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ABSTRACT

This report presents the results of an investigation into the heat-loss characteristics
of a cavity-type receiver for a parabolic dish concentrating solar collecior. The
receiver is similar to the type used in the Solar Total Energy Project in Shenandoah,
Georgia. This investigation examines the effects of aperture size, orientation, and
operating temperature on the heat loss of the receiver. The total receiver heat loss is
quantitatively separated into its three modes: radiative, conduction, and convection.
The testing was performed in a controlled environment, thereby eliminating any
potential wind contribution, It was executed off flux, i.e., with no incident insulation.
The receiver was operated in reverse of its typical operating configuration, whereby
the heat-transfer fluid was heated externally. Previous heat-loss models or
correlations with similar cavity receivers are compared with the experimental results
from this study. A convective heat-loss correlation is presented from these
experimental results. A theoretical model for the radiative heat loss is developed and
compared with two methods used to quantitatively determine the radiative component
of total heat loss.
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I. INTRODUCTION

Cavity type receivers are used extensively in concentrating solar thermal energy collecting
systems. The Solar Total Energy Project (STEP) in Shenandoah, Georgia is a large scale
field test for the collection of solar thermal energy.(1) The STEP experiment consists of a
large field array of solar collectors used to supplement the process steam, cooling and other

electrical power requirements of an adjacent knitwear manufacturing facility.

The main components of each collector are the concentrator, the tracking mechanism, and
the receiver (Fig. 1). The concentrator is a 7 meter diameter parabolic dish with a highly
reflective coating on the inside surface. Each collector has two axes of rotation for tracking
the sun all throughout the days of the year. The collectors are subjected to continuous

changes in ambient conditions $uch as wind, solar insulation, and ambient temperature.

PARABOLIC DISH

Figure 1. Solar Collector(1)

These environmental variations, as well as changes in receiver tilt, affect the overall

receiver performance. The receiver used in this study is a parabolic collector.




A thorough understanding of receiver heat loss characteristics is essential for future
development of solar receivers, and optimization of the STEP system presently in use. The
system boundary of the receiver is defined as the outer skin of the receiver and the aperture
opening (Fig. 2). The portion of the boundary formed by solid walls are only subject to
conductive heat transfer. The aperture, however; is subject to convective, conductive and
radiative heat transfer. Mass transfer occurs across the aperture and through the heat

transfer fluid lines crossing the system boundary.

Tout* *Tin Qtotalzﬁ'lcpAT

> Uconduction

system
boundary

Jconvection

Gradiation
Figure 2. Heat transfer system boundary

Analytical methods for predicting the conductive and radiative heat losses from a cavity
receiver are fairly straight forward. This, however; is not the case for convective heat loss
analysis. The complex geometry of the cavity makes it difficult to use existing analytical
models for predicting convective heat loss. Few convective heat loss correlations, for
cavity receivers, exist due to the lack of significant empirical data. Correlations for

receivers with simple geometry are not considered valid for this receiver.



An extensive search of current literature produced only a few studies on heat loss from
cavities. A study was performed by LeQuere, Penot, and Mirenayat in which heat loss
characteristics of two different sized cubical cavities were examined.(?) They considered
variations in receiver operating temperature and angle, in their study. A stady performed by
Koenig and Marvin, presented by Harris and Lenz, gave an empirically derived correlation
for convective heat loss from cylindrical cavity type receivers, including the effecis of
variation in operating temperature and angle.®) An analytical model for convective heat loss
for an open cubical cavity receiver was presented by A. M. Clausing ) The Clausing
model was developed for a central receiver operating at much higher temperatures than the
receiver studied here. Sicbers and Kraabel presented a model for the convective heat loss

from a central cylindrical cavity receiver.)

There is some experimental data available for this type of receiver from previous tests on
off-flux field measurements conducted with limited instrumentation at STEP.®) Field
measurement experiments, such as the one conducted at STEP, provide no control over
environmental conditions such as wind, and ambient temperature. In order to control the

environmental conditions, receiver testing for this study, took place indoors.

The purpose of the tests, conducted for this study, was to isolate and quantify the radiative,
conductive, and convective components of total heat loss, and to determine the effects of
operating temperature, receiver angle, and aperture size on cavity heat loss. An analytical
model for radiative heat loss was developed and compared with two other methods used to
determine radiative heat loss. A proposed convective heat loss correlation, including effects
of aperture size, receiver operating temperature, and receiver angle is presented. The

resulting data is a source to egvaluate the STEP measurements.




II. APPARATUS

A. Receiver

A drawing of the receiver studied in this work is shown in cross section in Figure 3. The
cavity of the receiver is composed of a single tube wound in a conical frustum-cylinder
shape with the aperture at the cylindrical end of the tube bundle. The tube bundle is -
wrapped in a thick blanket of Kaowool® insulation. The outer skin of the receiver is
formed by a single cylindrical wrap of sheet metal. The outer skin extends beyond the
aperture face to serve as a wind break. The flow lines to and from the receiver are heavily
insulated, The inlet and outlet lines for these tests, as shown in Figure 3, are the reverse of
those for an on-flux receiver in field operation.

68.6cm
29.2cm —>»f 14.0cm

insulation

inlet:
outlet

91.4cm
Figure 3. Cavity receiver cross section.

The receiver is cradled in a frame that allows it to rotate 180° (Fig. 4). The receiver can be
fixed at 15° increments from -90°, where the aperture is upward, to +90°, where the

aperture is downward (Fig. 5). The high pressure flexible lines on the sides of the receiver

4



test stand allow the receiver to rotate freely for each test position.

Thermocouples were used to measure the receiver inlet and outlet temperatures. Two in-
house calibrated K-type thermocouples were imrmersed in each of the heat transfer fluid
(HTF) inlet and outlet lines of the receiver. One of the thermocouples from the inlet and
outlet lines measured absolute temperature. The remaining two thermocouples were
connected in series to yield a direct measure of the temperature difference between the inlet
and the outlet. The receiver was further instrumented with seventeen surface thermocouples
and thirteen internal air thermocouples (Figure 6). The surface thermocouples were spot

welded in place with the lead ends spaced approximately one-eighth inch apart.

Figure 4. Receiver test stand




aperture up
50

N .

aperture down
+90°

Figure 5. Receiver angles

Thermocouple. TC/Switsh Correlation
Identification
TC sW | TC sw | IC SW]IC SW
A air TC > # ID # D # ID #
T: tube surface TC 14 1 3A 3 55 15 | BA %%
3: outer skin surface TC IT 2 35 ¢ 6A 16 [ 8T 2
C: back cover suface TC 1S 3 4A 10 6T 17 | 88 24
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An insulating annulus with a corresponding center plug were fabricated for each of the
aperture sizes tested (Fig. 7). The aperture sizes tested were 6 inch diameter, 12 inch
diameter, 18 inch diameter, and 26 inch diameter. The 18 inch diameter aperture is the size
presently being used for this model of receiver. The 26 inch diameter, the internal diameter
of the cavity, aperture leaves no lip to the cavity. The aperture plug and annulus were
fabricated of 1 inch thick solid insulation boards. The plug was tapered inward to fit snugly
in the respective aperture annulus. The plugs were held in place by two wooden straps

extending across the aperture end of the receiver.

Figure 7. Annulus and plug

B. Flow Loop

The heat transfer fluid was heated by a heating and pumping station adjacent to the recetver
(Fig 8). The flow system consists of two parallel flow loops- the primary heating loop and
the receiver feed loop. The primary heating loop has available two in-line 12 kW electric
heaters. A minimum flow rate of 5 gpm was maintained in the heating loop to prevent
excessive film temperatures of the HTF in the heaters. The receiver feed loop was throttled
for a flow rate through the receiver of 1 gpm. The HTF flow rate through the receiver was
measured using three turbine flow meters connected in a series on the inlet line to the
receiver. The flow meters are located in a straight section of piping allowing ample
upstream and downstream damping lengths. Three flow meters are used for measurement

redundancy. One flow meter was factory calibrated. The remaining two flow meters were




calibrated against the factory calibrated flow meter.
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Figure 8. Heat transfer fluid heating system



C. Radiometer Setup

One method used to determine the thermal radiative heat loss from the aperture was with a
radiometer. The radiometer was mounted on a tripod and placed directly below and
centered on the receiver. The radiometer was water cooled and the return water temperature
was monitored. The radiometer signal output leads were connected to the computer data
acquisiﬁon system. A Saran Wrap window assembly was ;iositioned over the radiometer in
place of the quartz window bezel. The radiometer window serves to isolate the temperature
sensitive thermopile surface from localized convective currents. This is discussed further in

radiometer calibration section.
D. Data Acquisition

A computer was used for data acquisition and display. This consisted of an Apple Tle
computer with two 16-channel data acquisition cards each connected to a thermocouple cold
junction terminal box, The following transducers were connected to the data acquisition
system; receiver inlet and outlet thermocouples, two ambient thermocouples, three receiver
flow meters; radiometer; radiometer water thermocouple; loop inlet and outlet
thermocouples; and the main flow loop flow meter . The surface and air thermocouples on
the receiver were connected to a digital display unit via a multi-channel thermocouple
switch. The surface and air receiver temperature readings were recorded manually when

steady state conditions were obtained for each test point.
III. TEST METHOD

The testing was conducted in two phases. Phase One of the testing examined the effects of
receiver operating temperature and receiver angle on the receiver heat loss. Phase Two
looked at the effects of receiver aperture size on the receiver heat loss: After Phase One,

and before Phase Two, the receiver was overhauled. The overhaul of the receiver included




replacing the insulation in the walls, repainting the tube surfaces, and resealing the seams
and ports through the outer skin of the receiver.

A. Temperature and Receiver Angle Effects

The model of the effects of temperature and receiver angle on heat loss developed in this
study utilizes results from both Phase One and Phase Two tests. The overlap portion of the
Phase One and Phase Two tests were compared for ease of repetition. The four nominal
operating temperatures in Phase One testing were 300°F, 400°F, S00°F, and 600°F with the
standard 18 inch aperture. The Phase Two study was conducted at operating temperatures
of 400°F and 600°F and incorporated 6, 12, 18, and 26 inch apertures. The nominat
operating temperature was based on the average of the inlet and outlet temperaftures. For
each operating temperature the receiver was tested at ten angles from -90° to +90° in Phase
One. The receiver angles tested were from 0 to +90°, every 15° and from 0 to -90°, every
30°, Phase Two included receiver angles from 0° to +90°, every 15°, More angles were
tested in the positive range, since most cavity receivers operate in this range. The negative
angles were tested to provide a clearer understanding of heat loss characteristics, asa
function of receiver angle. However, some concentrating solar collector designs operate

with inverted cavity receivers.

At the beginning of each test, the receiver was placed in the +9(0° position with the aperture
facing down. The flow system was started and the fluid was heated as close to the
operating temperatiure as possible. Obtaining the nominal HTF temperature at the receiver
inlet usvally meant setting the heater temperature 25°F to S0°F higher, accounting for heat
loss from the connecting line. The flow rate through the receiver was adjusted to
approximately one gaflon per minute. The one gallon per minute flow rate is typical for
these type of receivers at STEP. Thermal stabilization is attained when there is less than 0.1

degree change in the inlet and outlet temperatures over the two minute data sampling
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interval. Reaching thermal stabilization often takes several hours depending upon the
nominal operating temperature and the ambient laboratory conditions. When thermal

stabilization was reached, temperature and flow measurements were recorded.

The convective heat loss from the cavity of the receiver is assumed to be negligible when
the receiver is in the +90° position. This assumption is supported in two ways. First,
smoke flow visualization techniques revealed negligible air flow across the aperture with
the receiver in the +90° position. The second is the minimal variance between
experimentally determined radiative heat loss at +90° and the calculated values and

radiometer measurements.

Therefore, the total heat loss from the receiver in the +90° position is composed of radiative
losses from the aperture and conductive losses through the side, back, and annulus walls of
the receiver. The aperture of the receiver was then fitted with an insulated plug to eliminate
the radiative component from the total heat loss. With the plug in place, the system was
again allowed to reach steady state and again the temperature and flow measurements were
recorded. In this manner, the radiative and conductive components of the total heat loss
from the receiver for a particular operating temperature were isolated, The radiative and

conductive heat losses are assumed constant with receiver angle.

The receiver was then positioned in the +75° attitude and the system allowed to stabilize.
The temperature and flow measurements were again recorded. The total heat loss
measurements were normalized linearly to the nominal test temperature for comparison
purposes. This accounted for the variation in the operating temperature from one test setup
to the next. The thermal stabilization procedure was repeated for each receiver angle tested.

The entire procedure was repeated for each nominal operating temperature test point,
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The total heat Ioss from the receiver can be expressed as a mathematical relation. The

preceding appears as:
rotal = 11 Cp (Tia - Towd
where:
Tin= teanﬁerature of fluid at the inlet to the recetver [K]
Tou = temperature of fluid at outlet to receiver [K]
m = mass flow rate of the fluid [g/m]

Cp = specific heat of the fluid [K]

The mass flow rate is given by:
th = ¥p

where:

v = volumetric flow rate

p =heat transfer fluid density at the inlet temperature
The conductive heat loss is given by:

Joonductive = Uplugped @+90°L
The radiative heat loss is given by:
Qradiative = Qunplugged @+90°£ ~ Gplugged @+90°Z

The convective heat loss at any angle, @, is then given by:

Qeonvective @ o = Qiotal @ o” ~ Geonduction = Uradiative

The HTF volumetric flow rate, inlet temperature, outlet temperature, and temperature

difference were all measured with transducers. The density and heat capacity were both

calculated as functions of temperature.

B. Aperture Size Effects

The second Phase of the testing examined the effects of receiver aperture size on the
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receiver heat loss. This Phase of the testing was performed at two operating temperatures
of 400°F and 600°F, and seven receiver angles from 0 to +90° at 15° increments. The four
aperture sizes tested were 6 inches, 12 inches, 18 inches, and 26 inches. The 18 inch
diameter aperture is the standard size for this receiver. The Phase Two testing followed the
same procedure used in Phase One testing with the additional step of changing aperture

size, Heat loss values from Phase One were compared with Phase Two.

v RESULTS

A. Temperature and Angle Effects on Total and Convective Heat Losses

The data summary of the receiver operating temperature and receiver angle effects from the
Phase One tests are tabulated in Appendix 1. These results were first presented by Stine
and McDonald(®, Total receiver heat loss varies, approximately, linearly with operating

temperature (Fig. 9).
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Figure 9. Total receiver heat loss versus operating temperature
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The total receiver heat loss varies non-linearly with receiver angle (Fig. 10). The total heat
loss is at a minimum when the receiver aperture orientation is downward. This supports the
assumption of negligible convective heat loss with the receiver in this position. The
maximum heat loss occurs when the receiver aperture is oriented at approximately +45°
above horizontal. This particular receiver would not normally operate at angles above

horizontal as these are negative angles.
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Figure 10. Total heat loss versus receiver angle for 18 inch aperture

Results from duplicate test conditions from Phase Two are also presented in Figure 10. As
discussed previously, the convective heat loss through the aperture is determined by the
difference between the total heat loss at any angle and the total heat loss for the +90° angle
(Fig. 11). This requires that the convective heat loss be zero when the receiver is positioned
at +90°, with the aperture down. The maximum convective heat loss occurred with the

receiver in the ~45° position. The reduction in total heat loss from Phase One to Phase Two
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testing, for receiver angles less than +60°, was assumed to be primarily due to the
improved insulating properties of the cavity walls. The larger difference in the total receiver
heat loss from Phase One to Phase Two for receiver angles greater than +60° resulted from
the combined effects of improved insulation in the cavity walls and better sealing of the
outer receiver skin. Apparently, sealing of the skin had little effect on heat loss from the

receiver for angles less than +60°.
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Figure 11. Convective heat loss for 18 inch aperture versus receiver angle

B. Aperture Size Effects on Total and Convective Heat Losses

The data summary of the Phase Two aperture size testing are tabulated in Appendix 2.
These results were first presented by Stine and McDonald ®. The effect of aperture size on
the receiver total heat loss is shown (Fig. 12) for an operating temperature of 600°F. Ata
receiver angle of 0°, the total receiver heat loss increases by a factor of three as the aperture

diameter increases from 6 inches to 26 inches. The total heat loss at the +75° and +90°
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receiver angles are approximately equal. This agrees with a previous study (Stein and
McDonald) on the effects of receiver angle(6), At these positions the total receiver heat loss
increases by a factor of two when the aperture diameter increases from 6 inches to 26
inches for a 600°F operating temperature. At +45° the total heat loss increases
approximately linearly with increase in aperture size. The receiver angle has less effect on
the total heat loss for small apertures. The maximum variation due to receiver angle in the

total heat loss is 0.4 kW for the 6 inch diameter aperture as compared to 1.2 kW loss with

no aperture (26 inch aperture).
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Figure 12, Total Receiver Heat Loss versus Aperture Size for 600°F

The effect of aperture size on the convective component of the total heat loss is shown in
Figures 13 and 14. Aperture size has a much greater effect for low receiver angles than
high receiver angles. The results also showed the convective loss increased dramatically
when the aperture increased from 6 inches to 18 inches. There was little change in the

convective loss as the aperture increased beyond 18 inches.
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Figure 13. Convective Heat Loss versus Aperture Size for 400°F

2.5
2.0
1.5 -+
1.0 : ////
- 7
X E//
0.5 [ & 'a'- . Foagein- 4
- A N ]
0.0 § T 11
0.0 6.0 12 18 26
Aperture Diameter {inches]

Figure 14. Convective Heat Loss versus Aperture Size for 600°F

17




C. Radiative and Conductive Heat Losses

In these tests, the radiative heat loss was determined from the difference between the
plugged and unplugged values of the total heat when the receiver is in the +90° position.
The radiative heat loss was assumed constant for all receiver angles. The conductive heat
loss, through the receiver walls, was given by the total receiver heat loss when the receiver
was in the +90° position with the aperture plugged. The conductive heat loss was also
assumed constant for all receiver angles. The radiative and conductive heat losses from
Phase One and Two of the testing were compared for repeatability (Fig. 15). Some

differences were expected as a result of overhauling the receiver after the Phase One tests.
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Figure 15. Radiative and Conductive Heat Losses versus Receiver Temperature
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An infrared radiometer was another method used to determine radiative heat loss. The
difference between radiometer readings taken with the receiver plugged and unplugged
measured the radiative heat loss through the aperture. The two methods for determining the
radiative heat foss are compared for operating temperatures of 600°F and 400°F (Figs. 16
and 17). The radiative heat loss increased approximately with the square of the aperture
area, For each of the two nominal operating temperatures, the analytical heat loss was
slightly higher. The difference between the analytical and experimental data, radiative heat
loss, increased positively with aperture size. The disparity was accounted for via the
estimated parameters used in analysis. These parameters include surface emissivity,
temperature distribution, refractory and non-refractory. For small aperture diameters to
cavity volume ratios, the cavity will radiate through the aperture essentially as a black body
regardless of the emittances of the internal surfaces. However, as the ratio increases the
cavity becomes less of a black body emitter, For large aperture diameter to cavity volume
ratios, the emittances of the internal surfaces become critical in determining the cavity
emittance. Also, for larger apertures the temperature difference between the inlet and outlet
becomes significant. The fixed difference used in the analysis for all aperture sizes could
affect the results. Further investigation is required to provide more accurate temperature

distributions.

