundary layer transition to turbulence moves closer to the stagnation point;
separation remains in the vicinity of 120 degrees.

Although no quantitative comparison was made between the Achenbach and
Solar One data, the Solar One data is self-consistent. A distinct increase in heat
transfer, beginning somewhere between 75 and 105 degrees, was observed which in-
dicates that separation occurs just before this increase in heat transfer.

Unlike the results presented by Achenbach, Nu/Re%® is seldom unity at the
stagnation point for the Solar One data. This is likely due to the presence of
freestream turbulence in the environment at Barstow and possibly also to natural
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convection. The meteorological instrumentation was inadequate for fully charac-
terizing wind speed and direction fluctuations. Additionally, the effect of buoyancy
(natural convection) on Nu/Re%® versus wind direction in Solar One data is un-
known.

Total Receiver Convective Coeflicient

The total convective coefficient can be calculated from the individual boiler
panel and preheat panel convective coefficients, according to the equation:

Zzziz;(hz Apanel) + 6hpreheat Apanel

h ldata = 1)
( meas)pane ata 24Apanel

Comparisons can then be made to the measured convective coefficient, (Ameas )bulk
as calculated in Chapter 2, and to that predicted using the correlations proposed
by Siebers and Kraabel (20) Rpredicted-

Comparison to (Rmeas)puik—Figure 21 shows a plot of (Rmeas) panel data» calcu-
lated from equation (13), versus (Ameas)buik, calculated from equations (1-8). The
agreement is quite good. The calculation of (Ameas)panel data is Telated to the cal-
culation of (Aymeqs)puik in the mass flow rate measurement. Nineteen calculations
of m Cp (Ty, — Tout) are made for (Rmeas) panel data- One thermocouple in the ring
manifold supplies the eighteen boiler panel inlet temperatures as well as the pre-
heat panel outlet temperature. Each boiler panel outlet temperature is the aver-
age of two thermocouples located at its outlet. In the calculation of (Ameas)bulk
one calculation of m Cp AT is performed. The mass flow rate, 71, is the sum of the
eighteen boiler panel flows and AT is the temperature measured by the differen-
tial thermocouple between the receiver inlet (preheat panel inlet) and outlet (boiler
panel outlet). So, although the calculations of (Ameas)panet data 304 (Rimeas)buik are
not completely independent, they are arrived at using different temperature data.
The agreement between (hyieas) panet data 804 (Rsmeas)puir adds confidence to both
sets of data.

The one data point in Figure 21 which is seriously out of agreement is Day 58
(Test 1). The problems with the individual panel data in Test 1 were described in
the previous section. The large discrepancies between panel flows and temperature
drops have not affected (Ameas)suir t0 the extent that they have (Bmeas)pane data-
The method used to calculate {Rmeas)puix is less subject to inaccuracy in flowmeter
readings. For example, one of the erroneous sets of panel data in Test 1 produced a
convective coefficient over 500% greater than the average of the other panels. The
total convective coefficient which is calculated by summing the panel mass flow
rates and using them in a single calculation of v C, AT, and thus h, is more ac-
curate than the total convective coefficient which is calculated as the average of the
individual panel convective coefficients. This is because the latter method is more
susceptible to influence by the highest uncertainty measurement of these tests —
mass flow rate.
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Comparison to hpredicrea—For completeness, a plot showing (hmeas)panel data ver-
sus Rpredicted, calculated from equations (9-12), is shown in Figure 22. Agreement
between the measured and predicted values is roughly the same as in Figure 12,
which is expected due to the high degree of agreement between (Ameas)panel data and
(Rmeas)butk in Figure 21.

A summary of the measured ((hmeas)buik ), Predicted (Rpredicted), and panel-

averaged ((hmeas) panel data) convective coefficients is presented in Table 4.