19




é 1000 4] —©— analytical 400°F |3
3 s —0O— Qplugged - Qunplugged .
:5 300 I — 4 — radiometer p
f7 o 4 2
[ e [
SE I /(/, - //f
‘5 400 » . ,/
= i e ]
R 200 3 /‘,/ ]
= e
'3 [ _=F i
0 }Ef 1 L5 P11 1L.L ! 111 111 | ] LLb -1l 1 11 1 l_l—
6 12 18 26
Aperture Diameter [in,]

Figure 16 Radiative Heat Loss versus Aperture Size at 400°F

% 2500 o= analytical 600°F [
& [ | —— Qplugged - Qunplugged /)
= 2000 . y
50 - |- A radiometer / .
8 | - B —— _
— A /! 4
i % 1500 : Y4 : ﬁ
S E - ’/ / ]
g 1000 A
LM B P ..
T i yd /,29/ )
g r / 9
g 500 2
;a i / L ]
o [ g L B
(24 ]
0 TI% 111 11 111 J.1_1 111 | 3 I ) L1l L1 111
6 12 18 26
Aperture Diameter [in.]

Figure 17 Radiative Heat Loss versus Aperture Size at 600°F

20



The total heat loss make-up, in terms of the radiative, conductive, and convective
components, changes with aperture size. With a 6 inch aperture and the receiver at 45° the
conduction loss forms about 65% of the total heat loss. With the receiver at a typical
operating angle of 45° and an operating temperature of 600°F, radiative and convective

percentages of total heat loss are approximately equal to an aperture of 26 inches (Fig. 18).
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Figure 18, Peicent Heat Loss Modes versus Aperture Size for 600°F at 45° angle

VI. PREVIOUS CAVITY CONVECTION LOSS MODELS

A. LeQuere, Penot, and Mirenayat Model

LeQuere, Penot and Mirenayat presented an experimental correlation for Nusselt number as
a function of Grashof number.® Their study used a cubical cavity typical of those used in
central receiver systems. The study investigated varying receiver temperatures and angles.

The model was developed for a maximum temperature difference between cavity walls and
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the ambient, 230°F. Variation in receiver angles used in the model were from 0°, where the

aperture is upward, to 180°, where the aperture is downward.

The cavity used in their testing was modular in design so that each panel could be heated
independently. The panels were electrically heated, The electrical power and temperature of
each panel were measured. Modular design allowed for local as well as global heat loss
analysis. The total heat loss of the cavity was determined from the total elecirical power
used by all the panels. They determined the radiative component for total heat loss by

surnrring the radiative heat loss of each panel to the cavity apertuse.

Nm
Qradiative = Z £GS ('14panel - ,I‘:.mbient) Fio (6}
i

where:
© = Stefan-Boltzmann constant [W/m?2-K4]
& = emissivity of each panel
S = panel surface area [m?]

T aney = individual panel temperature [K]

T,

ambient = 201bient temperature [K] opening

F,_, = view factor for a panel to cavity opening

N, = total number of panels that compose the cavity

The conduction heat loss component is determined by the total heat loss of a plugged
cavity. By plugging the aperture of the receiver, the radiative and convective components of

the total heat loss are eliminated.

The convective heat loss is determined by subtracting the conductive and radiative
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components from the total heat loss.

Jeonvection = Qtotal = Qeonductive = Jeadiative

Their Nusselt number is given by:
Nu Qconvection L

- Sk (Tpanel - Tambient)

where:
L = dimension of cavity aperture [m]
k = thermal conductivity of air [W/m*K]
S= total interior cavity surface area [m?]

The Grashof number is given by:

& B (Tpane1 = Tambient) L3

Gr
V2

where:
g = local gravitational acceleration [m/s2}
B = thermal expansion coefficient of air [K-1]

v = kinematic viscosity of air [m2/s]

)

@®

©

All fluid properties were evaluated at the ambient temperature. The experimental correlation

for Nusselt number as a function of the Grashof number is given by:

Nu =a Gr*

10)

The coefficient 'a’ and the exponent ‘b’ are empirically derived and are both a function of

receiver angle. The values of 'a’ and ' are presented in Table 1 for receiver angles of

interest in this stndy. Equation 10 is valid for a Grashof number between 107 and § x 109,
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Table 1.
Empirical .correlation coefficients and exponents

Receiver Angle { Coefficient Exponent
o a b
90 0.0570 0.353
-75 0.0470 0.360
-60 0.0545 0.360
-45 0.0465 0.370
-30 0.G480 0.369
-15 0.0465 0.368
0 0.0925 0.330
15 0.0810 0.331
30 0.0640 0.332
45 0.0605 0316
60 0.0685 0.202
75 0.0330 0302
90 NA NA

Consideration must be given to the difference in the cavity geometry from receiver used by
LeQuere, Penot and Mirenayat and that used in this study. The receiver used by LeQuere,
Penot and Mirenayat was cubical whereas the receiver used in this test was cylindrical and
conical. The LeQuere, Penot and Mirenayat receiver aperture is the same as the

characteristic interior dimension. They did not study the effect of varying aperture sizes.

LeQuere, Penot and Mirenayat modeled convective heat loss through the aperture is given
by:

Qconvective = h A (Teay - Tambient) (11)

where:
h = convective heat transfer coefficient [w/m2k]
A = total interior cavity surface area [m?]
T, = area average cavity surface temperature [K]

T

ambient = ambient air temperature [K]
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The convective heat transfer coefficient is given by:

h= % (12)

where:
L = dimension of cavity aperture fm]
k = thermal conductivity of air [W/m-K]

Nu = Nusselt number

A BASIC computer language program was written to solve for the convective heat loss
from the receiver used in this study applying the LeQuere, Penot, and Mirenayat model.
For a listing of the computer program see Appendix 3. The results are presented in
Appendix 4. The variations in the convective heat loss with receiver angles for operating
temperatures from 300°F to 600°F and aperture sizes from 6 inches to 26 inches are

presented (Fig, 19).
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Figure 19. Convective heat loss for LeQuere, Penot, and Mirenayat model
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B. Koenig and Marvin Model

The Koenig and Marvin model for predicting convective heat loss from a cavity receiver is
presented by Harris and Lenz.(10) Their model is-based on operating temperatures between
550°C(1022°F) and 900°C(1652°F) for an on-flux analysis. The operating temperature
range used by Koenig and Marvin is considerably higher than any receiver temperature
tested in this study. The Koenig and Marvin receiver was designed to operate at higher

ternperatures.

For the Koenig and Marvin model the convective heat loss through the cavity aperture

is given by:

flqav =h AT(Tcay ~ Tamb) (13)
where:

Aq = area of heat transfer tubing facing inside cavity [m?]

T, = inside cavity temperature or mean operating temperature [K]
T, mp = ambient air temperature [K]

h = cavity convective heat transfer coefficient [W/m2k]

The heat transfer coefficient is given by:

1, — K Nilgay
'h =71 (14)

where:
k = thermal conductivity of air [W/m-K]

Nu,,, = Nusselt number of the cavity

L = characteristic length of the cavity {m]
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The characteristic length of the cavity used by Koenig and Marvin is given by:

L=+v2 Rcav,i

where:

Reav,i = mean inner cavity radius [m]

The Nusselt number is given by:

Nucay = 0.52 P@) 25" (Gry Pr)1/4

where:

P(¢) = is an expression that accounts for the effects of receiver angle
A, =1is an expression that corrects for aperture size

Grp = Grashof number

Pr = Prandd aumber

The receiver angle function is given by:

P($) =cos32p for 0°< ¢ <45°

P($) =0.707 cos?2p for 45° < $<90°
where:

¢ = angle of cavity axis with the horizontal [degrees]

The aperture size function is given by:
where:
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Rgp = cavity aperture radins {m]

The Grashof number is given by:

Gy = L38B(Teav - Tamb) 0)

v2

where:

g = gravitational acceleration [m/sec?]
B = coefficient of volumetric expansion [K-1]

v = kinematic viscosity [m2/sec]
The volumetric expansion coefficient for air is calculated as:

=1 21
ﬂ TPTOP

where:

Toop = temperature at which the air properties are evalnated {K]

The Koenig and Marvin air properties temperature is given by:

Tprop = % Teav + 1% Tamb (22)

The thermal radiative losses through the cavity aperture from the hot interior surface is

given by:
Grad = nR%peaa (Thay - ‘1‘4amb) (23)
where:
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&, = emissivity of the aperture
@ = Stefan-Boltzmann constant [W/m2-K4]

£,= 0.9 for these studies

The conduction heat loss through the walls of the cavity is given by:

= klAc (Tcav - Tamb) (24)
t

flcond

where;

A, = area for conduction through the cavity [m?]
k; = thermal conductivity of the cavity insulation [W/(m - K)]

t = thickness of cavity insulation [m]

The conduction area of the cavity for the receiver considered in this study is given by:

Reav,i + 2 i +
TAav,1 Rcav,o) + 2 T {Rcav,z Rcav,o

Ac=T (P 7 ) F T Rei-RE)  (25)

where:

Reav,o = cavity outside radius [m]
Application of the Koenig and Marvin model to the receiver under study here was
accomplished using a BASIC computer language program. The program is listed in
Appendix 5. The results of the Koenig and Marvin modeling are found in Appendix 6.

Figure 20 summarizes the values in Appendix 6.
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Figure 20. Convective heat loss for Koenig and Marvin model

C. CLAUSING MODEL

The Clausing model of convective heat loss from cavities was developed for large central
receivers as opposed to the small receiver, used in this study.(1) The receivers utilized for
the development of the Clausing model were simple in geometry with no curved surfaces.
The Clausing model has been modified for application to the receiver provided in this
study. The model was developed for on-flux mode of operation. For on-flux analysis the
refractory surfaces are assumed to have a higher temperature than the active surfaces,
whereas, for off-flux analysis the temperature conditions are reversed. Many of the
temperature terms used in the Clausing model required modification to work for an off-flux

situation.

Clausing’s convective heat loss is based on an energy balance between the convective
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energy loss within the cavity, q., and the energy transported through the aperture of the

cavity, g, (i.e. . = qc) (Fig 21).

receiver cavity

Figure 21. Convective heat loss balance

The cavity is divided into two zones: a convective zone and a stagnation zone (Fig. 22).
The horizontal plane cutting through the upper lip of the cavity aperture divides the
convective zone from the stagnation zone. The convective current in the cavity flow over
the heated surfaces, the refractory surfaces, and the area of the horizontal plane dividing the
stagnation zone from the convective zone. The heated and refractory walls in the stagnation

zone do not participate in any convective heat transfer,

horizontsl plane ‘Stagnation zone y

convective zone I

receiver cavity

Figure 22. Receiver internal cavity zones
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1. Convective Energy Loss Through the Aperture

According to Clausing, the convective energy loss through the aperture is given by:

Qa = Cp(Peo Va Ad) (T - T0) (26)

where:

p., = ambient air density [kg/m?3]

V, = average air flow velocity into the aperture [m/s]

A, = area of the aperture through which air flows into the aperture [m?]
Cp= specific heat of ambient air {J/kg-K]

T, = temperature of the exiting air [K]

T, = ambient air temperature [K]

The average exiting velocity is given by(11:

Va=21VI(Cs Vo)* +(C4 V) @7)

where:

Cy=1
Cy=172
V = wind speed [m/s]
V;, = buoyancy induced velocity [m/s]
For the no-wind condition, the interest of study, the equation reduces to:

vﬁ%vb (28)
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The buoyancy induced velocity is given by:

Vo =VgB(T: +T.)Ls 29)
where:
g = local gravitational acceleration [m/s?]
B = coefficient of volume expansion [k'1]

L, = projecied vertical height of the aperture [m]

For air the temperature coefficient of volume expansion is given by:

-1
f=d (30)
where:
Ty, = bulk air temperature in the convective zone of the cavity [K]
The bulk air temperature is given by:
T, = Te + Teo 31)
2
The projected vertical height of the cavity is given by:
L,=D,cos 0 (32)

where:

D, = the cavity aperture diameter [m]

8 = receiver angle [degrees]
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2. Convective Energy Loss Within the Receiver

The Clausing model for convective heat loss within the cavity is given by:

ge = hA(T: - Tp) + hAw(Ty - Tp) + hAs(Ts - Tp) (33)
where:

h = average heat transfer coefficient [W/m2-K]

A, = tube surface area in convective zone [m?]

T, = average tube surface temperature [K]

A, = refractory surface area of cavity in convective zone [m?]

T,, = average refractory surface temperature [K]

A, = area of interface plane between convective zone and stagnation zone [m?]

T, = average temperature of interface plane [K]
The average heat transfer coefficient is determined from the Nusselt number and is given
by:

=Nuk 4
h=1 (34)

where:

Nu = Nusselt number

k = kinematic viscosity of air at the bulk fiuid temperature [W/m-K]

For small receivers with a Grashof number of around 2.6 x 109 the Nusselt number is
given by:
Nu = 0.10 (Gr Pr)l3 (35)
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where:

Pr = Prandtl number = 0.7 (air)
Gr = Grashof number

The Grashof number is given by:
Gr =§E (T - Too)L3 (36)
v2
where:

v = kinematic viscosity of air at the film temperature [m%/s]

The film temperature is given by:

Ty=Totle 37)

For the Grashof number expression the coefficient of expansion is given by:
p=71 (38)

Clausing assumes the temperature of the shear plane to be equal to the tube surface

temperature in the convective zone (i.e. T, = T,) . The cavity convective heat loss is then

given by:
Qe = hA(T - Tp) + hAw(Ty, - Tp) + hA(T: - Ty) (39)

In this work, the refractory surface temperature is assumed to be 100°F cooler than the tube

surface temperature. This temperature difference is typical for measured values at the end
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plate refractory surface and a heated tube surface near the end plate.

The convective heat transfer areas within the convective zone will vary in size with changes
in receiver angle. The expressions for the convective heat transfer areas as a function of
receiver angle area are developed in the Zone Area Formulas section.

3. Radiative Energy Loss Through the Aperture

An approximation for the radiative energy loss from the cavity through the aperture, as

presented by Clausing, is given by:

_ Ag 3 Ap .
QI-AaSG[AC+Ah(F$v 'I“é)+Ac+Ah('I§1 TH] (40)

where:
£ = emittance of the cavity

o = Stefan-Boltzmann constant [W/m?2-K4)

If the aperture is assumed to radiate as a black body then the emissivity of the cavity is

equal to one; especially when the ratio of aperture size to cavity volume is small.
4. Conductive Energy Loss From the Receiver

The Clausing model for the conductive heat loss through the cavity walls is given by:

% =K Ay (Tn- T +Aw (T - T @0
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where:
k = thermal conductivity of the cavity walls [W/mK]
t = thickness of the cavity walls [m]

For this study:
k =.04756 [W/mK]
t =.0889 [m]=(3.5 [in.] )

8. Zone Area Formulas

The receiver cavity is divided into two zones (Fig. 23). The boundary between the zones is
formed by a horizontal plane cutting through the cavity at the upper lip of the aperture. The
upper zone is assumed stagnant while the lower zone has active convective currents. The
area in zone 1 is represented by the internal surface area of the receiver above the horizontal
plane. The area in zone 2 is represented by the internal surface area of the receiver below
the horizontal plane. The areas of zone 1 and zone 2 vary with receiver angle for a given

receiver geometry.,

Receiver Cavity
Surface

Figure 23. Cavity zones areas
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The receiver internal geometry is divided into five sections representing the hot and cold
surfaces in the receiver (Fig. 24). The hot surfaces are actively heated. The cold surfaces
represent the refractory surfaces . Section 1 is the circular plate at the end of the frustum.
Section 2 is the frustum portion of the tube bundle. Section 3 is the cylindrical portion of
the tube bundle. Section 4 is the short refractory portion of the cylindrical section. Section

5 is the refractory ring that forms the aperture.

Figure 24. Cavity sections

As the receiver is rotated through various angles, each section of the internal receiver
geometry may be divided by the horizontal plane that cuts through the upper inside edge of
section 5. The formulas defining the portion of the area of each section that is in zone 1 for

a given receiver angle range are derived in Appendix 7.
6. Shear Plane Area

The shear plane area is the area of the horizontal plane within the cavity (Fig. 25). The
shear plane area is divided into two sections. The first section is formed by the horizontal
plane cutting through the cylindrical portion of the receiver cavity. Not all of the horizontal
plane in the cylindrical portion participates in the convective heat loss. The sides of the
aperture reduce the effective shear plane area by restricting flow along the horizontal plane

at the sides of the cavity near the aperture. The shear plane expands from the upper lip of
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the aperture in the horizontal plane. The second section is formed where the horizontal
plane cuts the frustum portion of the receiver cavity. The formulas that describe the shear

plane area in the specified portion of the cavity for a given receiver angle are derived in

Appendix 7.
shear plange (hosizontal)
Point where shear plane point where shear plane
intercepts frustum intercepts upper lip of
section aperture

shear plane flow
patterns

Line where shear plane
intercepis centerline of
cavity

Figure 25. View looking down showing the effective shear plane area

7. Clausing Model Analysis

A BASIC computer language program was written to solve the convective heat transfer
equations (Appendix 8). The mean operating temperature in the program is taken as the
tube surface temperature in the convective zone of the receiver. The program calculates the
convective energy loss from the receiver cavity for receivers at operating temperatures of
300°F, 400°F, 500°F, and 600°F, receiver angles from € to 90° at 15° increments, and
aperture diameters of 6 inches, 12 inches, 18 inches, and 26 inches. The results of the

Clausing heat loss analysis are presented in Appendix 9. The results of the Clausing model

analysis are shown in Figure 26.
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Figure 26. Convective heat loss for Clausing model

D. Siebers and Kraabel Model

Siebers and Kraabel present a simple model for the convective heat transfer from a solar

cavity receiver.(12) They emphasize that the model has a large degree of uncertainty due to

the lack of sufficient data on cavity receivers. The model was developed for a large central

receiver cavity operations on-flux. This model is based primarily on the results of

experimental studies from cubical cavities.

The following are the equations used to determine the convective loss from a solar cavity

receiver. For natural convection the Nusselt number is given by:

Nug_ = 0.088Gr® [%1] 018
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for 10° < Gry <102

where;

Gry. = Grashoff number
T,, = average interior cavity wall temperature [K]
T,, = ambient temperature [K}

[ JL = the projected vertical height of the receiver aperture [m]

An approximation for the average interior surface area of the cavity is given by:

Agotal

where:
T;, = average operating temperature of the system [°C]
T, = average refractory surface temperature in the cavity [°C]
T, =T, -56°C
Ay, =heated surface area in the cavity [m?]

A, = refractory surface area in the cavity [m?]

The 1/3 exponent on the Grashof number resuits in a heat transfer coefficient that is

independent of cavity dimensions. All fluid properties are evaluated at T,. The natural

convective heat transfer coefficient is given by:

— 0.426
Bpe.o=0.81 (Ty,- T.) o

where;

[ Inc = natural convection
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- [ Jo = no lip heat transfer coefficient

The convective heat loss energy is given by:
Qoonv = Enr:.tcv A ﬁw - Too) (45)

where:
A = the total interior surface area of the cavity receiver [m?2]

T, = the average receiver heated surface temperature [°C]

Siebers and Kraabel account for aperture effects by multiplying the natural convective heat
transfer coefficient by an area ratio factor. The natural convective heat transfer coefficient

including the effects of the aperture lip is given by:

T Aras e
hnc —hnc,o A_z] [Kl. (46)

where:
n=0.63for°<g<30°
n=0.8for30°<g<90°
A, = total interior cavity surface area [mz](Fig. 27)
A, =interior cavity surface area below the horizontal plane [m?] (Fig. 27)
A, = A; minus the area of the lower lip [mz] (Fig. 27)
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horizontal plane

-

Figure 27. Siebers and Kraabel cavity areas

The refractory surfaces are assurned to be 56°C cooler than the mean operating temperature

of the receiver. The formulas for areas Al and A2 are given as follows:

A =TRe +ROVLE HRe Ref +27R.Ly, +7R2 + 7(R2 -R2) + 21RL.  (47)
Ag=A- R%cos-lg—: +RV(RZR2 (48)

The formula for A3 depends on the particular receiver angle. The expressions developed for
the variation of the cavity internal zone areas as a function of receiver angle can be found in

Appendix 7.

The Grashof number is given by:

Grp = g B (Tw-To) 5 (49)
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where:
g = gravitational constant, 9.81 m/s2
L = cavity diameter [m]

v = kinematic viscosity [m2/s]

B = coefficeint of volumetric expansion [K1]

The uncertainty analysis provided by Siebers and Kraabel is presented in Table 2.

Table 2
Siebers and Kraabel Uncertainty Analysis
Parameters ncertain
Aq + 10%
Ay + 10%
Aq + 10%
Ap + 5%
Ty + 10%
T, + 2%
natural convection correlation + 20%

A computer program was used to solve for the Siebers and Kraabel convective heat loss for

various aperture diameters, receiver operating temperatures, and receiver angle. A listing of

the computer program is in Appendix 10. The results of the convective heat loss analysis

using the Siebers and Kraabel model are presented in Appendix 11. The Siebers and

Kraabel predictions for the receiver convective heat loss variation with receiver angle are

presented in Figure 28,
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Figure 28. Convective heat loss for the Siebers and Kraabel model

VIIT COMPARISON OF CAVITY HEAT LOSS MODELS

With increasing aperture diameter there is a decrease in convective heat loss (Fig. 13 & 14).
The effect of receiver angle on the convective heat loss is more pronounced on larger

aperture diameters,

The conduction heat loss forms approximately 65% of the total heat loss for all operating
temperatures when the aperture diameter is small and the receiver is placed at a typical

operating angle of 45° (Fig. 21).

The percent conduction is reduced and the percent radiative increased with increases in the

aperture . With an aperture greater than 12 inches, the percent conduction of the total heat

45




loss is constant at about 38%. With the 6 inch diameter the percent conduction of the total

heat loss is reduced to 25%.

Of primary interest is how well the various models compare with the experimental results.
Of the six models examined, only the LeQuere, Penot and Mirenayat model provides for

negative receiver angles.

A. Comparison of Previous Models with Experimental Data

The convective heat loss values predicted by the LeQuere, Penot and Mirenayat model are
compared with the experimental results of Phase One and Phase Two(Fig. 29). For an ideal
correlation, all the data points would fall on the equal value line. An ideal correlation occurs
when the predicted results equal the experimental results, All the convective heat loss
values predicted by the LeQuere, Penot and Mirenayat model are lower than the
experimental results. The large degree of data scattering for higher heat loss values makes it

difficult to apply a simple correction factor to the model.

The Koenig and Marvin model for convective heat loss demonstrates more agreement with
experimental result than the LeQuere, Penot and Mirenayat model (Fig. 30). The Koenig
and Marvin model yields higher convective heat loss values, as compared to the
experimental results, The data shows increasing scatter for higher heat loss values. The

model only works for positive receiver angles.
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Figure 30. Koenig and Marvin Convective Heat Loss Model Correlation

The Clausing model provides the best fit of all the previous'models examined (Fig. 31).
This model predicts only heat loss values for positive receiver angles. The Clausing model
is considerably more complicated than any of the other models. The Clausing model
overestimates the convective heat loss for lower heat loss conditions and underestimates the

convective heat loss for higher heat loss conditions.
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The Siebers and Kraabel model over estimates the convective heat loss as compared with
the experimental results (Fig. 32). This model also shows considerable scatter for all heat

loss conditions.
B. Stine and McDonald Correlation

The Stine and McDonald model is an extension of the Siebers and Kraabel model to include
the effects of varying receiver aperture size and receiver angle ®). The complex set of area
determinations are not used in the Stine and McDonald model. The Stine and McDonald

correlation for the Nusselt number is given as follows:
1L T 0.18 add
Nup = 0.088Gi3 (ﬁ) (cos ¢F+14f (50)

and
s=112-098(d) (51)

where:

d = aperture diameter [m]

Gr; = Grashof number based on length L

L = average internal dimension of cavity [m]

Nu; = Nusselt number based on length L

T, = ambient temperature [K]

T,, = average internal wall temperature {K]

f =tltangle of cavity

( f =90° is aperture-down, f = (° is aperture-sideways )

The aspect ratio term, d/L, accounts for the combined effects of internal surface area and
aperture flow area. The effect of the receiver aspect diminishes with increase in aperture
size, with the exponent 's'. The Stine and McDonald mode! predictions compare well with

experimental results (Fig. 33). This model can only be applied for positive receiver angles.
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The computer program used to generate the Stine and McDonald convective heat loss
values is provided in Appendix 12. The data output from the program is presented in

Appendix 13.

VIII. ANALYTICAL RADIATIVE HEAT LOSS

In this section the equations used to predict the thermal radiative heat loss through the
aperture of the cavity solar receiver are developed. The receiver cav{ty surfaces are assumed
to radiate as gray bodies. The internal geometry is simplified to aid in the formulation of the

shape factor expressions.

A, Internal Geometry
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The internal receiver surfaces were divided into five main sections (Fig. 34). The sections
are defined as either hot or cold. The hot sections were those whose walls were formed by
the heat transfer tubing. The hot sections were divided into an integer number of flat,
concentric, isothermal bands. The number of bands in each section was determined by the
number of turns the heat transfer tubing made in that section. The frustum section has 23
bands and the hot cylindrical section has 15 bands. The width of each band is equal to the
surface length of each section divided by the number of bands in each section. The actual

spacing between adjacent tubes was not considered significant.

Figure 34. Receiver internal surface sections.

I. Nomenclature

The following list defines the nomenclature used in the thermal radiative heat loss formulas.
re= end plate radius [12.7 cm]
.=  cavity radius [33.0 cm]
;=  aperture radius [7.6, 15.2, 22.9, 33.0 cm]
.= length of frustum section [29.2 cm]
Im=  length of hot cylindrical section [25.4 cm]
l,=  length of cold cylindrical section [14.0 cm]
l,=  width of hot isothermal bands [1.7 cm]
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Nc=  number of bands in frustum section (23)

Nmp= number of bands in hot cylindrical section (15)

le=[(lp Ne)?- (re-1)?]% (54)

B. Assumptions

A number of assumptions are necessary to simplify the thermal radiative heat loss

calculations. The assumptions made for this analysis are listed as follows:

1. Each band is isothermal based on a linear interpolation between the inlet
temperature at the narrow end of the frustum section to the outlet
temperature at the bottom end of the hot cylindrical section.

Each band is considered as a flat surface.
Each tube band is diffuse and gray with emissivity, £ = 0.85.

2
3
4. The incident and reflected energy flux is uniform over each area.
5 Each band is adjacent to the next (i.., no gaps between bands).
6

Each refractory surface has an emissivity of 0.70.

C. Shape Factors

All formulas are developed from the basic disc-to-disc shape factor formula (20 The N by
N coefficient matrix of the surface energy balance equation (Eqn. 64) requires N2 shape
factors . The equations are solved using a digital computer. Equation 64 is conservation of
energy from all the surfaces. Shape factors describe the geometric relationship between
surfaces. The derivation of the shape factor formulas used in the coefficient matrix are

presented in Appendix 14.
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D. Thermal Radiative Heat Loss Equations

The general equation for thermal radiative heat loss from the receiver through the aperture
for internal black body surfaces is given by:

Nm Nc
4 4 4 4
Qu=-OTAFA, a, -OTAFA - 0Ay, ¥ ToFoy 4,6 2 ToAaFa,.a,

ag=1 ng=1

where:

[ ]s = annuls

[ Je =end plate

[ Ja = aperture

[ Jam cylindrical section

[ Jne = frustum section

As the aperture size to cavity volume ratio decreases, the radiative characteristics of the
receiver cavity approach those of a black body emitter. To account for the various aperiure
sizes studied, the diffuse gray surface forrulas were used. Using the net radiative method,

the radiative heat loss for a cavity with diffuse gray surfaces is given by:

Q= QiAx = (o x~ 95,0Ak (56)
4
Qo k= EOTL + Pidik 57
4
o,k = E0Tx + (1 — 80, x (58)

where:

q, is the outgoing radiant energy flux (radiosity) [W/m?]

q, is the incoming radiant energy flux [W/m?]
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For the aperture:

Uo,0pening = 0
Topening= 0
E.‘ol:uening =

For the cavity:
N

2. [8y- (- £)Fy g, ;= £,0T%

i=1

where

N = total number of surfaces

Fy . ; = shape factor for surface k to surface j

akj = Kronecker delta
1 whenk=j
5= {

Owhenk#j

therefore:

g 4

Q= Ay (6Ty-9q,,0

- k)
and

N

k= 2 Py o,
j=1
letting
ayy = 8y; - (1 - P

and

Ce= EkGT;
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then

A1] eeere- 81§ aeeers aN do,1 C
Bl eren- S AN Jox |=| Cy (64)
ANY  eeve-- ANj -eeever aNN Qo,N Cn

The solutions for g, are accomplished using a BASIC computer language program
(Appendix 15). The heated surfaces are assumed to have an emissivity of 0.85 based on the

paint coating specifications. The refractory surfaces are assumed to have a emissivity of

0.70.

E. Assumed Cavity Temperature Distribution

The axial temperature distribution along the heating surface sections is assumed to vary
linearly from the tap of the frustum section to the bottom of the cylindrical section. The
temperature of the top band of the frustum section is equal to the receiver inlet temperature,
The temperature of the bottom band of the ¢ylindrical section is equal to the receiver outlet
temperature. The inlet and outlet temperature values used in the computer program are

assumed to be plus and minus 7.5°F of the operating temperature, respectively.
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Table 3
Inlet and Outlet temperatures

Test Phase | Aperture Diameter Inlet ~ Outlet
[in] [°F1 [°F]
1 18 297.7 289.0
1 18 402.4 389.6
1 18 515.6 497.1
1 18 603.9 581.3
2 6 395.2 389.9
2 6 609.3 595.9
2 12 429.4 419.1
2 12 611.3 592.9
2 18 429.3 415.7
2 18 600.3 576.2
2 26* 4143 399.5
2 26* 602.6 570.4

* There is no annulus therefore the aperture diameter is equal to the cavity diameter.

F. Comparison with Measurements

The radiometer and the analytical methods are compared with the experimental method,
Qunplugged minus Qplugged’ for determining the radiative heat loss from the cavity
through the aperture. The experimentally determined radiative heat loss was the difference
between the open and plugged total receiver heat loss when the recelver aperture was
down. A correction was made to account for the heat loss through the aperture plug. The
heat loss through the plug must be added to the experimentally determined radiative heat
loss data to get the total radiative heat loss from the receiver. The conductive heat loss
through the plug is given by:

Qg = ~2ue2plog ©5)

A
where: x
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= thermal conductivity of the plug[W/m-K]
ug p

AT= temperature difference between the inner and outer surface[K]
Aplug = mean surface area of the plug[m]

Ax= distance over which AT occurs (the thickness of the plug)[m}
The plugs were fabricated from one inch thick Cera Form® boards. The boards have a
mean thermal conductivity of 0.32 Btu-in/hr-sq. ft.-A°F (0.0462 W/m-K).
Log-log scales are used to provide linear constant percent difference lines.
i. Radiometer Method

The radiometer determined heat loss values compared well with the experimentally

determined radiative heat loss, Qunplugged minus Qplugged* with differences within

+20% (Fig. 35).
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Figure 35. Experimentally determined radiometer method correlation
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2. Analytical Method

The analytical method (Fig. 36) did not compare well with the experimental method for
determining the radiative heat loss from the receiver. A number of possible reasons for the

discrepancies have been discussed previously.
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Figure 36. Analytically determined radiative correlation

IX. INSTRUMENTATION CALIBRATION

A. Flow Meter Calibration

The flow measurement apparatus consists of three basic parts: the turbine flow meter, the
inductive pick-off, and the pulse rate counter (Fig. 37). The turbine flow meter rotates at a
specific rate for a given fluid type and volumetric fluid flow rate. The rate of rotation is

linearly proportional to the flnid flow rate within the specified range. The flow meter must
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be calibrated for a specific fluid viscosity, temperature, and flow rate range for accurate

measurement.

The inductive pick-off is positioned above the turbine flow meter. When a turbine blade
passes the inductive pick-off, an eIecn'omagneﬁcally‘ihduced pulse signal is sent to the
pulse rate converter (PRC). The PRC changes the pulse rate signal to voltage or current
outputs. The current or voltage signal is then read by the data acquisition computer, The
voltage signal should be used when the distance from the PRC to the computer input
terminal is less than ten feet. For distances greater than ten feet the current signal should be
used, as long leads result in substantial voltage drops. Voltage drops may significantly
skew the voltage signal. The current signal is not affected by the voltage drop. The current
signal requires a precision resistor across the computer input terminals. The resistor
effectively converts the current signal to a voltage input at the computer terminals. Since
precision resistors are expensive, economy requires the voltage signal should be used

whenever possible.

Voltage signal output was used during testing for the reasons stated above. The computer
displays the equivalent fluid volumetric flow rate based on the voltage input. The slope and
offset values of the flow rate versus voltage linear function were inputted into the

computer.
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Figure 37. Flow measurement system

The heat transfer fluid flow rate is measured with three turbine type flow meters in series.
Three flow meters are used for measurement redundancy. One of these flow meters was
factory calibrated. The factory calibration specifications sheet is Appendix 16. The
calibration curve for the factory calibrated flow meter is presented in Figure 38. The
equation of the volumetric flow rate as a function of flow meter output frequency for the

factory calibrated flow meter is:

v = 0.0039578 + 0.001439f (65)

where:

f =1s the flow meter ocutput frequency {Hz]

v = volumetric flow rate [gpm]
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Figure 38. Factory calibrated flow meter flow rate versus frequency output
The pulse rate converters (PRCs) were calibrated in-house according to the manufacturer’s

procedure (13), The calibration points for the PRC used with the factory calibrated flow

meter are presented in Table 4.

Table 4
Pulse Rate Converter Calibration Points
frequency output voltage
[Hz] [volts]
1600 8.0
2000 10.0
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The linear relationship for the frequency as a function of output voltage, as determined by
the calibration points, is given as:
f=200E (66)
where:
f =is the frequency input to the PRC [Hz]
E = s the output signal from the PRC [volts]

Substituting the frequency equation of the PRC calibration into the flow rate equation of the
factory calibrated flow meter yields an expression for the volumetric flow rate as a function
of voltage as follows:
v = 0.0039578 + 0.001489(200 E) 67
which reduces to:
v =(.0039578 + 0.2978E {68)
which can be approximated as:

v = (1L2978E (69)

Because E> 3.36 volts at typical flow rates the error due to this approximation is less than:

0.0039578
(0.2978)(3.36)

The remaining two flow meters were calibrated against the factory calibrated flow meter.

Three meters were used for redundancy in the event one meter fails during testing.
1. Flow Meters Calibration

The outputs from the three flow meters were compared for various flow rates. The voltage
outputs of the three flow meters were recorded (Appendix 17) (Fig. 39). The heat transfer
fluid temperature was maintained at 300°F. Corrective slope and offset values were

determined for each of the two uncalibrated flow meters. Applying the linear corrections
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will bring the two uncalibrated flow meter voltage outputs into agreement with the factory

calibrated flow meter output.

Cal Flow = -2.9070 + 2.9616Flowl R"2 =0.999
Cal Flow = - 3.2878 + 3.1808Flow 2 R”2 = 1.000
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Figure 39. In-house calibrated flow meters correlation curves

The difference between the corrected readings and the facfory calibrated readings are
compared (Fig. 40). The minimum flow rate for all testing never went below one gallon per
minute or 3.36 volts. This flow rate is well within the manufacture specified flow range.
The maximum difference between the backup flow meters and the factory calibrated flow

meter is £ 0.15 volts or £0.045 gallons per minute. Temperature effects are negligible (14),
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Figure 40. In-house calibrated flow meters errors.

Substituting the linear correction expression for the in-house calibrated flow meters into the
volumetric flow rate expression of the factory calibrated flow meter yields expressions for
the volumetric flow rates as a function of voltage inputs to the computer. The resulting

expressions are given as follows:

Viiow 1 = 0.2978(-2.9070 + 2.9616Efow 1) (70)

Viiow2 = 0.2978(-3.2878 + 3.1808Eqow 2) (71)

which reduce to:
Viow 1 = -0.8657 + 0.88196Enow 1 (72)
Viow 2 = -0.9791 + 0.94724Eq.4 2 73)

The scale and offset values from these expressions were inputted into the computer. The

computer then displays the flow rate for each flow meter in gallons per minute (gpm).
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B. Thermocouple Calibration

The total receiver heat loss, Qp, was given by the product of the mass flow rate, the
specific heat of the heat transfer fluid and the temperature difference between the fluid inlet
and outlet temperatures (AT). Of the three variables, the largest error in the heat loss was
due to the measurement of AT. Two redundant methods were used to measure AT for these
experiments. One method of determining AT was by subtracting the fluid outlet temperature
from the fluid inlet temperature. The other method utilized a direct temperature difference
measurement from two thermocouples, one in each of the fluid inlet and outlet lines. This
differential thermocouple connection avoids inaccuracies due to reference junction
compensation but still requires knowledge of the absolute temperature values. To reduce
the error introduced to the total heat loss calculation by the thermocouple readings it was
necessary to calibrate the inlet, outlet, and delta temperature thermocouples used in the
receiver. Standard thermocouple probes have a maximum error of £2.2°C or 0.75%,
whichever is greater (15, Using two absolute temperature measurements from standard
thermocouple probes would result in a AT error of £3.11 °C ( £5.60°F) or 1.06%
whichever is greater. With temperature differences as low as 2.78°C (5°F) recorded, the

standard thermocouples did not yield values within an acceptable error.