Table 4. Comparison Among (hmeas)bulk3 hpredicteda and (hmeas)panel data

Test Day Yoo (hmeas)bulk hpredicted (hmeas)panel dat}
m/s W /m?°C W /m?°C W /m?°C
1 58-1 5.9 21.0 17.8 34.6
2 58-2 2.9 13.1 9.5 13.9
3 58-3 3.0 9.0 9.7 9.6
4 59-1 3.2 10.4 10.3 8.8
5 59-2 3.0 1.7 9.8 11.7
6 130-1 8.5 23.5 23.9 24.4
7 131-1 11.0 27.1 31.2 29.5
8 131-2 9.9 20.0 27.6 21.2
9 137-1 2.0 7.3 7.4 7.6
10 137-2 3.4 8.5 16.4 7.6
11 137-3 2.1 3.2 7.9 3.9
12 138-1 10.3 23.8 28.4 26.6
13 138-2 9.8 14.9 27.3 16.0
14 138-3 9.9 19.8 27.5 21.9
15 151-1 2.4 6.9 8.0 7.3
16 151-2 3.1 7.9 9.5 8.8
17 151-3 5.4 7.9 15.1 8.1
18 152-1 12.0 27.8 325 25.6
19 152-2 9.2 22.6 25.3 23.2
20 152-3 9.8 22.8 27.4 22.8
21 206-1 4.4 11.5 12.9 14.5
22 206-2 4.8 9.9 13.9 11.3
23 206-3 5.7 11.2 16.4 12.5
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Conclusions

Convective Loss Measurements

Convective losses were calculated from energy loss measurements made at the
Solar One external, cylindrical receiver. The measured convective coefficient in-
creases with increasing wind speed. A root-sum-square uncertainty analysis es-
tablished confidence bounds for the experimental results. Despite the restrictions
placed on the range of flowmeter operation, receiver flow rate appeared to influ-
ence the test results. Tests which had low receiver flow rates showed less consistent
trends than high flow rate tests.

Comparison with Predictions

The data analysis yielded convective coefficients over a range of ambient wind
speeds and wall temperatures. Testing at lower wall temperatures did not obscure
the trends which would be present at higher wall temperatures (operating condi-
tions). Mixed convective coefficients for the test conditions were predicted using
measured ambient temperature, wind velocity, and receiver wall temperature from
correlations developed by Siebers and Kraabel (20), The comparison between the
measured and predicted convective coefficients is good, although the correlations
tend to overpredict the measured data by about 10% .

The predicted mixed convective coefficient, hpeq, is calculated from the nat-
ural and forced convective coeflicients (hpqt and h forc)' The correlations for both
hnat and kg, include a term to account for the surface roughness introduced by
the receiver tubes. However the predicted mixed convective coefficient would fit the
experimental results better if the roughness factor is removed from the natural con-
vection correlation.

Validation of the mixed convection correlation by these experiments increases
the confidence with which it is used. The mixed convection correlations verified by
these experiments are currently being used to:

a. provide a value for the convective coefficient in the Solar One thermal hy-
draulic panel model in the SAPPHIR and PARFLO (29) computer codes,

b. estimate the annual energy loss at Solar One due to convection (3¢), and

c. calculate the convective loss from an external receiver in the central re-
ceiver design code, DELSOL2 (87) (38)
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Local Measurements

The convective coefficient was also calculated for individual receiver paneis.
The relative wind direction for a panel was estimated as the angle between the
panel normal and the ambient wind direction. The variation of the normalized
convective energy loss (Nu/Re%®) as a function of wind direction was examined.
These results were qualitatively compared with data presented in the literature
(35) for forced convection heat transfer over a roughened cylinder. The comparison
could not be rigorous since (z) the Solar One measurement of wind direction is ap-
proximate, (77) the wind speed and turbulence intensity are not well characterized,
(177) the local heat transfer measurement is averaged for each panel, and (iv) it is
not known how bouyancy (natural convection) influences the results. However, a
consistent trend is observed in the heat transfer around the receiver. The smooth-
ness of the plot is related to the receiver mass flow rate; low flow rate tests have
more irregularly shaped curves.

The panel data were averaged to give an overall convective coefficient for the
receiver. These results compared well with the convective coefficient as calculated
from the single measurement of r Cp AT. The total convective coefficient which is
calculated by summing the panel mass flow rates and using them in a single calcu-
lation of m C, AT, and thus h, is more accurate than the total convective coefficient
which is calculated as the average of the individual panel convective coeflicients.
This is because the latter method is more susceptible to influence by the highest
uncertainty measurement of these tests — mass flow rate.
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APPENDIX A

Uncertainty Analysis

An uncertainty analysis investigates the propagation of errors through the data
analysis equations. It also the establishes the confidence with which predictive cor-
relations can be used.