A single factory calibrated K-type thermocouple probe was purchased and all other probes
were calibrated against it. Only one calibrated probe could be purchased due to budget
constraints. The calibrated probe has an accuracy of 30.2°F after linear correction is applied
(Fig. 41). The three point calibration data for the factory calibrated thermocouple is
provided in Table 7. The calibration is certified traceable to the U.S. National Bureau of
Standards (Appendix 18).
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Figure 41 Calibrated thermocouple probe curve

A linear variation of the actual temperature as a function of the indicated temperature is

given by:

Tootual =-2.4256 + 1-006Ti.ndicatccl (74)

with a correlation coefficient, R=1.00

Table 5 shows the error in the calibrated probe after linear correction is applied.
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Table 5
Factory Calibrated thermocouple probe error

Indicated Actual Corrected Absolute
Temperature | Temperature | Temperature Error
[°F] [°’F] [°F] {°F)
300.56 300.06 299.94 0.12
499.39 499.77 499.96 0.19
699.09 701.00 700.86 0.14

1. Thermocouple Calibration Apparatus

A thermocouple calibrating device was fabricated (Fig. 42). The calibrator consisted of a
heat source, a heat sink, and an insulated cover. The heat sink was formed from a solid
brass cylinder with three holes drilled in one end to accommodate thermocouple probes and
a single hole in the other end to accommodate the heat source (Fig. 43). The soldering iron
used was an Ungar CI-45, 0.38 A 120 V AC/DC. The soldering iron tip was modified for
a snug fit in the heat sink (Fig. 44). The solderipg iron was connected to a variable AC
power supply. The brass block was insulated to control the rate of heat loss. The

thermocouple leads were connected to a data acquisition system.
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Figure 42. Thermocouple calibrator
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Figure 43. Thermocouple calibrator heat sink
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2. Thermocouple Calibration Procedure

Three separate tests were required to accomplish calibration of the two absolute and the two
differential thermocouples. In the first test, the absolute inlet and outlet TC probes were
inserted in the heat sink along with the calibrated TC probe. The heat source was plugged
into a variable AC power supply. The variable AC supply was adjusted until 2 maximum
temperature of approximately 700°F was indicated for the calibrated TC. The power supply
was then removed and the system allowed to cool slowly. The temperature time histories
for the absolute temperature inlet and outlet thermocouples were recorded. The heat sink
was assumed to be isothermal at all TC junctions for any time. Correction factors for the

TC’s were obtained by comparing the TC outputs to that of the calibrated TC output.

3. Thermocouple Calibration Results

The temperature time history curves for the absolute temperature inlet and outlet
thermocouples are presented in Figure 45. The relationship for the inlet thermocouple is
quite linear as indicated in Fig. 46. The linear relationship between the inlet TC reading and
the calibrated TC reading isgiven by;

Teal =-.2217 + 1.0027 Tin 73
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The relationship for the outlet thermocouple is quite linear as indicated in Fig. 47, The

linear relationship between the outlet TC reading and the calibrated TC reading is given by;

Teal =-.1850 + 1.0047 Tout (76)
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Figure 45. Tnlet and Outlet thermocouples calibration histories
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These equations are used to correct the outlet TC readings to the calibrated TC readings.
The difference between the calibrated and inlet TC readings are compared before and after
the linearized correction factors were applied (Fig. 48). The maximum difference between
the calibrated TC reading and the inlet TC reading before the correction is applied is 2.6°F.
After application of the correction factors the maximum difference is 1.02°F. The maximum
difference between the calibrated TC readings and the outlet TC readings before the linear
correction is applied is 4.2 °F. After the linear correction is applied the maximum difference

is 1.44°F (Fig. 49).
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Figure 48. Inlet thermocouple errors
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Figure 49. Outlet thermocouple errors
Two thermocouples can be arranged to provide a voltage output proportional to the

temperature difference of the two junctions (Fig. 50). When both thermocouple junctions

are at the same temperature the voltage output is zero,

Nickel - Chromium (10%)

+ T1

V= (-T2 Nickel-Aluminum

Nickel - Chromium (10%}

Figure 50. Differential thermocouple connection
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The two thermocouple probes used for the direct temperature difference measurement were
inserted in the thermocouple calibrator along with the calibrated thermocouple. The unit
was then heated and cooled as per the procedure used for calibrating the inlet and outlet
absolute temperature thermocouple probes. Ideally, the net voltage output from the
temperature differential connection should be zero regardless of the calibrator temperature.
The temperature and micro volt output histories for the calibration procedure are presented
in Figure 51. Comparing the differential thermocouple's output with the calibrated
thermocouple reading indicates no linear correlation (Fig. 52). The step function of the
voltage output is an indication of the minimum computer analog to digital converter (ADC)

resolution.

The maximum error in the differential voltage output is 25.45 LV which corresponds to a

temperature difference error of 1.147 °F.
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Figure 51. Differential thermocouple readings history

75

s bo e e e BE e 2P 50 B D00 % C S TR0 T m € 06 M 06 e S ey 0o O 6 ob—— o —— > 0 OO 0o




“L | 90
. 574°F ]
o] i ff iy
SIS . & S— sond-daasian g AT
<2 L 4T e
B | | 145
B L ‘L’A AABANNSASAARR “

20| j 1. _90
i Atch—pridet—— -1.147 °F I

-30 | 1 135
0 100 200 300 400 500 600 700 800

Calibrated TC Reading [°F]

Figure 52. Differential thermocouple errors history

The absolute mean temperature must also be known to convert the millivolt output of the
differential thermocouples into an equivalent temperature difference. The voltage to
temperature difference conversion factor is determined from a polynomial function of the
mean temperature (Fig. 53). The conversion factor polynomial was derived from the

voltage-temperature tables for K-type thermocouples.(14)

No calibration of the differential thermocouples was performed with a difference in

temperature at the junctions.
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C. Radiometer Calibration

The Hy-Cal® Hy-Thenn® Pyrheliometer P-8400-B was used to measure the thermat
radiative heat loss from the receiver cavity (Fig. 54). The spectral range of the radiometer
without its quartz window is from 0.2 to 30 microns. The radiometer consists of a
thermopile on top of a heat sink. The thermopile converts the temperature gradient across
the pile to a proportional current signal. The heat sink is water cooled aluminum base. The
exposed end of the thermopile is coated with fused colloidal graphite providing a minimum
absorptivity of 0.9. The radiometer outputs 5 mV per solar constant (0.13980 Watts/cm?).
The calibration specifications are provided in Appendix 19.

The radiometer was supplied with a bezel mounted quartz window. Because the radiative

being measured is in the infra-red wave length region, preliminary testing showed that the
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quartz window excessively attenuated the heat flux to the radiometer resulting in an
insufficient signal output. When the window was removed, the radiometer became overly
sensitive to localized convective heating and cooling which resulted in a fluctuating output
signal. For low heat flux level measnrements, a window that is virtually transparent to the
infrared radiative is desirable. Various widow materials were considered and tested for

replacement of the quartz window.

thermopile wafer

water coolant line
cooling

chamber &
&\m\m A e e e " e e e M e T

I

Aluminum base heat sink thermopile lead

Figure 54. Radiometer section view
1. Radiometer Window Evaluations

A bezel was fabricated to accommodate various film windows for testing (Fig. 55). The
film was pulled snugly over the bezel. The film was secured in place with a rubber band.
The bezel fits over the radiometer. The film window is close enough to the thermopile

wafer providing the thermopile with almost 180° of view.

bezel mount

film window,

\

rubber band

slot for cooling lines

top view side view

Figure 55. Film window bezel
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The test stand consisted of an inverted hot plate positioned concentrically above and facing
the radiometer (Fig. 56). A K-type thermocouple probe is immersed in the coolant return
catch basin for the radiometer. The base of the radiometer is assumed to be at the same
temperature as the water in the catch basin. The hot plate is inverted and positioned above
the radiometer to prevent convective heating of the radiometer. The hot plate temperature is
controlled using a variable AC power supply. The radiometer can be positioned at various
vertical distances from the hot plate. The surface of the hot plate has nine K-type

thermocouples welded to it.

to variable AC = thermocouple leads
supply f e =
( 7 " radiometer output

£ leads

coolant inlet

Io&

cooling water
temperature probe

coolant outlet\ ™.

displacement

] support Q
over flow

| 1

Figure 56. Radiometer calibration test stand

The hot plate surface was coated with high emissivity Pyromark® paint. The
manufacturer’s specifications for the Pyromark® paint are provided in Appendix 20. The
average black-body normal emittance of the painted surface is a function of the surface
temperature and can be as low as 0.867 at 600K (Fig. 57). A fifth order polynomial curve

fit provides an equation for paint surface emittance as a function of surface temperature.
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Figure 57. Pyromark paint emittance

The parameters for the window evaluation test plan are shown in Table 6. At the beginning
and end of each test, background measurements were recorded by removing the radiometer
from the test stand and placing it above the hot plate on an insul;ited pad. For each of the
plate and background thermal radiative measurements the readings were recorded after a
two minute stabilization period. The variable AC power supply was adjusted until the
average plate temperature was close to the target temperature, The thermocouples were

distributed over the plate surface (Fig. 58).
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Table 6

Radiometer window test parameters

"Test
Window

Target
Temperature

Vertical
Displacement

Saran Wrap

300°F

0.32r

quartz

Glad Wrap

none

Saran Wrap

quartz

Glad Wrap

none

Saran Wrap

quartz

Glad Wrap

none

Saran Wrap

quartz,

Glad Wrap

none

Saran Wrap

quartz

Glad Wrap

none

1 = radius of the hot plate
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Figure 58. Hot plate thermocouple distribution

For an average area temperature only thermocouples five through nine were considered.

The average area temperature is given by:

Taverage = Ts + T+ '];7 + Tg + Ty an

The window transmittance, T, 40w 1S 8iven by:

. o Qradio
ey Qradio/plate (78)
where
Qragio = the thermal radiative heat flux read by the radiometer

Qplate/radio = the thermal radiative heat flux incident on the radiometer from the hot

plate

The radiative leaving the hot plate and incident on the radiometer is given by:
Qradio/plate = plateFplate-radio 79
where
Qpiate = the thermal radiative heat flux leaving the hot plate
Fplaw radio = the shape factor from the hot plate to the radiometer

The radiative heat flux leaving the hot plate is given by:
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Qplate = OF (T?Jlale - T4ambient) T l%late (80)
where

B =5.729 X 10-8 [W/(m2+sK#)] Stefan-Boltzmann constant
Tolate = 8.9 [cm] the radius of the hot plate

€ = emissivity of the plate surface.

The shape factor from the hot plate to the radiometer is given by:

h
Iradiometer
2412 T 12 P _
Fplate-radio =%I l-imd—‘c—'- = ;\/ [1Mm} - 4[;r:;d:o]2 } @D
l I%lata rglate plate

where

h = vertical displacement of the hot plate and radiometer.
I'adio = Fadius of the radiometer = 0.56235 [in.]
When the diameter of the radiometer approaches one inch, as is the case here, a simplified

formula may be used. The simplified shape factor formula is given as follows:

2
r -
F plate-radio = 2. redio (82)
h + r%late-

All real gas effects have been ignored (absorption, scattering etc.).

The results of the test are in Appendix 21. The quartz window transmittance varies linearly
with source temperature (Fig. 59). The transmittance for the Grad Wrap and Saran Wrap
windows are nearly constant over the testing temperature range. The average transmitiance

for the no window condition is 0.99. Ideally, the transmittance for the no window
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condition should be unity. The error in the no window transmittance is well within the
instrument’s error. Real gas effects may also account for a small loss in the incident flux on

the radiometer from the hot plate.
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Figure 59. Radiometer windows transmittance

The average transmittance for the Saran Wrap window was determined to be (0.87. The
manufacturer specifies a transmittance of 0.88 for the infrared portion of the spectrum.
Technical information for Saran Wrap® films is provided in Appendix 22. Although the
Glad Wrap had similar transmission characteristics, the Saran Wrap was selected as the
radiometer window, since no manufacturer specifications were available for the Glad
Wrap. In addition to selecting a radiometer window, it was also necessary to determine

effects of radiometer positioning relative to the heat source.
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2. Radiometer Positioning

The radiometer positioning sensitivity must be considered for accurate heat flux
measurements. The parameters for the radiometer positioning sensitivity test plan are
presented in Table 7. At the end of each test the background measurements were taken by
removing the radiometer from the test stand and placing it above the hot plate on an
insulated pad. For each of the plate and background thermal radiative measurements the

radiometer readings were recorded after a two minute stabilization period.

Table 7
Radiometer position sensitivity test parameters
Hot Plate Temp | Offset Distance Vertical

Displacement
400°F 0 to 2r step 0.5r 0.75r
700°F 0 to 6r step 1r 2.5r
400°F 0 1to 6rstep Ir
700°F 0 2 1o 12r step 2r

where r = radius of the hot plate

The shape factor from the hot plate to the radiometer is given by:

+
l
|
i

Tradiometer

I

a
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I+ (_h_)Z [rplate) "
'\/[1 + (h. rplate}z] 4[1' P:lte]z rplate.}z (83)

P | 2
plate-radio )

where

h = vertical displacement of the hot plate and radiometer.

Tpadio = radius of the radiometer = 1.43 cm

Tolae = radius of the hot plate = 8.9 cm

h = vertical displacement [in.]

a = horizontal displacement [in.]
The results of the displacement sensitivity test are tabled in Appendix 23. The effects of
vertical and horizontal displacement of the radiometer from the heat source are presented in
Figure 60. Ideally, all values should be equal to one. The radiometer is especially sensitive

to horizontal displacement (i.e. off axis readings).
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Figure 60. Radiometer displacement effects

The results indicate that the radiometer should be placed as close as possible and in line
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with the heat source, Extreme care was taken to assure the radiometer was centered on the
receiver axis during the test phase. An elaborate string and plumb bob arrangement was

used to center the radiometer,
X. ERROR ANALYSIS

This error analysis determines error in the results based on test method and instruments
used. The error analysis also serves as one form of evaluating the test method. The error

analysis does not account for human errors or systematic errors. The general form for the

error analysis of a given function, z, where z=z(x;) is given as follows(16);

o= z (e (84

The general formula for the total heat lost from the cavity is given by:
Quotal = pVC AT (85)
The percent error in the total heat loss is given by:
Qe . v (GP) (Gv) {G"P)Z ("A_T)2 (86)
Qeotal AT

The density of the heat transfer fluid is a function of the temperature and is approximated
by(17):

p = 60.6 - 0.0324 Tipiee + 9.846-6 T2, - 1.79e-8 T3, [Ib/ft?] (87)

The error in the heat transfer fluid density is approximated by:
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op =V {-0.0324 + 1.968e-5Tigger - 5.37¢-8 T21) 0% (88)

The inlet temperature is used for density calculation. The inlet thermocouple used is the one

closest to the flow meters.

The heat capacity of the heat transfer fluid is a function of the temperature and is
approximated by(17):
¢p = 0.3690 + 2.267¢-4 Tmean [Btu/lb °F] (89)

The error in the heat transfer fluid heat capacity is approximated by:
O, = 2.267e-40T, . (90)

A. Flow Measurement Error Analysis

The HTF flow rate is given by:
v= (.2978E O
where:
E =1is the output signal from the pulse rate converier (PRC) [volts]
v = volumeiric flow rate [gpm]
The manufacturer’s specified linearity of the PRC is 10.4% of full scale. The calibrated
flow meter is accurate to within :0.5% of the reading in the flow rate range of 0.8 to 2.5

gallons per minute and with a fluid viscosity in the range of 0.4 to 2.0 centistokes.(1®)

The output of the PRC to the computer is from 0 to 10 volts. The accuracy of the computer
for the 10 volt input range is the larger of +1% of the reading or 0.2% of the range (the
range is 11 volts for the -1 to 10 volt input ).(1% The combined error for the factory

calibrated flow meter reading is given by:
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Otiow = Vb?CF 92)

O = "/ (()-PRC)2 + (Gﬂow meter)2 + (('fct'.unputer)2 (93)

where:
b = the slope of the flow rate versus voltage output for the PRC-flow meter
combination
b = 0.2978 [gpm/volt]

B prc = the error in the pulse rate converter

_OPRC__ _ () 4% of full scale

Egeale PRC
B flow meter = the error in the flow meter

S flow meter — ().5% of reading
Ereading

B = the error in the voltage signal ADC

computer

Cleeaies = %1.% of reading or £0.2% of the range
Ereading or Egcale computer

E

'scale computer

= 11 volts (from -1 to + 10 volts)

The maximum error on flow rate measurement is 1.6 % or 0.0208 gpm.

B. Temperature Measurement Error Analysis

The accuracy of the computer must also be taken into consideration. The specified accuracy
of the data acquisition system is given as & 1.44°F (0.8 °C) with a resolution of 0.18 °F
(0.1°C) for K-type thermocouples. The accuracy of the differential thermocouple

connection is specified as X201V for the ¥25mV range setting. This corresponds to a
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temperature difference accuracy of £0.90°F (+0.5°C). Calibration tests indicates an error of

+25.45 pV which corresponds to a temperature difference error of +£1.147 °F,

The error of the temperature readings must include the combined effects of the error of the
computer, calibrated probe, the absolute temperature probes, and the computer micro volt

readings. The error of the absolute temperature thermocouples is given by:

OTin = ‘J O%Mcal'l'czcal'l' computer TC 94

and

OToit = v o%‘outfcal"'o%al"'ocz:ompular TC ' (95)

where

OTin/cal = error of the inlet probe as compared with the calibrated probe.

OTin/eat = £1.02 °F

GToutcal = €Ir0r Of the outlet probe as compared with the calibrated probe.

CTout/cal = +1.44 °F

Ocomputer TC = 1101 0f the computer ADC thermocouple channels.

Gcomputer TC = 1.0 °F
The mean temperature is required in converting the micro volt signal from the differential
thermocouple connection to an equivalent temperature difference. The mean temperature is
calculated from the absolute temperature readings of the inlet and outlet thermocouples as

follows:
T _ Tin + Toue (96)

mean —
2

The error in the mean temperature is given by:

OTimean = V Fin+ ot o7

The temperature difference from the differential thermocouple reading is given by:

AT:% ©8)
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where k is the micro volt to temperature difference conversion factor,

The conversion factor, k, is a function of the mean temperature (Fig. 49). The error in the

measured temperature difference is given by:

oAT " OAT
our= 1 Grrow + G o’ %)
which reduces to:
'O v
cAT=\/(%V)2+(‘;—ch)2 (100)

The error in the micro volt reading is dependent on the error in the differential thermocouple
output as well as the error in the computer ADC. The error in the micro volt reading is

given by:

Ouv = YOATHV-cal + Ccomputer pv (101)

where
CATuV-cal = SITOT in differential thermocouple as compared with the calibrated thermocouple.

OATuV-cal = £ 2545 uV

Ocomputer pv = EITOT In the computer microvolt reading.