The uncertainty analysis uses the root-sum-square technique. Measured pa-
rameters which affect the accuracy of the result are identified. A partial derivative
of the data analysis equation is taken with respect to each of these parameters. If F
represents the data analysis equation and z; are the parameters, where F is a func-
tion of the parameters, then the root-sum-square equation which expresses the er-
ror E in the result is:

E = /<g—£-5:z:1)2 + (%6@)2 4o Jr (gixn)z (4-1)

The §z; values are the errors associated with the data values, z,.

The method for performing the uncertainty analysis, described by Abernethy
et al., (34) accounts for both the random and biased errors. Equation (A-1) is ap-
plied twice: the first time using the random or precision errors as the z;; and the
second time using the biased or offset errors as the z;. The two results are then

combined according to:
U= +(B +1tgs9) (A - 2)

The term S is the uncertainty from equation (A-1) for the random errors, B is

the uncertainty for the biased errors, and U is the final uncertainty in the result.
The term tos is the 95" percentile from the Student’s ¢ distribution. This term in-
creases the random error for small samples. Since a data point is recorded every
ten seconds during the convective loss experiment, then averaged over five minutes,
the sample size is thirty. For sample sizes from thirty to infinity, tos5 is 2.

The random errors account for the repeatability of the instrument and signal
processing system. The biased errors account for offsets due to instrument calibra-
tion, estimates of physical constants (ie. receiver emissivity), and the unknown in-
fluences of conditions present during testing. An example of the last type is the es-
timation by Siebers and Kraabel (20) that turbulence in the ambient environment
could enhance the convective losses by up to 70% . This is an asymmetric offset.
Biased errors can be either symmetric (i.e. + 5 °C) or asymmetric (ie. + 70%).
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Table A.1. Errors used in the Root-Sum-Square Uncertainty Analysis

Parameter Units Random Biased
Error ~ Error

m kg/s 2% - 5%

T (1) °C 2 2

AT (2) °C 2 —

Twau °C - 10

D m — 2

L m o 2

Teo °C 1 2

€ — — 0.1 )

Cnat (4) - - 40

Cl—forc (5) - - 50

CZ~forc (5) - — 50

Uoo . m/s 10 5

al® — = 50

(1) Any fluid thermocouple (inlet, outlet, ring manifold)

(2) Differential thermocouple

(3) This error in measurement units, not percent

(4) Constant in natural convection correlation, Eqn. (10)
(5} Constants in forced convection correlation, Eqn. (12)
(6) Exponent in mixed convection correlation, Eqn. (9)

The biased errors in this analysis are considered symmetric. Table A.1 lists both
the random and biased errors which were included in this uncertainty analysis.

Using these errors, the random and biased uncertainties can be calculated for
both the measured and predicted convective coefficients. These quantities are pre-
§ented in Table A.2. The total uncertainty in Ameqs and hp.q was presented in Ta-
ble 3 in the Cylinder Data Analysis section.
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Table A.2. Random and Biased Errors in Data and Correlations

Test 6h pred hmeas 6hprea | bRmeas 6hpred bhmeas |
Prec Prec Bias [ Bias Total Total
1 1.7 1.0 8.0 g 4.5 11.4 6.5
2 0.7 0.9 3.5 3.8 4.9 5.6
3 0.8 0.8 3.6 34 5.2 5.0
4 0.9 0.8 4.2 3.1 6.0 4.7
5 0.8 0.8 3.7 3.5 5.3 5.1
6 2.3 1.1 10.8 5.3 15.5 7.5
7 3.0 1.2 14.3 5.7 20.3 8.1
8 - 2.7 1.0 12.6 4.8 18.0 6.8
9 0.4 0.7 2.3 3.1 3.3 3.7
10 0.9 0.8 4.1 3.5 5.9 5.1
11 0.5 0.7 2.4 2.8 3.4 4.2
12 | 2.7 1.1 12.9 5.4 18.3 7.6
13 Jj— 2.6 0.9 12.5 4.1 17.7 5.9
14 i 2.7 1.0 12.6 4.7 18.0 6.7
15 0.5 0.8 2.6 3.6 3.6 5.2
16 0.7 0.8 35 3.6 4.9 5.2
17 1.4 0.8 6.6 3.5 94 5.1
18 3.2 1.2 14.9 6.2 20.3 8.6
19 2.4 1.1 11.5 5.3 16.3 7.5
20 2.6 1.1 12.5 5.3 17.7 7.5
21 1.2 0.8 5.5 3.8 7.9 5.4
22 1.3 0.8 6.0 3.5 8.6 5.1
23 1.5 0.8 7.3 3.6 10.3 5.2
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APPENDIX B