Ccomputer pv =120 UV
The micro volt to temperature difference conversion factor, k , is determined from a ninth
order polynomial of the mean temperature at the inlet and outlet junctions. The function for

k is given as follows:

k = (mOH-{m1)Tmean + (M2)Thean + (M3) T3 cant (04) T eant (SIS can (102)
+ {m6) T eant (M7 Theant (M8 T ean+ (M9 ean

where
m0 = -5.9996574248
ml = 0.57623140669
m2 =-(.0050328211032
m3 = 2.6366840630¢->

91




m4 = -9.2911149803¢-8
m35 = 2.2361762393¢-10
m6 = -3.5624990721e-13
m7 = 3.5424764505¢-16
m8 = -1.9716587450¢-19
m9 = 4.6528339298e-23

The error in k is given by:

mean

where:
ok

0T mean

+ 6(m6) T3 cant T(MTI T cant 8(M8 T hean+ HmO) TS can

C. Normalization Error Analysis

The heat loss is normalized using the following formula:

Tlarget - Tambient standard \
measured ~ Tamb1ent measured ’

Qnormalized = Qmeasured(T

The percent error in the normalized heat loss is given by:

GQnormaIized = (GQmeasm'ed) (GN)
Qnormalized

where

N= Tmréet = lambient standart
Tmeasured - Tambient meastred

and

_cm. = v o-?rnwm' + o'zrs.mbienl measured

N (Tmean = Tambieul mewued) 2

)

=(m1) + 2(m2)Tmean + 3{M3)T2eant Hma)JT3cant S(mS)Thean

(103)

(104)

(105)

(106)

(107)

(108)



The convective heat loss is given by:

gﬂ = v _c'zrmem + O'lrambtent meaxured

N (Tmun = Tuu.blcm m:nuxtd) 2

The error in the convective heat loss is given by:

Qconvective = Qiotal - Qiotalgge
'The conductive heat loss is given by:
Qconductive = Qtota-lgﬂ"plugged

The error in the conductive heat loss is given by:

CQoonductive = GQlDtalelugge(
The radiative heat loss is given by:

Qradiative = Qtotalogsunpiugged ~ Qconductive

The error in the radiative heat loss is given by:

GQradiative = '\! Ggltotalgaanupmwd-}- 02Qconducﬁve

(109)

(110

(111)

(112)

(113)

(114)

The maximum error in the normalized total heat loss is 30.63%. This error occurs with the

aperture plugged and the receiver in the +90° position (Fig. 61). The total heat loss with the

aperture plugged is equivalent to the conductive heat loss.
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Figure 61. Error in total heat loss for various operating temperatures
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Figure 62. Error in total heat loss for various aperture diameter operating at 400°F
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Figure 63. Error in total heat loss for various aperture diameter operating at 600°F

The errors in the convective and radiative heat losses are higher due to summation ‘
variables, each of which contains an error (Equations 110, 111, 113). The maximum error
in the convective heat loss is 35.70%. The maximum convective heat loss error occurs at a
receiver operating temperature of 400°F with a 6 inch aperture and the receiver in the +90° ‘

position (Fig. 64).
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The error in the radiative heat loss measurement increases with decrease in receiver
operating temperature and receiver aperture diameter (Fig. 67 & 68). The maximum error in

the radiative heat loss is 38.5% with a six inch aperture and a 400°F operating temperature.

XI. CONCLUSIONS:

The results of experimental testing of the heat loss from a solar cavity receiver for various
aperture diameters and operating temperatures have been presented. With an increase in
aperture size there was an increase in the convective heat loss. The effect of aperture size on
the convective heat loss decreased with increases in aperture size. Decreasing the aperture
diameter from 18 inches to 6 inches, reduce the convective losses by 60%. The 18 inch
aperture presently used for this type of receiver has little or no effect on the free convective

heat loss from the receiver.

Conduction was the primary mode of heat loss from the receiver for very small apertures

(less than 12 inch diameter).

A low cost radiometer can be used to determine the radiative heat loss from a cavity within
+20% of experimentally determined radiative heat loss.

XI1. RECOMMENDATIONS

Further investigation into cavity temperature distribution and internal surface emissivity and
how each affects analytically determined radiative heat loss. Inquiries into convective heat
loss from a cavity is necessary to consider how various wind condition will effect heat loss

characteristics.
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Appendix 2: Phase Two; Aperture Size Test Result
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Appendix 2: Phase Two; Aperture Size Test Result
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Appendix 2: Phase Two; Aperture Size Test Result
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APPENDIX 3: LeQuere, Penot and Mirenayat Model Computer Program Listing

HEM 2 L 2222223222232 XX AT A2 A2 R A2l Rl R ad sl
REM
.
REM P. LeQuere, F. Penot, & M. Mirenayat
HEM IR XZI2AET T XIS SET SRS RS RS S ES SRS SRR AL SRR Rl n

REM The LeQuere, Penot, & Mirenayat model is used here to predict the convective
losses from
REM  a solar cavity receiver operating at various temperatures and receiver angles.

HEM LRSS RT LSS R ST ERESIRS AR R RS 28RS d Rl Rl R Ll D

PRINT * P, LeQuere, F. Penot, & M. Mirenayat Model for Predicting Convective Heat
Loss"

PRINT

PRINT
REM ITTITIEETYIEE SR RR SRR SRTS SRS RZER AR A2 RS SR R d Rt ds sl
HEM whkkdkkkkkwkkhkhkrrhi RQCeiver Geometry ke Ak kdrr A hhkrhirkr
Re=.127 :REM  end plate radius [m]
Rc=.33 ‘REM  cavity radius [in]
Ro=.45 :REM receiver outside radius [m]
Li=.292 ‘REM  frustum length [m]
Lh=.254 :REM cylinder length hot [m]
Lc=.14 :REM cylinder length cold [m]
HEM IEEXAETEZIETSETS SRS FESES L EE RS R RS R AR SR AL RS2 R a s gt ]
REM ek AR ATk bk hrhdy Constants AEEA RN AR A A AT AT AL RN AT
pi=4*ATN(1)
g=9.810001 ‘REM  gravitational acceleration [m/sec/2]
SB=5.6696E-08 :REM  Stefan Bolizmann const. [W/m 2 KA4]
Cp=1006.86 ‘REM  specific heat capacity of air at Ta [J/kg K]
Pf=1.19406 :REM  density of air at Ta [kg/m"3]
e=9 :REM emittance of cavity
Ki=.04756 :REM insulation conductance [W/m-K] [.33B/h/f{*2/in]
t=.0889 :REM  thickness of insulation [m] [3.5 in]
Ta=70 ‘REM ambient temperature [F]
Ta=(Ta+459.67)/1.8 :REM ambient temperature [K]
HEM I EEZZEREXAESEIRTSIR RS ISR SAE SRS SR A RS IR RSS2 AR S22 R 0 2 8 0 )
REM AEERA TR AT AE N AT I RN Angle Constants AhkAAEERE AT T AR T RA N bR
DIM  a(13),b{(13)
FORI=1TO 13
READ a(l)

DATA .057,.047,.0545,.0465,.048,.0465,.0925,.0810,.064,.0605,.068 5,.033,0
NEXT {

FOR I=1 TO 13

READ b(l)

DATA .353,.36,.36,.37,.369,.368,.33,.331,.3382,.316,.292,.302,0

NEXT §

REM EE2 23S TEEL AR IEE IS S S22 2 2R X2 2R R 2 R0 iRl n ]
REM open clipboard file for transferring data to spread sheet

OPEN "CLIP:" FOR OUTPUT AS #1

100 :

HEM Wik keok ke w ke dkkdok e ik Print COﬂStantS L2223 33 2 R R ddds b lsdhl gy
REM

s

PRINT "End Plate Radius [m] = ";Re

PRINT "Cavity Radius [m] = ";Rc

PRINT "Frustum Length [m] = ";Lf
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PRINT "Hot Cylindrical Section Length [m] = “;Lh

PRINT "Cold Cylindrical Section Length [m] ="Le

PRINT "Ambient Temperature [K] =

PRINT USING"####.#"Ta

PRINT

HEM FRERE A AR AR A AN writa to the c"pboard Ll ad td sl il el s ]

WRITE#1,",”™,"End Plate Radius [m] = ",Re
WRITE#1,"","", "Cavity Radius [m] = *,Rc
WRITE#1,",", "Frustum Length [m] = “,Lf
WRITE#1, " o ,'Hot Cylindrical Section Length [m] =
WRITE#1, ", o “Cold Cylindrical Section Length [m] = . Lo
WRITE#1,'“',", *Ambient Temperature [K] = ", Ta

WRITE#1,
REM A AEA AR AER N LA AN ReceiVGr Apertu re Radius Loop REAAERRESERRRN

FOR=1TO 4
CLS

READ Ra

DATA .0762,.1524,.2286,.329

Da=2"Ra :REM  aperture diameter [m]

Aa=pi*Ra"2 ‘REM  aperture area [m"\2]
H EM AR R RS EREES RS ELRERRER SRR SRR RSl REXE SR X SRR XY
HEM FhkkATE TR A EEN AN Area Constants e gt e e e e ok ke ko R W ek

REM In the foliowing section Ah and Ar are calculated,

REM Ah is the total interior heated cavity surface area based on the tube bundle

geometry,

REM  Ar is the tota! interior refractory cavity surface.

REM  Atis the total cavity area.
Ah=pi*(Re+Rc)*(LfA2+(Rc-Re}r2)A.5+2  *pi*Re*Lh
Ar=pi*Re/2+pi*(Rcr2-Rar2)+2*pi*Re*le

At=Ah+Ar

Ao=pi*((Rec+R0)/2)A2+2*pi*{({Rc+Ro0)/2) +pi*(Rer2-Rarl)

LA RS AR AR RS SRl stEl Rl 2Rt RSRE R sl XSRS

HEM *hEkhkkhhkkhhhikid Print Header Fhkkkdkkhkhhkkdhkktkhhrkirdn

REM
CLs
PRINT "Aperture Radius [m] = ";Ra
PRINT " Total Cavity Area [m"2] = *;
PRINT USING “###.###" At
PRINT " Total Heated Cavity Area [m"2} = ";
PRINT USING “###.####";Ah
PRINT * Total Refractory Cavity Area [m"2} = *;
PRINT USING "###.###8"%Ar
HEM (a3t digatld ) erte header to c[ipboard e de e do g dedede e e de itk ke ok
WRITE#1, """ ,"Aperture Radius [m] = *,Ra
WRITE#1, ™ '"' “ Total Cavity Area [mA2] = * At
WRITE#, ““,'"'," Total Heated Cavity Area [m*2} = *,Ah
WRITE#1,™,"™, " Total Refractory Cavity Area [mA2} = *Ar

HEM Li st st ol sl ] Operating Temperature Loop FhAdd ke h ok ok ik
REM

FOR Tmf=300 TO 600 STEP 100

WRITE#1,

REM The operating temperature is converted from F to K

Tm=(Tmf+459.67)/1.8

Twi=Tmf-100 :REM The refractory surfaces are assumed to be 100°F cooler
:REM than the heated tube surfaces.
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Tw=(Twf+459.67)/1.8

CLS
HEM XTI RS SIS R AL R R AR R R R R 2SR Rl l Rl sl sl
REM ’ W e e e e A e R e e el Print Table Header LA LTIl Lt sy

PRINT *T mean [K] = %

PRINT USING ‘“#####";Tm;

PRINT* [Fl="%

PRINT USING “####.";Tmf
PRINT
PRINT ;TAB(3);" Angle";TAB(12);"Q conv";TAB{24);" Nu ";TAB(35);" Gr"
PRINT ;TAB(1);" [degrees]*;TAB(13);"[Watts]"

PRINT
REM XS E AT ESEARSXA 82 XY R R L AR R 2 R e R 2 22 R 2 22 R 2t A2 0O X B 2
REM *hawdearrreriearr  write table header to clipboard  *******

WRITE#1,"", "T mean [K] = *,Tm
WRITE#1, ", [°F] = ", Tmf
WRITE#1,
WRITE#1," Angle","Q conv™,” Nu *.," Gr*
WRITE#1," [degrees]","[Watis]"
WRITE#1,
REM dkkhkhhh kN khhkkwikis Beginning Of Angla Loop ba bl i il by lad sy
n=0
FOR phi=-20 TO 90 STEP 15
z=pi*phi/180 :REM  convert angle to radian measure

REM kAR kbt hthi Angle Function FhkhhkEhkhkhkN Ak kd
n=n+1
REM [P 22 XL 22242222 R 28X R XA S XA SRR R X2 SRR RS0 REELS S

Teav=(Tm*Ah+Tw*Ar)/At :REM area average cavity temperature [K]

L=2"Ra

C=1.1547E+19*Tar-4.4187 :REM gB/ivA2.
k=.0071749261015#+.000064030639041#*Ta

REM A hkAr kA bkttt k Heat Loss Calculations ARk d ARk ok ke ke ko
Gr=C*(Tcav-Ta)*'L"3 ‘REM  Grashof number
Pr=.7814008749#-.00037306809395#"Ta+5.2131644352D-07"Tar2-2.
1272705278D-10*Tan3

REM Pr = Prandtl number

Nu=a(n)*Grb{r) :REM  Nusselt number

h=Nu*k/L :REM heat transfer coefficient [W/m”2 K]

HEM 22322 EFS S 22222222 R LR R AR LR A Rttt hd d)
HEM AEE R AN ENN heat IOSS ca]culations TR EERNETNEENF AN Tw
Qc=h*At*(Tcav-Ta) :REM convective
REM Rk ke htkkkkdhthhin output Loop Results FhkEkhkhhkrhid ki hy

PRINT ;TAB(3};phi;

PRINT TAB(12);

PRINT USING “####.4"Qc;

PRINT TAB(22);

PRINT USING “###.##";Nu;

PRINT TAB(32);

PRINT USING "##.##NGr

REM Thkhh R kR kdhdhnh write to cﬁpbOard dkkkdkdkh kA heviy
WRITE#1,phi,Qc,Nu,Gr

HEM [TE3 8 EXSE SRR AL RS ER RS2 2222t s Rl d il gt da
REM ARk hkkkkkktthkkkkik End of Angle Loop Ahhhk A ARk Ak Atk k
NEXT phi

H EM (2R XS A2 X S22 222 R 22 R 2R a2l ARl RERES SRS R Sl S
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REM
NEXT Tmf
REM

ARRARAEE N NNkt d End of Temperatu re Loop Fdhhddrdk ik

LA AL AL R SRR RR LSRR SS Rl EE S TR R LT L R R R R R R RN

HEM WAk AR RN kN dkd End Of Aperture HadiuS Loop ok kdrkkir

NEXT
REM
CLOSE#1
END

LAREA AR RS LRSSt R R R RS R R R L LT LR LT T R R R g gy
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Appondixd  LeQuere, Penol and Mirenaynl Mode! Heal Loss Dala
End Ploto Radius [fh] 37

Cavity Radius [ol]528
Frustum Length [o0]292
Eot Cylindrical Section Length fm] w0.254
Cold Cylindrical Section Leagihlfin] =
Ambicnt Temperaturo TR 511

Aperture Radive (mlro752
Total Cavity Aren [mPIPe
Total Heated Cavity Area [m RDH
Total Refractory Cavity Areauid2) =

T mean (K= =I5 TS E 303 L1t}
*F1 300 400 500 600
Anglo Qeony Nu Gr Qoony No ar Qoony No Gr Q cony Na Gr
[degreed] [Watts] fWars] [Watts] [Watta]
o0 9395 305  SA5E+Y 16610 354  S15B+f 24772 393 LI0EH] 33713 425 L3B8EH
45 BT74 285 S35E+T|  L555a 1.1 80587 | 23232 368 LIOE+$ | 351605 40.0 128E+8
-60 10174 330 S35E4F 18041 384 S1SE4f 26962 427 110BEH] 36753 464  139EH
45 1037.2 33.6 S.35E+y 18469 393 SISE+} 27633 439  11GE+] 37821 477 1L.385EH
=50 1051.7 344 535E4Y 18720 399 BASE+] 28052 445  110E+y 38316 453  1.38EH
-15 1000.9 325  S533E+1 17808 378 815B+7] 26677 42.3 1.10E 3543.0 £50 138E4+
-3 1012.5 328 S35BE4f 17728 377 S1SE+] 26261 4160 1,10 35553 449 1.3
15 S02.6 293 S35E+Y  1ss10 337 S15B+7| 23426 37.1 LI 31722 40.0 1.38E+
ao 7259  23.6 SASE+y 12721 271 S15E+f 18855 299 110 25538 322 13
AS 5162 167  535B+] 8983 9.1 L15E+7 13255 210 110 17887 226 138
&0 351.3 124  535E+f 6570 140  BISE4f 9624 153 110 1291.7 163 138
75 219.5 7.1 5358+ 3798 8.1 8.15B+F S557.9 4.8 1.10] 750.5 9.5 1.38
o0 0.0 0.0 5352+ 0.0 X)) 8,158+ 0.0 0.0 1.10] 0.0 0.0 1.38]
Aperture Rodius [} #5246
Total Cavity Area [mIEHE
Total Hasted Cavity Ares [mARPET
Total Refractory Cavity Area@aifd} =
Tmean (K] 120 216 LFER] 5.1
(°F1 300 400 500 600
Anglte | Qeonv Nu Gr Qconv Nu ar Qcony Nu ar Qcony MNu Gr
[degrees] [Wats) [Watts) [Wata) [Watts]
90 960.8 63.7 433+ 16908 73.9 GSTE+Y 25154 81.9 B.81. 3418.1 58.8 111
75 910.6 604 A433E4B 16068 702 6.5 23955 78.0 8.8l 32607 847 Lt :%
50 10559 70.0  433E+§ 18531 814 G5B+ 27778 90.5 B.81E 271810 982 1.11E
43 10991 729  433E+8 175 B85Sl GSTE+$ 29121 549 B8l 39728 1032 1.11E+4
-30 11122 738  4.33E4B 19629 861 G6.5TE+§ 20448 959 831 4016.5 1043  1.11E+§
-15 10563 701 4,33B+8 18700 EBL7  G657E+§ 27946 910 8381 AB10E 9.0 111E+#S
0 9369 655 433Es8 | 17192 751 6S51B+8 | 25418 £23 SS1EH | 34350 9.2 1L11E+9
15 g81.6 585  433B+B 153638 672 GSTE+H§ 22719 4.0 881 30721 798 1.11E+#
30 7106 471  433E4 12392 541 GSTE+§ 18324 597 881 24784 644 1.11E4S
45 4886 324 AI3E4E 8465 37.0  GSTE+F 12459 406 BS51 16790 436  1.11E+]
60 M3 s 43848 samx 25.7 SSTE48 | 505 210 BmEss | 11333 9% LUEBY
75 201.% 13.4  433E+B 3475 152 G657+ s093 166 581 684.2 178 L11E+
90 0.0 0.0 4338+ 00 .0 &3TE+f 00 0.0 8.81 0.0 0.0 1.11E+4
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IT1

Apatme Radioa fmm 9285 9
Toul c!ﬁmu [in-‘!] =1.556
Total Hentod Cavity Area (2] = L7
Total Refractory Cavity Arca [m*2} 0,519
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APPENDIX 5: Koenig and Marvin Model Computer Program Listing

REM AT FY TR ISR SR SRS RE RS LS RS RSS2 R R AL E R AR d Rl
REM

REM Koenig and Marvin Model

REM [ TEXTERTEITEEYSSE PRSI RS ASRRITSRELA SRR AR R RS RSl R sldsds sl

REM The Koenig and Marvin method is used here to predict the convective losses from
REM a cavity solar receiver operating at various temperatures and receiver angles.
HEM [T EFTEITETTE R IIE ST EIE SRR IEE XS 2L A AR AR A2 E R S R0 8 80 )
PRINT " Koenig and Marvin Model for Predicting Convective Heat Loss"
PRINT

PRINT
REM [EXIITEEITESEFFSEILTERIAS RS LSS LR R A A2 SRR R 22 R R X g adlhls sl
REM sk ki kdkdhdk ik HBCBiver Geometry Ah kb hk ¥Rk hkhhdthrdidi
Re=.127 :REM end plate radius [m]
Rec=.33 :REM cavity radius [m]
Ro=.45 :REM receiver outside radius [m]
Lf=292 :REM  frustum length [m}
Lh=.254 :REM cylinder length hot [m]
Le=.14 :REM cylinder length cold [m]
REM X2 EE X322 X2EEEEXERESRREYSS LIS R AR R RS R s X s R Rl Rl
HEM ik hkkhrtrktihhdkhiii Constants T2 s P L2 33 i a2 g gt L kg g
pi=4*ATN(1)
g=9.810001 :REM gravitational acceleration [m/sec/2]
SB=5.6696E-08 :REM  Stefan Boltzmann const. [W/mA2 KN4
Cp=10086.86 :REM specific heat capacity of air at Ta [J/kg K]
Pi=1.19406 :REM  density of air at Ta [kg/m"3)
e=.9 :REM emittance of cavity
ki=.04756 :REM insulation conductance [W/m-K] [.33B/h/fth2/in]
t=.0889 :REM thickness of insulation {m] [3.5 in]
Ta=70 :REM ambient temperature [F]
Ta=(Ta+459.67)/1.8 :REM  ambient temperature [K]
HEM [TEETLSTE ISR IR IR EEEFEEREFES R LIRS ARZ SRS R R R A R R 2 a 2 8 8 8 O

REM open clipboard file for transferring data to spread sheet

OPEN "CLIP:" FOR QUTPUT AS #1

100 :

REM *khkkhkhkhk kR ki Print COI'IStantS ARRFEAERATEEE TR A bk kkd
REM

cLs .