Effect of Lower Wall Temperatures in Testing

Since the tests were performed with no solar flux on the receiver, the wall tem-
perature was considerably lower than it is during normal operations (150 °C ver-
sus 400 °C). To assess the effect of the lower wall temperatures, hnqt, b forc, and
hprea were calculated from the Siebers and Kraabel correlations at the test con-
ditions for wall temperatures of 300 and 400 °C. The results are shown in Table
B.1; the convective coefficient units are W/m? °C. Increasing the wall tempera-
ture increases the natural convective coefficient, particularly through the ratio
(Twan/Too) in equation (10). However, the forced convective coefficient decreases
due to changes in the air properties, which are calculated at the film temperature,
(Tfitm = (Twan + Teo)/2). These effects do not quite cancel each other. The net
result is that the mixed convective coefficient, hyyeq, increases if hyor. and hpgt are
about equal, and that hy,.q decreases if hy,,. is greater than hpg. The magnitudes
and trends of hyeq in the low wall temperature case are present in the high wall
temperature cases. It is therefore concluded that testing at lower wall temperatures
has not obscured the trends which would be present at higher wall temperatures.
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Table B.1 Predicted Convective Coefficients for Higher Wall Temperatures

Toall test Tyail 300°C Twall 400°C
hyat hforc hpred hnat hforc hpred hnat hforc hpred
5.8 17.7 17.8 8.1 15.3 15.9 8.7 13.5 14.5
6.8 8.3 9.5 8.2 7.6 9.8 8.8 6.8 9.9
6.7 8.7 9.7 8.1 8.0 10.0 8.8 7.1 10.0
5.7 9.7 10.3 8.0 8.4 10.2 8.7 7.4 10.1
6.7 8.8 9.8 8.2 8.0 10.1 8.9 7.1 10.1
6.1 23.8 23.9 7.8 21.7 22.0 8.4 18.9 19.3
5.9 31.1 31.2 7.8 27.9 28.1 - 8.5 24.3 24.6
6.2 27.5 27.6 7.9 25.0 25.2 8.5 21.9 22.2
6.1 5.8 74 7.8 5.2 8.5 8.5 4.6 8.8
6.6 9.6 10.4 7.9 9.0 10.5 8.6 7.9 10.2
6.6 6.1 7.9 8.0 5.7 8.7 8.6 5.0 9.1
6.3 28.3 28.4 7.8 26.1 26.3 8.5 22.8 23.1
6.2 27.2 27.3 7.9 24.8 25.0 g5 | 217 22.0
6.4 27.4 27.5 7.9 25.2 25.4 8.6 22.1 22.4
6.3 6.6 8.0 7.6 6.3 8.7 8.3 5.4 8.9
6.2 8.7 9.5 7.6 8.2 9.8 8.3 7.1 9.6
6.2 14.9 15.1 7.7 13.8 14.5 8.3 12.0 13.0
6.1 32.5 32.5 7.6 30.2 30.3 8.3 26.0 26.2
6.1 25.2 25.3 7.7 23.3 23.5 8.4 20.2 206 - |
6.0 27.3 27.4 7.8 24.9 25.1 8.4 21.7 220
6.6 12.4 12.9 8.0 i1.5 12.5 8.6 10.1 11.7
6.5 13.5 13.9 8.0 12.5 13.4 8.6 11.0 12.4
6.5 16.1 16.4 8.0 14.7 15.4 8.7 13.0 14.0
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APPENDIX C

Panel Data

Included in this appendix are the complete set of plots (Nu/Re%® versus wind
direction) which are discussed in the Panel Data Analysis section.
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APPENDIX D