PRINT "End Plate Radius [m] = ";Re

PRINT "Cavity Radius [m] = ";Re

PRINT "Frustum Length [m] = *Lf

PRINT "Hot Cylindrical Section Length [m] = ";Lh

PRINT "Cold Cylindrical Section Length [m] = ";Lc

PRINT *Ambient Temperature [K] = *;

PRINT USING"#i###.#"Ta

PRINT

REM *kkkhkkhktkhkirs Write to the clipbOard bl alaa b bl ety il b
WRITE#1,","","End Plate Radius [m] = ",Re
WRITE#1,™,"™, "Cavity Radius [m] = ",Rc¢

WRITE#1,",", "Frustum Length [m] = ",Lf

WRITE#1, ",™,"Hot Cylindrical Section Length [m] = *,Lh
WRITE#1, ",","Cold Cylindrical Section Length [m] = ",L¢c
WRITE#1,*",", "Ambient Temperature [K] = “,Ta
WRITE#1, '
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REM wrawkmwmesxewewnr  Receiver Aperture Radius Loop *rhrrtrrereR
FOR I=1TO 4

cas

READRa

DATA .0762,.1524,.2286,.329

Da=2*Ra :REM aperture diameter [m]

Aa=pi*Ra’2 :REM  aperture area [m”2}
HEM AR 2SRRI EERTE AR a RSt iRl SRR Rls s d
HEM EhEENER R R W Area COﬂStantS Tk kk bk hthrtthtik

REM [n the following section Ah and Ar are calculated.
REM Ahis the total interior heated cavity surface area based on the tube bundle
geometry.
REM  Ar is the total interior refractory cavity surface.
REM Atis the total cavity area.
Ah=pi*{Re+Rc)*{LfA2+{Rc-Re)~2)A.6+2 *pi*Rec*Lh
Ar=pi"ReA2+pi*(Rcr2-Rar2)+2%pi*Re*lc
At=Ah+Ar
Ao=pi*((Rc+Ro)/2)A2+2*pi*((Rc+Bo0)/2)+pi*(Rcr2-Rar2)
EM

AR TR AN AR AR TR AT R AR TR AT AN AT Ak Ak kb bk

REM HRk WA kkk Ak Rk k Ak Print Header Tk hhk ikt ktdd ik

REM
CLS
PRINT “Aperture Radius [m] = *;Ra
PRINT * Total Cavity Area [m"2] = *;
PRINT USING “###. ####" At
PRINT " Total Heated Cavity Area [m"2} = *;
PRINT USING “###.####";Ah
PRINT " Total Refractory Cavity Area [m 2} = *;
PRINT USING “###. 44" Ar
HEM LELE S 2 d sl i b ] g} write header to clipboard tidada i b il et e dyd
WRITE#1, "*,","Aperture Radius [m] = “,Ra
WRITE#1, """ Total Cavity Area [m"2] = “At
WRITE#1, *,""," Total Heated Cavity Area [m"2} = *,Ah
WRITE#1,","", * Total Refractory Cavity Area [mA2} = “Ar

HEM TR Rk hkEhNeh ik Operating Temperature Loop TRAARERE AL AR R R R
REM

FOR Tmf=300 TO 600 STEP 100

WRITE#1,

REM The operating temperature is converted from F to K

Tm=(Tm{+459.67)/1.8 .

Twi=Tmf-100 :REM The refractory surfaces are assumed to be 100°F cooler
:REM than the heated tube surfaces.

Tw=(Twf+459.67)/1.8

as
HEM LA LS LR AR AL LSRR SRttt dl s ls s )]
HEM EHAREA AN EAHATA AL AAN Print Table Header XAk ke Rdddokd ko kw

PRINT *T mean [K] = *;
PRINT USING "####.4";Tm;
PRINT* [PFl="
PRINT USING “####.";Tmf
PRINT
PRINT ;TAB(3);" Angle;TAB(125;"Q conv™;TAB(24);"Q total;TAB(34);"% Conv";
PRINT TAB(45);" Nu *;TAB(56);"
Gr";TAB(66);"P(e)";TAB(76);"k"; TAB(86);"gB/vA2"; TAB(96);"Pr
" TAB(106};"Tp"
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PRINT ;TAB(1);" [degrees]";TAB(13);"{Waits]";TAB(24);"[Watts]";TAB{36);"%"
PRINT
HEM L2322 S RS2SR R R AR Rl 2Rl 2l AR SRt Rl LSS
REM Fhrresriioeswersr write table header to clipboard  YtttvttY**
WRITE#1,", *T mean [K] = *,Tm
WRITE#1, **" [°F] = ",Tmf
WRITE#1,
WRITE#1," Angle","Q conv",*Q total*,"% Conv"," Nu *,” Gr*,"P(a)"
WRITE#1,” [degrees}","[Watts]","[Watts]","%","","",""
WRITE#1,
REM Ak hk kb hhktih Beginning Of Angle Loop EHEkEERRNRE LT, h ik
FOR a=0 TO 90 STEP 15
Z=pi*a/180 :REM convert angle to radian measure
REM TR TR TR AN Y Angle Function (S 2L A L a2 2R X4l d T sl
IF a»45 THEN 121
P=(COS5(z))}73.2
GOTO 124
121 :
IF a=90 THEN 122
P=.707*(CO8(2))r2.2
GOTO 124
122 :
P=0
124 .
HEM LA AR R R AR R RS R R R AR RSB R RAZSRR LR R RS R L
Tecav=(Tm"Ah+Tw*Ar)/At :REM area average cavily temperature [K]
Lce=Ra/Re '
L=27.5"Rc
Tp=(11*Tcav+3*Ta)/16 :REM air properties temperature [K]
C=1.1547E+19"Tpr-4.4187 :REM gB/vA2.
k=.0071749261015#+.000064030639041#*Tp
HEM e e 90 T o o e e el o i i Rk Heat LOSS Ca!culations A e o e e e b i e e o e e de e dr e
Gr=C*(Tcav-Ta)'L"3 :REM  Grashof number
Pr=.7814008748#-.00037306809395# Tp+5.2131644352D-07*TpA2-2.
1272705278D-10*TpA3
REM Pr = Prandtl number

Ci=52

ai=1.75

Nu=C1*P*Lccral*(GrPrn2s :REM  Nusselt humber

h=Nu*k/L ‘REM  heat transfer coefficient W/mA2 K]

HEM Ak A AR kA AR A Ak A AR AR A A A A AR A AR AR AN AT AR A AN N A AT
REM khkhkkhkkkikhkhkikikh heat Ioss Calculations (a2 82 8222 Sl a2l didald]
Qr=pi*Rar2*e*SB*(Tcav"4-Tar4) REM radiative
Qc=h*At*(Tcav-Ta) :REM convective
Qk=ki*Ao™(Tcav-Ta)/t :REM conductive

Qt=Qr+Qc+Qk

PQc=Qc/Qt*100

HEM TREFTTAEREENTRT AN output Loop Results AXEETE XA NNEENNNNN
PRINT ;TAB(3);a;

PRINT TAB(12);

PRINT USING “####.#",Qc;

PRINT;TAB(24);

PRINT USING "#i###.#"0t

PRINT TAB(34);

PRINT USING "##.#";PQc;
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PRINT TAB(44);

PRINT USING "###.##"Nu;
PRINT TAB(54);

PRINT USING "##.##~A0"Gr;
PRINT TAB(64);

PRINT USING “#.##&4"P;
PRINT TAB(74);

PRINT USING “#.##8#%k;
PRINT TAB(84);

PRINT USING “### ##AaneC;
PRINT TAB(94);

PRINT USING *#.####";Pr;
PRINT TAB(104);

PRINT USING ‘“####.#"Tp

HEM hhkEkhhhkhkkhhkh Write to ciipboard dedkdhrkhwhdkkkhkhdk kN
WRITE#1,a,Qc,Qt,PQc,Nu,Gr,P

HEM LA 2 R AR R R Rt Rl At Rl RSl R ] 2T
HEM Ak hkhhhnk Rk khknds End Of Angle Loop hhkhkdkdkkhhhhhirrhn
NEXT a '
HEM LRl Ly L Y )
REM rrerReptEaawioey Qutput Radiation & Conduction  *rerrrererr

PRINT"Radiation {Watts) = *;Qr

PRINT"Conduction (Watts) = ";Qk

REM TR yiAvart  Write radiation & conduction to clipboard **
WRITE#1,"",", "Radiation {Watts) = ",Qr

WRITE#1,","","Conduction (Watts) = *,Qk

HEM AEZ AT SRR A RS R R AR AN E R L R R Y Y T Y

REM AhkkkAARKKARRrkAANE RN End Of Temperature LOOp * ek dkddkh hkokokoddk
NEXT Tmf

REM LA SR AR RS ARl st R R Rt RS R R )L

REM La 2l DAL L ST SR Te End Of Aperthe Radius LOOp dhhkkkhihd
NEXT [

HEM AL RS R AR R L Y L Y R L)

CLOSE#1
END
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Appendix 6: Koenig and Marvin Model Heat Loss
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Appendix 6: Koenig and Marvin Model Heat Loss
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Appendix 6: Koenig and Marvin Model Heat Loss
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Appendix 7: Zone and Shear Plane Area Formulas
1. Zone Area Formulas

The receiver cavity is divided into two zones (Fig. 23). The boundary between the zones is
formed by a horizontal plane cutting through the cavity at the upper lip of the aperture. The
upper zone is assumed stagnate while the lower zone has active convective currents. Zone 1
area represents the internal surface area of the receiver above the horizontal plane. The zone
2 area represents the internal surface area of the receiver below the horizontal plane. The
zone 1 and zone 2 areas vary with receiver angle for a given receiver geometry. The

following formulas describe the zone 1 and zone 2 surface areas of the receiver cavity

Figure 23. Cavity zones areas.
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The receiver internal geometry is divided into five sections representing the hot and cold
surfaces in the receiver (Fig. 24). The hot surfaces are actii'ely heated. The cold surfaces
represent the refractory surfaces . Section 1 is the circular plate at the end of the frustum.
Section 2 is the frostum portion of the tube bundle. Section 3 is the cylindrical portion of
the tube bundle. Sg.ction 4 is the short refractory portion of the cylindrical section. Section

§ is the refractory ring that forms the aperture.

Figure 24, Cavity sections.

As the receiver is rotated through various angles, each section of the internal receiver
geometry may be divided by the horizontal plane that cuts through the upper inside edge of
section 5. The critical angles represent limits for the various algebraic expression of the
zone areas (Fig. 69). The following formulas define the portion of the area of each section
that is in zone 1 for a given receiver angle range. The remaining surface area of each section
in zone 2 is determined by subtracting the zone 1 area from the total surface area for that

section.

121




horizontalplane | A |

7 |..

receiver gavity,

@3/94

Figure 69. Critical angles.

where;

@y = tant [—Re-Re 3
"Ecc +4'ehc+ ,Ef (115)

@, = tan'! [Rat Re
Roo + Ry + Af (116)

@3 = tan'! [Nt Re
Bec +Ape (117)

@4 = tan-t [Rat Re)
o A (118)

where:
R, =radius of the end plate
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{a) section 1
Range 0<@<@,

Area=0

Range @, <@<@,

Ape + A¢) tan @

Area =R% cos-1 [Ra " (Bee + R

]+ [ (Rec+ 2oc+ A¢)tan B-R, |

{2Re [(Aec + £nc+ £e)tan B - Ry +Re] = [ (hee + e + £f)tanQ5-Ra+Re]2}1/2

(119)
Range G20 S%
2
Area =R, (120)

(b) section 2

Range 0<9 0,

[BeBe Y(Re- R+ (oo + 2c )] sin @
Area = { A (Rc-Ra) }

:
B ST
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4 TRa-(Lec+ 'Ehg)tallg
R. cos [ R, ] a2
Range @, <0<,
Area=v 23 + (Ro-Re * { Re cos! [Ra'“w*‘ﬁ:”f)mﬂ]
4 [Ra-(£oc + 2uc)tan B
+ RcCOSI[ R, ]} e

Range @,SO<@,

Area= {TI:Re-i-Tt {Re +asin [tan-l (Rc;fR" )]}}a

+ {Rccos-1 [Ra_('e“';c'eh")mg ]+1I: {R,3 +asin [tan-1 (-————R"';Re)]}}
f

[ V(Re-R. P+ 27 -2 ]

(123)
where:
2 : . R.+ R,
- V(Re + Ra) %+ (Rec + A+ )7 sin[ B- m1(£w+£hc+ . )]
. a1 (Re-Re
sm[n‘ @ - tan'l ( py )]
(124)
Range !33395%
Area=T (Re+ Re) V(Ro-Re )2+ 47 (125)

(c) section 3

Range O0<@<@,
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Area= R¢ /Ehc{cc)S'l [Ra_ A tan & ]+cos-1 [Ra‘ (Lec+ 2pe)tan @ ]}

= = (126)
Range 9359394
Area=2ﬂRc [ lecc‘i' lehc‘ %’l ]
+ Rc[—(Ra+R°) - Ree ] {TE-!-COS'I [Ra— Ao tan § ] }
tan @ Re 127)
Range 945555%
Area=2TR; £y (128)
(d) section 4
Range 0<0<@,
Area=R. 2 {cosrl [&—] + cos! [R“' £cctan@]}
% R. R, 129)
Range 645@53‘2-
_ (Ra+Re) 1R J1(Ra+Re)
Ama-Zng[lm—T@—--]+Rc{n‘+cosl[Rc] el T
(e) section 5
Range OS@S%
Area:chos'1 [l;—a] -R, Y R:-R:
c (131)

Range &=
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2 .2
AIBa=1t(Rc-Ra) (132)
2. Shear Plane Area

The shear plane area is the area of the horizontal plane within the cavity (Fig. 25). The
shear plane area is divided into two sections. The first section is formed by the horizontal
plane cutting through the cylindrical portion of the receiver cavity. Not all of the horizontal
plane in the cylindrical portion participates in the convective heat loss. The sides of the
aperture reduce the effective shear plane area by restricting flow along the horizontal plane
at the sides of the cavity near the aperture. The shear plane expands parabolically from the
upper lip of the aperture in the horizontal plane. The second section is formed where the
horizontal plane cuts the frustum portion of the receiver cavity. The following formulas

describe the shear plane area in the specified portion of the cavity for a given receiver angle

shear plane ¢horizontal)

point where shear plane
intercepts upper lip of
apertute

Point where shear plane
intercepts frustum
section

shear plane flow
patterns

Line where shear plane
intercepts centerline of
cavity

Figure 25. View looking down showing the effective shear plane area.
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(a) Shear Plane Area -cylindrical section

Figure 70. Cylindrical section shear plane angles.

The angles in figure 70 are defined as follows:

g =tan-1 Ra ]
! [,Ecc +/Ehc

ar Ra+Re
By = tanl [De ]
2 Ao, + Ay

Range 05@<0,

_ (Bec + Lpe)
b= cos @

L=24R2-R2

Le=2“/Rc2:'[Ra'('ecc+ "ehc) tan@]z
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Shear Plane Area -frustuimn section

horizontal plane

Figure 71. Frustum section shear plane angles.

The angles in figure 71 are defined as follows:

@l — tan" [ Ra' Re
Ao+ Bpc + A

@ = tan’! [ Ra+ R ]
,Ecc +£hc+ ,Ef

ar Ra+Re
@3 =tan [T ]
3 [.Ecc+£hc

Range 0=0<@,

L=24R<%'[Ra'('£oc+ ‘ehc) tanﬂlz

p=2iERe+( Loo + Ano) tand - Ry
(Rc - R, )cos @ - 2 sind
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(152)

(153)

(154)

(155)

(156)




2D L2+LL.+L2%,
3 - L+L °

Areaghear =

Range gl @< Qz

L=2vR2-[R,- ( Lo + 2po) tan@d]?

Lo=2VRZ-[Ry-{ Ao+ Ly + A7) tan@)?

__ A
T cos@

+LL,+12,
L+L, °

2
Areages = 23[} =

Range 92 @< Qg}

L =24R2-[Ry- ( Lec + Lyo) tand)?

L.=0
D= Re[Re - ( Be + A1) tan@ + R, ]
(R¢ - Re )cos @ + £¢ sin
_2D L2+LL.+1%,
AreaSheaI 3 [ L+Le 4
Range 93595%
Areashearzo

The total shear area in the cavity at any one angle is the sum of the shear areas of the

cylindrical section and the frustum section.
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(159}

(160)

(161)

(162)

(163)
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Appendix 8: Clausing's Model Computer Program Listing

HEM EA AR ER AR R AR SRRl ARl R X2 RRR SRR R N AR TSR
REM

HEM Clausing's Method

REM 5 sections program w/ shear plane area

HEM LA R A2 R R AR R R RSl sdR Rl X iRt R R R 22" 0"Y 3

REM The Clausing method is used here to predict the convective, radiative,
REM  and conductive losses from a cavity solar receiver operating at various
REM temperatures and receiver angles.

REM A AR A AR LRl asRR R Xl RE SRR R LR LR B R LY
PRINT * Clausing's Method of Predicting Heat Losses"
PRINT
PRINT

REM ARSI R Rl R RS R R 2SRRI R AR R R RS T RT

REM  The program allows some variations in receiver geometry. These
REM variables are inputted in this section of the program.

HEM LA LR S AL EE AR R AR ARl Rt R Rl R SRR RS EEETEFEEE LN L]
HEM AR WA hh N dhhkkkhhwwkk Receiver Geometry e gk o e b e W ok e e R ek
Re=.127 ‘REM  end plate radius [m]

Rc=.33 ‘REM  cavity radius [m]

Lf=.292 :REM  frustum length [m)

Lh=.254 :REM cylinder length hot [m]

Le=.14 :REM cylinder length cold [m]

HEM LA RS S AR AR AR LR ER SRS R Sl R IR LRSS
HEM KAEER AN R Ak hdhdhih Constants *hkhkkkhkkkkhbkhthrrkhthhhn
pi=4*ATN(1)

g=9.810001 :REM  gravitational acceleration [m/sec/?2]

SB=5.6696E-08 :REM  Stefan Bolzmann const. [W/mA2 KA4]

Cp=1006.86 - ‘REM  specific heat capacity of air at Ta [J/kg K]

Pf=1.19406 :REM  density of air at Ta [kg/m”3]

e=1 :REM  emittance of cavity

ki=.04756 :REM  insulation conductance (W/m-K] [.33B/h/fth2/in]
t=.0889 :REM thickness of insulation [m] [3.5 in]

Ta=70 :REM ambient temperature [F]

Ta=(Ta+4569.67)/1.8 :REM ambient temperature [K]

REM LA RS SRS RS R RSt EREEEIR Ll R R LRSS R EL RS LR LR TN R T Y
Pflag=0

{INPUT "Do you want a hard copy *;Q$

IF LEFT$(Q$,1)="y" THEN 50

IF LEFT$(Q$,1)="Y" THEN 50

Pflag=1

50 : _
REM  open clipboard file for transferting data to spread sheet
OPEN *CLIP:* FOR OUTPUT AS #1

100 :

IF Pflag=1 THEN 55

HEM L1222 23T RS TR L Pfint Constants *hkhkkkkkkbakbh Rk ikkk
REM

cs

LPRINT “End Plate Radius [m] = *;Re

LPRINT “Cavity Radius [m] = “;Rc

LPRINT "Frustum Length [m] = *.Lf

LPRINT *Hot Cylindrical Section Length [m] = *;Lh
LPRINT "Cold Cylindrical Section Length [m] = “:L¢
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LPRINT "Ambient Temperature {K] = *;

LPRINT USING"####.4"Ta

LPRINT

65 :

HEM et adalatatdlatd write to the clipboard whhkkkhh kA hxhikh
WRITE#1,","™,"End Plate Radius [m] = ",Re )
WRITE#1,"™,"™, "Cavity Radius [m] = *,Rc

WRITE#1,","™, "Frustum Length [m] = ",Lf

WRITE#1, *,"","Hot Cylindrical Section Length [m]} = *,Lh
WRITE#1, **,"","Coid Cylindrical Section Length [m] = *Le
WRITE#1,",", "Ambient Temperature [K] = *,Ta

WRITE#1,
REM AEEARAARRTR AR Rh HeceivGr Apertura Radius Loop il a bttt b s s )
FORI=1TO4

iF Pflag=1 THEN 58
LPRINT CHR$(12)
58 :

READRa

DATA .0762,.1524,.2286,.329

Da=2*Ra :REM aperture diameter [m]

Aa=pi*Ra’2 ‘REM  aperture area [m"2)
R EM tl**tt***tt**tt**tl’t**It**l‘t****itt**l*****it**t****t**
REM Ak ATk kA ke khkti Angie Lil‘l’lits kAN Akt kih
REM in this section the 3 angle limits, z1, z2, 23, and z4 are calculated.

z1=ATN((Ra-Re)/(Lf+Lc+Lh)) pt=z1*180/pi

z2=ATN{{Ra+Re)/(Lf+Lc+Lh)) 1p2=z2*180/pi

Z3=ATN((Ra+Rc)/(Lc+Lh})) p3=z3"180/pi

z4=ATN((Ra+Rc}/Lc) ‘p4=z4*180/pi

25=ATN(Ra/(Lc+Lh)) :p5=2z5%180/pi
R EM R R L E R R AR A RER RS EX R ZEREERREN SRR A ER R R R R E RS SRR R E R R LRSS EERSBJ
REM *ENNENE kR h T hrhhd Area Constants EIT AT ISR SIS AT &2 L8 s d )

REM In the following section Ah and Ac are calculated.

REM Ah is the total interior heated cavity surface area based on the tube bundle

geometry.

REM  Ar is the total interior refractory cavity surface.

REM Aha is the interior heated cavity surface area is zone 2, the convective zone.

REM  Ara is the interior refractory cavity surface area is zone 2, the conveclive zone.

REM AT is the total cavity area. :
Ah=pi*(Re+Rc)*(LfA2+(Rc-Re)A2)A.5+2 *pi"Re*Lh
Ar=pi*ReA2+pi*(Rcr2-Rar2}+2*pi*He*le
AT=Ah+Ar

REM Aha and Aca are functions of the receiver angle and are determined by

REM calculating the heated and refractory areas in zone 1, above the

REM  horizontal plane, and then subtracting these values from their

REM respective total areas.

REM 222222202222 R XX 2o Ras s Xl B s EX s R et st snhsdtl
IF Pilag=1 THEN 60

HEM Thkkwhkkkhdkhkkih Print Header ThkkArkEkrrEdh kb rrrAnkhrnd
REM

s

LPRINT “Aperture Radius [m] = ";Ra
LPRINT * Total Cavity Area [m"2] = %
LPRINT USING “### ####" AT

LPRINT * Total Heated Cavity Area [m"2} = *;
LPRINT USING "“### ####";Ah
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LPRINT * Total Refractory Cavity Area [m"2} = *;
LPRINT USING “#i## #48#8" Ar
60 :
REM LA A1 el add sl Wl'ite header to clipboard ba i i in s daddsl sl
WRITE#1, "*," *Aperture Radius [m] = ",Ra
WRITE#1, """ Total Cavity Area [m*2] = " AT
WRITE#1, """ Total Heated Cavity Area [m*2} = ",Ah
WRITE#1,",", " Total Refractory Cavity Area [m~2} = "Ar

REM LA AR ddt sl Operating Temperature Loop vk kb bk ko k
REM

FOR Tmf=300 TO 600 STEP 100

WRITE#1,

REM The operating temperature is converted from F to K

Tm=(Tmi{+4569.67)/1.8

Twi=Tmf{-100 :REM The refractory surfaces are assumed to be 100°F cooler
:REM than the heated tube surfaces.

Tw=(Twi+459.67)/1.8

cLs

HEM LA B RS2SRRSRl e Rl R d Rl iRl iRl Rl YR R
IF Pflag=1 THEN 62
REM HhAEEREAR R XA A kK Print Table Header o e i e e e ok o o o e Rkl ke e e W

LPRINT “T mean [K] = *;

LPRINT USING "####.#"Tm;

LPRINT* [PF1 =%

LPRINT USING "“####.";Tmf
LPRINT .
LPRINT ;TAB(3);" Angle";TAB(12);"Tube Area“;TAB(22);"Refrac. Area";TAB(34);"Q
conv”,
LPRINT;TAB(44);"Q total";TAB(54);"% Conv";TAB(65);" Nu ";TAB{76);"
Gr;TAB(87);" Ashear"
LPRINT ;TAB(1);"
[degrees]";TAB(18);" [m~2]"; TAB(23);" [m~2]";TAB(34);" [Watts]* ;
LPRINT;TAB(44);" [Watis]"; TAB(56),"%"; TAB{88);" [m»2]"

LPRINT :

HEM 2 X R EE LAY AR AAE RS EE R R I EEE AR R R NSRRI R EE SR EXE R LR X3
62 :

REM Fhiwkwiaeswroor write table header to clipboard Yttt

WRITE#1,", "T mean K] = *,Tm

WRITE#1, "™, [°F] = ", Tmf
WRITE#1,
WRITE#1," Angle","Tube Area","Refrac. Area,"Q conv","Q total","% Conv",” Nu ","
Gr*,*Ashear”
WRITE#1," [degrees]”,"[mA2]","[mA2]"," [Watlts]","[Watts]","%","","," [m A2]"
WRITE#1, .

HEM Tk kR koA k ok w kA w Beginning of Angte Loop whkdwkdkdk ki khh
FOR A=0 TO 90 STEP 15

Z=pi*A/180
HEM R IR A TR N h Rk zol19 Areas kb hkkwkk kA bk hkhdkn

REM The receiver cavity is divided into 5 sections to accommodate the
REM zone area calculations. The sections are defined as follows;

REM section 1 = end plate

REM section 2 = frustum

REM section 3 = hot cylinder

REM section 4 = cold cylinder

REM section 5 = ring




BREM AZ1 = area of section 1 in zohe 1
REM AZ2 = area of section 2 in zche 1
REM AZ3 = area of section 3 in zone 1
REM AZ4 = area of section 4 in zone 1
REM AZ5 = area of section 5 in zone 1

REM tt***tlt**tt*tll‘tt*SECTlON 1*t****tti**t**itt*ttti’i**t*t
IF z>z1 THEN 101
AZ1=0
GOTO 201
101 :

IF 2>z2 THEN 102
x=(Ra-(Lf+Lc+Lh)*TAN(2))/Rc
cex=-ATN(x/SQR{-x*"x+1))+1.5708
m=(Lf+Le+Lh)*TAN(Z)-Ra+Re
AZ1=Rer2"cx+{{Lf+Lc+Lh)*TAN(z)-Ra)*SQR(2*Re"m-m»2)
GOTO 201
102 :
AZ1=pi*Re”2
201 .
REM t***t***ttﬁti**tt*tsECTION 2*ii*titikt*t*ttttt#*ttttt*t*
IF z>21 THEN 202
x=(Ra-(Lc+Lh)*TAN(z))/Rc
ex=-ATN(x/SQR(-x*x+1))+1.5708
m=ATN((Rc-Re)/Lf)
AZ2=(({Rec-Re)/Lf)*(Rc-Ra)+Lc+Lh)*SIN(z}/SIN{pi/2-2-m)
AZ2=(AZ2+{Rc-Ra)/SIN(m)}*Rc*cex
GOTO 251
202 :
IF z>z2 THEN 203
x1={Ra-(Lc+Lf+Lh)*TAN(z}))/Re
ex1=-ATN{x1/SQR(-x1*x1+1))+1.5708
x2=(Ra-(Lc+Lh)*TAN(z))/Rc
cx2=-ATN(x2/SQR({-x2*x2+1)}+1.5708
AZ2=SQR(L{*2+(Rc-Re)"*2)*(Re*cx1+Rc*cx2)
GOTO 251
203 :
IF z>z3 THEN 204
m=ATN{{Rc-Re)/L{)
n=ATN({Ra+Re)/{Lc+Lf+Lh})}
I=SQR{(Lc+Lf+Lh)*2+(Ra+Re}*2)*SIN{z-n)/SIN(pi-z-m)
x=(Ra-{Lc+Lh)*TAN(z))/Rc
cx=-ATN{x/SQR(-x*x+1))+1.5708
AZ2=(pi*Re+pi*(Re+I*SIN(m)})*1
AZ2=AZ2+(Rc*cx+pi*(Re+I*SIN(m)))*(SQR(LfA2+(Rc-Re}*2)-l)
GOTO 251
204 :
AZ2=pi*(Re+Rc)*"SQR(L2+(Rc-Re) 2)
251
HEM ******t*tt*l‘li**titsECT'ON 3"******************1’tt*l’t**
IF z>z4 THEN 253
IF z>23 THEN 252
x1=(Ra-Lc*TAN(z))/Rc
x2={Ra-(L.c+Lh)*TAN(z))/Rc
cx1=-ATN(x1/SQR(-x1*x1+1)}+1.5708
cx2=-ATN(x2/SQR{-x2*x2+1))+1.5708
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AZ3=Rc*{cx1+cx2)*Lh
GOTO 301
252 :
m={Ra+Rc)/TAN(z)
x=(Ra-L¢c*"TAN(z))/Rec
exX=-ATN(x/SQR(-x*x+1))+1.5708
AZ3=2"pi®Rc*(Lh+Lec-m)+Re*(m-Lc)*(pi+cx)
GOTO 301
253 :
AZ3=2*pi*Rec*Lh
301 :
REM kR Akt hkhhkhthii SECT!ON 4 TEE RN TR AT AR LA A AR AR,
IF z>z4 THEN 302
x1=Ra/Rc
x2={Ra-L¢*TAN(z)}/Rc
ex1=-ATN{x1/SQR(-x1*x1+1))+1.5708
cx2=-ATN{x2/SQR(-x2*x2+1))+1.5708
AZ4=Rc*{cx1+cx2)*Le
GOTO 401
302 .
x=Ra/Rc
ex=-ATN(X/SQR(-x*x+1)}+1.5708
m=(Ra+Rc)/TAN(z)
AZ4=2*pi*Rc*{Lc-m)+Rec*m*(pi+cx)
401
REM a2 sl el sl sl SECT!ON 5 Fhkhhkhdkhthkhrhihwhdheriixhind
Zm=pi/2
IF z<zm THEN 402
AZ5=pi*(Rcr2-Rar2)
GOTO 500
402 .
x=Ra/Re
cx=-ATN(X/SQR(-x*x+1)}+1.5708
AZ5=Rcr2*cx-Ra*SQR(RcA2-Rar2)
500 :
REM Aha and Aca are calculated here.
Aha=Ah-AZ2-AZ3
Ara=Ar-AZ1-AZ4-AZ5

HEM (443 33223212 ) Shear Area Calculations *hhkhkthkkhkhkhki
HEM AkERE AR LA K Cy”ndrical Shear Area Section kAT EAARE A ARk hhkk
800 : ' :
IF z>z5 THEN 810
L1=0

Le=2*(RcA2-(Ra-(Le+Lh)"TAN(z))"2)A5
D=(Lc+Lh)/COS(pi*A/180)
Acshear=2*D*(L1~2 +L1"Le+Len2)/(3*(L1+Le))
GOTO 850
810 :
IF z>z3 THEN 820

L1=0

Le=2"He

D=Ra/SIN(z)

L2=2*Rc
Le2=2*(RcAr2-(Ra-(Le+Lh)*TAN(z}}*2)~.6
D2=((Lc+Lh)*TAN(z)-Ra)/SIN(z)
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Acshear=2*D*(L122 +L1*Le+Lenr2)/(3%(L1+Le))+2%D2%L2A2
+L2%Le2+Le2/2)/{3"(L2+Le2)})
GOTO 850
820 :
Li=0
Le=2"Rc
D=Ra/SIN(z)
L2=2*Re¢
Le2=0
D2=Rc/SIN(zZ)
Acshear=2*D*(L1~r2 +L1"Le+Ler2)/(3*(L1+Le))+2"D"(L2A2
+L2*Le2+Le2A2)/(3%(L2+Le2))
850 :
REM wroewier Brustum  Shear Area Section  *FrrrereiveaaRs
IF z>z1 THEN 860
L1=2*(Rc”2-(Ra~(Le+Lh)*TAN(z))A2)A.5
Le=0 .
D=Lf*(Rc+{Lc+Lh)*TAN(z)-Ra)/({Rc-Re)*COS(z)-Li*SIN(z))
Afshear=2*D*(L142 +L1*Le+Le”2)/(3*(L1+Le}}
GOTO 890
860 :
IF z>z2 THEN 870
L1=2*(RcA2-(Ra-(Lc+Lh)*TAN(z))22)A.5
Le=2*(Rer2-{Ra-{Lc+Lh+Lf)*TAN(z)) 2)A.5
D=L{/COS(z}
Afshear=2"D*(L172 +L1*Le+Ler2)/(3"(L1+Le))
GOTO 890
870 :
IF z>z3 THEN 880
L1=2*(Rcr2-(Ra-(Le+Lh)*TAN(z))A2)».5
Le=0
D=Lf*(Rec-(Lc+Lh)*TAN(2)+Ra)/(COS(z)*(Rc-Re)+LI*SIN(z))
Afshear=2"D*(L122 +L1*Le+Le”2)/(3"(L1+Le))
GOTO 890
880 :
Afshear=0
830 :Ashear=Acshear+Afshear
REM R I Al 22222222 R X X202 222222 ER R 22X A 2 st n il ol
REM E23 2 A AR L L8t Heat Loss Calculations AR Ak kRt A Ak ik
La=Da*C0OS{z) :REM  projected length of aperture [m)
IF La<0 THEN La=0
T1=.08*(Tm-Ta)+273 :REM first guess temp of air leaving the aperture
XP=200 :REM
350 :
Te=T1
GOTOTemp
370 :
Q1=DQ
380 :
Tc=XP
GOTOTemp
400 :
Q2=DQ
Tx=(T1*Q2-XP*Q1)/{Q2-Q1)
Te=Tx
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Temp:

Th=(Tc+Ta)2 REM  bulk temp inside cavity [K]

B1=1/Tb :REM coefficient of volume expansion [1/K]

Tt={Tm+Tb)/2 ‘REM  film temp K]}

B2=1/Tf ‘REM coefficient of volume expansion [1/K]

U=1.462E-06"T{A.5/(1+112/Tf) :REM absolute viscosity fkg/m-sec]

Pa=352.95/T# ‘REM  density of air [kg/m43]

V=U/Pa ‘REM  kinematic viscosity [m"2/sec]

Tt=Tf*1.8 :BEM  film temp from [K] to [°R]

k=.00679+3.5353E-05"Tff :REM  thermal conductivity [W/m-K]

Tv=ABS(Tc-Ta)

Vb=SQR(g*B1*Tv*La} ‘REM  characteristic velocity due to buoyancy [m/sec]

Va=.5"Vb :REM  average velocity [m/sec]
=(Pf*.5*Aa*Va)"Cp*(Tc-Ta) :REM  heat transfer through aperture [W]

Gr=g*B2*(Tm-Tb)*Lar3/VA2 :REM  Grashof number

Pr=7 :REM Prandtl number

Nu=,1*{Gr'PrA.333 ‘REM  Nusselt number

h=Nu*k/Da :REM heat transfer coefficient fW/mA2 K]