The Effect of Convective Loss on Receiver Efficiency During Operations

Calculations were made to determine the effect of convective losses on the over-
all receiver efficiency during normal operations. The wind speeds and ambient tem-
peratures from the convective loss experiments were used. A receiver wall temper-
ature of 300 °C (572 °F) was used and a receiver absorptivity of 0.88 was assumed

(27), The efficiency was calculated by:

_ Pinc - Ploss (Dl)
P tnc
The incident power, P,,., was 45 MW;. The losses due to reflection, convection and
thermal radiation were calculated. The convective loss was calculated using Siebers
and Kraabel’s correlations (20) . Conductive loss was neglected since it is small.
Table D.1 gives the results of these calculations. The reflective loss was roughly
equal to the sum of the convective and thermal radiative losses and the total loss
was about 20% of the incident power. Figure D-1 shows a plot of wind speed versus
receiver efficiency.

0.80 )
Solar One Receiver
0.79 - _
Q0 Pinc = 45 M\A‘I’t
. 078" &o T,an = 300 °C
2 o077- o, a = 0.88
R o
o e
2 0.76 %
w  075-
®
2 074~ o
@ o
S 073- &
o o
0.72 - o
0.71- o
0.70 T T T T T ]
0.0 20 4.0 6.0 8.0 10.0 12.0

Wind Speed (m / sec)

Figure D-1 Wind speed versus calculated receiver efficiency during normal opera-
tions
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Table D.1. Predicted Receiver Efficiency versus Wind Speed

Test Teo Uoo hpred Peony 1 Prag Prefl n
°C m/s | W/m?C| MW MW MW
1 184 5.9 15.9 2.369 2.749 5.04 0.758
2 15.6 2.9 9.8 1.473 2.749 5.04 0.780
3 16.6 3.0 10.0 1.497 2.749 5.04 0.779
4 19.2 3.2 10.2 1.517 2.749 5.04 0.778
5 13.7 3.0 10.1 1.528 2.749 5.04 0.778
6 27.5 8.5 22.0 3.166 2.749 5.04 0.739
7 26.2 11.0 28.1 4.074 2.749 5.04 0.718
8 24.6 9.9 25.2 3.667 2.749 5.04 0.727
9 25.1 2.0 8.5 1.237 2.749 5.04 0.785
10 22.9 3.4 10.5 1.539 2.749 5.04 0.778
11 21.3 2.1 8.7 1.284 2.749 5.04 0.784
12 25.4 10.3 26.3 3.827 2.749 5.04 0.723
13 244 9.8 25.0 3.651 2.749 5.04 0.728
14 22.3 9.9 25.4 3.736 2.749 5.04 0.726
15 34.2 2.4 8.7 1.225 2.749 5.04 0.785
16 33.8 3.1 9.8 1.379 2.749 5.04 0.782
17 31.1 5.4 14.5 2.064 2.749 5.04 0.765
18 32.9 12.0 30.3 4.281 2.749 5.04 0.713
19 29.1 9.2 23.5 3.370 2.749 5.04 0.734
20 27.9 9.8 25.1 3.612 2.749 5.04 0.729
21 214 4.4 12.5 1.845 2.749 5.04 0.771
22 21.1 4.8 13.4 1.978 2.749 5.04 0.768
23 19.9 5.7 15.4 2.282 2.749 5.04 0.760

As the wind speed varies from 2.0 to 12.0 m/s (4.5 to 27.0 mph), the receiver
efficiency varies from 78.5 to 71.3% . This conclusion assumes that the incident
power and the average receiver wall temperature are constant, which implies that
the reflection and thermal radiation losses remain constant.

Solar One receiver efficiency has been plotted versus wind speed by Baker (22)

for data collected during normal operations. The absorbed power was computed

as mCp(Tout — Tiy) from measured plant data. The incident power was calculated
using “look-up tables” constructed from MIRVAL computer code predictions. The
calculated efficiencies ranged from 70 to 80%, with considerable scatter in the data.
A statistical fit to the data indicates virtually no decline in efficiency over the wind
speed range of 1.0 to 8.7 m/sec (2.2 to 19.4 mph). No error analysis or uncertainty
was associated with this data, however the predicted effect of wind speed on effi-
ciency from Table D.1 falls well within the scatter of the data presented in Baker’s
report. It is not clear that the experimental method used to determine these re-
ported efficiencies has sufficient resolution to discern the effect of wind speed.
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