Qi=h*Aha*(Tm-Tb)+h*Ara*(Tw-Tb)+h*Ashear*(Tm-Tb) :REM heat transfer within
the aperture [W]

DQ=Qi-Qc

IF Te=T1 THEN 370

IF Te=XP THEN 400

IF ABS{DQ}<.1 THEN 740

IF DQ<0 THEN GOTO 720

XP=Tx

GOTO 380

720 :

T1=Tx

GOTO 350

740 :

Qr=Aa*e”SB*((Ac/(Ah+Ac))*{Twr4-Tar4)+(Ah/(Ah+Ac))*(TmA4-Tar4 ) :REM
radiative loss [W]

Qk=(ki/t)*(Ah*(Tm-Ta)+Ar*(Tw-Ta))

QT=Qc+Qr+Qk . :REM total heat loss from receiver
PQec=100"Qc/QT :REM %convective

HEM (AR 2 SRR 2SRRI AR AR RERT LS L ETEIEEEEE T EEEE T
IF Pflag=1 THEN 66

REM R L s Ea bl d ddd il sl L output LOOP Results Ahhkkkediktrddhih
LPRINT ;TAB(3):A;

LPRINT TAB(12);

LPRINT USING “##.###";Aha;

LPRINT TAB(22);

LPRINT USING "## ###";Ara;

LPRINT TAB(32);

LPRINT USING “####.##";Qc;

LPRINT;TAB(42);

LPRINT USING "####.#4#"QT;

LPRINT TAB(54);

LPRINT USING “##.4##";PQc;

LPRINT TAB(64);

LPRINT USING "###.##";Nu;

LPRINT TAB(74);

LPRINT USING "##.##A"Gr;

LPRINT TAB(88);
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LPRINT USING “#i.##";Ashear

G6 :

HEM ARAEEEAAAAEEFNERAN write to c“pboard AR N Ak ARR TN R
WRITE#1,A,Aha Ara,Qe.QT,PQc,Nu,Gr,Ashear

HEM AR AR RN AR AR A AR AR T A A AR E RN A AN NI E R AR TRk
REM AR Ao o vk v v v v ek o End of Angle Loop L2223 T3 Ll gl ] ]
NEXT A

HEM [2ZTEEXZE XTI RIS EL RS R RS XA R 222 A2 R 2R R A2 iRl 2ol asd g
IF Pflag=1 THEN 68

REM ARAARENEAEERREN A ARRN Ou.tput Hadiation & conduction whhkhhkk bk

LPRINT"Radiation (Watis) = "Qr

LPRINT"Ceonduction (Watts) = *;Qk

68 :

REM FrEEwRERRxRAAEIOSY  Write radiative & conduction to clipboard **
WRITE#1,*","" "Radiation (Waits) = ",Qr

WRITE#1,"™,","Conduction (Watis) = ",Qk

HEM L2222 2 2 22322222 Rl Rt Rl st Rl hldld sl
REM ARRRAAEREN IR AA iy End of Tempel’atur& Loop L2 R Al E 44 b ld )
NEXT Tmf
HEM LA A A A d iRl Rttt st ii i At il Rl il dh )
REM Thwkhhk ki hdh ki End of Aperture Hadius Loop ddede ki ik
NEXT !
[z 23S R XA R YRR RS2 222 22t R 2SRl gLl
REM

CLOSE#
END
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Appendix 9: Clausing Model Heat Loss Data
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Appendix 9 Clausing Model Heat Loss Data
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Appendix 9 Clausing Model Heat Loss Data
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Appendix 9 Clausing Model Heat Loss Data
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Appendix 10 Siebers and Kraabel Computer Program Listing

REM i'*ti*t*tl‘*ttttii*****ttt*!it*ti"*!it***tti**ti*it***ti**tt
REM Siebers & Kraabel Method

.REM

HEM LB RS R AR EE R EEE RS SR E N EE RS R SR N R AR EREEEEEE R NEEEENEEREEEENRENEXNEXXEH::'

REM The Sisbers & Kraabel method is used here to predict the convective
REM from a solar cavity receiver operating at various temperatures and
REM receiver angles,
HEM LA AR AR EE R RS R RS RARER il RS EEl R R R SRR R R R R SRR N
PRINT " Siebers & Kraabel Method of Predicting Convective Losses"
PRINT
PRINT
H EM LA SRR A AR AR NSRS EREREREEEREREEEEEREEZEREEE R R R R E SR XN AN EEEREN RN
REM  The program allows some variations in receiver geometry. These
REM  variables are inputted in this section of the program. The characteristic
REM length, as called for in the reference, is simply the cavity diameter
REM given here as 'Cl'.

REM LE RS A E R EENENEXEEEEEEEEEEEEEEEESRE S RS SN S EEREEEREENEREEE LR R
HEM (A3 ARt ad s dsddd ReceiVGr Geometf}’ ke khhkxrtrthitih
Re=.127 :REM end plate radius [m)
Rc=.33 :REM  cavity radius [m]
Lf=.292 ‘REM  frustum length [m]
L.h=.254 :REM cylinder length hot [m]
Le=.14 :REM cylinder length cold [m]
Cl=2*Re¢ :REM characteristic length [m]
HEM t*i*t*t**t*!**"***ﬂ"***t*i‘*I‘*I‘****I****#t****l*****i*****
HEM AEhh Nk kkdrrthkhhrknh Constants Fhkhhkh bk hkkkdhdrrrtadiknr
pi=4*ATN(1)
Ta=70 :REM ambient temperature [°F]
HEM (A S A A SR SRR SRR RS RARERERRL RS REREER RSNl ERERERRERENSS,)]
OPEN "CLIP:* FOR QUTPUT AS #1
REM drdkwk ki wdick write header to c"pboard RANEA R ERAEAEREE R ERN
WRITE#1, " Siebers & Kraabel Method"
WRITE#1,

WRITE#1,","*,"End Plate Radius [m] = *,Re
WRITE#1,"","","Cavity Radius [m] = *,Re
WRITE#1,"™ " "Frustum Length [m] = "Lf
WRITE#1,"," *"Hot Cylindrical Section Length [m] = ",Lh
WRITE#1,™,","Cold Cylindrical Section Length [m] = ",Lc
WRITE#1,"",","T amb [°F] = "Ta

WRITE#1,
REM HERRERA NN AT N,k Receiver Apel’ture Radius Loop ThhRk Rk Akt h
FOR rad=1TO 4
READRa
DATA .0762, .1524, .2286, .329
Da=2"Ra
H EM LA S R R R R AR E RS RS A RARSEERERESEEESZEERE RN SRR EREEEEEREREEE RS RERERN.]
HEM FhRAERFIAER T TR A AN AN Angle Limits OkhkFrE ATk rexirti
REM In this section the 4 angle limits, z1, z2, 23, and z4 are calculated.
z1=ATN{(Ra-Re)/{Lf+Lc+Lh)) :p1=z1*180/pi
z2=ATN{(Ra+Re)/(Lf+Lc+Lh)) :p2=22*180/pi
z3=ATN({Ra+Rc)/(Lc+Lh)) :p3=23*180/pi
z4=ATN((Ra+Rc)/Lc) p4=z4*180/pi
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HEM FETREREEEFENEFTENIEEEEEREEEAR AR AR EAS AR S R R R RS AR AR L RL RSN,

REM - kWA Rk AR AN, Araa Constants L3233 2R d i salldsd i hddsd )

REM In the following section area 1, area 2, and area 3 are calculated.

REM A1 is the tota! interior cavity surface area,

REM A2 is the total interior cavity surface area minus the lower lip.

REM A3 is the interior cavity surface area below the horizontal plane

REM cutting through the receiver at the top of the aperture.

REM
Ah=pi*(Re+Rc)*(Li*r2+(Rc-Re)*2)A.5+2*pi*Re*Lh
Ar=pi*ReA2+pi*(Rcr2-Ran2)+2%i*RctLe
A1=Ah+Ar
A2=A1-RcA2*(-ATN{(Ra/Rc)/SQR(-(Ra/Rc)*(Ra/Re)+1))+1.5708)+Ra

*SQR(Rcr2-Ran2)

REM Area 3 is a function of the receiver angle and is datermined by

REM calculating the total area in zone 1, above the horizontal

REM plane, and then subfracting this value from the total area.

REM "R R AL R AR R AR R AR E RS EEEEZEZE R AR SRS SR SR EER R AR AR RS R AR A R 2RSSR
REM AR ER AR ENE NN Print Header Ak kA kAR ek
PRINT " Siebers & Kraabe! Method"

PRINT

PRINT “End Plate Radius [m] = *;Re

PRINT “Cavity Radius [m} = ";Rc

PRINT "Aperture Radius {m] = “;Ra

PRINT "Frustum Length [m} = ";Lf

PRINT "Hot Cylindrical Section Length [m] = *Lh
PRINT “Cold Cylindrical Section Length [m] = "Lc
PRINT T amb = ";Ta

PRINT " Total Area [mA2] = ";A1

PRINT

REM I EEZXE SRS X RSN E AR R RSB E R A RS AR R R RR LR AR RESEESSRERESERERERSS,]
REM Thkkkkkhkiehdd write header to clipboard HhEERANERRNE Nk
WRITE#1,

WRITE#1,","","Aperture Radius [m] = *,Ra
WRITE#1,”","," Total Area [m"2] = ",A1l
REM ARAEREAREN AN operating TemperatUre Loop L3I a el Ll Ly
REM
FOR Th=300 TO 600 STEP 100
REM mean system operating temperature of receiver [°F]

Tr=Th-100

Tw=(Th*Ah+Tr*Ar)/A1

as
R EM IZE TR TSR EAETE AL EE RS LR SRS R R AR SRR R AR AR RS ERERESERSEREERS]
REM Ak kAR kAR hdhEnd Air Properties AR RFRA TR TN tdd

REM The value of 'k’ calculated here is the product of the gravitational

REM constant times the coefficient of volumetric expansion divided by

REM  the kinematic viscosity squared. (i.e.. g BNVA2 [1/K-m”3]) The

REM equation for 'k' is based on data from Table A-1, p. 388, Kays & Crawford,

REM " Convective Heat and Mass Transfer *, second edition, McGraw-Hill.

PRINT
k=2.651E+08-2186000!*Ta+7935.4726#*Tar2-13.3076*Ta*3+.0082*T ard

Gr=k*(Tw-Ta)/1.8"CI"3 ‘REM Grashoff number

Nu=.088*GrA(1/3)*((Tw+459.67)/(Ta+459.67))*.18 :REM Nusselt number
he=.81*((Tw-Ta)/1.8)1.426
REM he=natural convection no lip heat transfer coefficient

REM I EEEF SRS E SR RN SN ENSEESEEEREEEEREEE S S RS AR EERENEEEREEREENERSSESES,|

144



HEM whdk ATk kRN AN Print Table Header e i e ol vl v ol e o ol e e e i kol
PRINT “Nusselt Number =";Nu
PRINT "Grashoff Number =";Gr
PRINT *T mean [°F] = “;Th
PRINT ;TAB(3);" Angle";TAB(11);"Sec 1";TAB(19);"Sec 2";TAB(27);"Sec 3";
PRINT;TAB(35);"Sec 4";,TAB(43);"Sec 5";TAB(50);"Heat Loss";TAB(61);* h
PRINT;TAB(72);"Total Zone 1*
PRINT ;TAB(1);" [degrees]";TAB(11);"[mA2]";TAB(19);"[mA2]*;TAB(27);"[m*2]";
PRINT;TAB(35);"[m~2]"; TAB(43);"[m/r2]";TAB(51);"[Watts]*;TAB(
60);"[Watts/K-m22]";
PRINT;TAB(73);"[mA2]"

PRINT
REM LA R SRR AR EASARRER Rl Rl RXR RS R R R R XER R AR R R RSN R
REM Wi gt fedeode e iy WRITE HEADER TO CLIPBOAHD ki ik ki bk ki kik

WRITE#1,"","Nusselt Number =",Nu
WRITE#1,"","Grashoff Number =",Gr
WRITE#1,"T mean = *,Th
WRITE#1,
WRITE#1,"Angle","Sec 1%,"Sec 2","Sec 3*,"Sec 4","Sec 5","Heat Loss","h","Total Zone
1 »
WRITE#1,"[degrees]","[mA2}"," [mA2]","ImA2]", "[mA2]" " [mA2]",
"[Watts]"," [Watts/K-mA2]","[m~r2]"
WRITE#1,
REM AEEFEA A AR AT A AR dhd Beginning Of Angle Loop T2 232t 2T 08 22 d 1]
FOR A=0TO 90 STEP 15
z=pi*"A/180

REM LA S AR SRS LR ERSEEREEREREEE SRS SESRElRSRSRslR SRS RSl SRS ERS]

HEM AR RRERTARN T AR TR zone Areas Tk hkwkhhhhewxdkwkin

REM The receiver cavity is divided into 5 section to accommodate the
REM zone area calculations. The sections are defined as follows;

REM section 1 = end plate

REM sactioh 2 = frustum

REM section 3 = hot cylinder

REM section 4 = cold cylinder

REM section 5 = ring

REM AZ1 = area of section 1 in zone 1

REM AZ2 = area of section 2 in zone 1

REM AZ3 = area of section 3 in zone 1

REM AZ4 = area of section 4 in zone 1
REM AZ5 = area of section 5 in zone 1
REM *******tt*ittlwt*its ECTION 1t*t***t*i**it***ttt***t****t
IF z>z1 THEN 101
AZ1=0
GOTO 201
101 :

IF z>22 THEN 102
x=(Ra-{Lf+Lc+Lh)*TAN(2))}/R¢
cx=-ATN(X/SQR(-x*x+1))}+1.5708
m=(Lf+Lc+Lh)*TAN(z)-Ra+Re
AZ1=ReAr2%cx+((Lf+Le+Lh)*TAN(z)-Ra}*SQR(2*Re*m-mA2)
GOTO 201
102 ;
AZ1=pi*Rer2
201 .
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HEM tt'tt*t'tttit**itttsECTION 2***1*’*****'t***ti'**iit****

IF z>z1 THEN 202
x=(Ra-(Lc+Lh)*TAN{z))/R¢
cx=-ATN(x/SQR(-x*x+1))+1.5708
m=ATN({Rc-Re)/Lf)
AZ2=(({Rc-Re)/Lf)*(Rc-Ra)+Lc+Lh)*SIN(z)/SIN{pi/2-z-m)

AZ2={AZ2+{Rc-Ra)/SIN(m))*Rc*cx

GOTO 301

202 :

IF z>z2 THEN 203
x1=(Ra-(Lc+Lf+Lh}*TAN(z}}/Re
cx1=-ATN(x1/SQR(-x1*x1+1)}+1.5708
x2={Ra-{Lc+Lh)*TAN(z))/Rc
cx2=-ATN{x2/SQR(-x2*x2+1))+1.56708
AZ2=SQR({Li*2+{Rc~-Re)*2)*"(Re*cx1+Rc*cx2)

GOTO 301

203 :

IF z>23 THEN 204
m=ATN{(Rc-Re}/Lf)
n=ATN((Ra+Re)/{Lc+Lf+Lh))
I=SQR({(Lec+Lf+Lh)*2+(Ra+Re)r2)*SIN(z-n)/SIN(pi-z-m)
x=(Ra-(Lc+Lh)*TAN(z))/Rc
ex=-ATN({x/SQR{-x*x+1)}+1.5708
AZ2=(pi*Re+pi*(Re+I*SIN(m)})*|
AZ2=AZ22+{Rc*cx+pi*(Re+l*SIN(m)))"(SQR(L.fA2+(Rc-Re)*2)-1)

GOTO 301

204
AZ2=pi*(Re+Rc)*SQR{Lfr2+(Rc-Re)12)
301 :
HEM Ehhhkkkkwrthkthhnrd SECTlON 3 AR ERAEEARENAEEAEAAERR AR AN

IF z>23 THEN 302

x1=(Ra-Lc*TAN(z)}/Re
x2=(Ra-(Lc+Lh)*TAN{2)}/Rc
cx1=-ATN(x1/SQR{-x1*x1+1))+1.5708
ox2=-ATN(x2/SQR(-x2*x2+1))+1.5708
AZ3=Rec*(cxt+ex2)*Lh
GOTO 401
302 :
IF z>z4 THEN 303
m=(Ra+Rc¢)/TAN(z)
X=(Ra-L.c*TAN(z))/Rc
ex=-ATN(x/SQR(-x*x+1))+1.5708
AZ3=2*pi*Re*{Lh+Lc-m)+Re*{m-Le)*{pi+cx)
GOTO 401
303 :
AZ3=2"pi*Rc¢"Lh
401 :
REM FhdkdkhkhErkhrixdd SECT'ON 4 AR T AT Ak rkkhkdkdkhkhkhhid

IF z>z4 THEN 402
x1=Ra/Re
x2=(Ra-Lc*TAN(z))/Re

ex1=-ATN(x1/SQR(-x1*x1+1))+1.5708
cx2=-ATN(x2/SQR(-x2*x2+1))+1.5708
AZ4=Rc*(cx1+cx2)*Le
GOTO 501
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402 :
x=Ra/Rc
ex=-ATN{(X/SQR{-x*x+1)}+1.5708
m={Ra+Rc}/TAN(z)
AZ4=2"pi*Rc*(Lc-m}+Rec*m*{pi+cx)

801 :
HEM Ehdkkhdkkhkhkikik SECT]ON 5 La i L b il ad il sidaddddd
zm=pi/2
IF z<zm THEN 502
AZS=pi*(Rc r2-Rar2)
GOTO 600
502 .
x=Ra/Rc

ex=-ATN(x/SQR(-x"x+1))+1.5708
AZ5=RcA2*cx-Ra*SQR{Rcr2-Rar2)
600 :
REM (23 2122222222 Calcu’ate Area 3 tii At il dd bt i ARl sl d D)
AZT=AZ1+AZ2+AZ3+AZ4+AZ5
A3=A1-AZT
HEM L E RS E EE RS EE R R AT E R EREE B EE SRR R R SRR R RS EEEEXE R R RERERNERENREXLSHN.]
REM AR ATk A N h kAt kt Heat LOSS Ca!CUIQﬁOD Akdkdkkdrirrrrkkkktdih
Zz=pi*30/180
IF z>zz THEN 601
n=.63
GOTO 700
601 :
n=.8
700 :
h=hc*{A1/A2)*(A3/A1} n
g=h*A1*(Tw-Ta)/1.8
REM Ahkhkhkk kb hhkkhkRwikk PRINTER Output XA EEREA TR ERAR AR AN AR d
REM
PRINT;TAB(4);
PRINT USING"###."A;
PRINT; TAB(9);
PRINT USING “###. ####"AZ1;
PRINT;TAB(17);
PRINT USING "###. ###4";AZ2;
PRINT;TAB(25);
PRINT USING "### 83§48 AZ3;
PRINT;TAB(33);
PRINT USING "###.#854"AZ4;
PRINT;TAB(41); ’
PRINT USING "###.##8#",AZ5;
PRINT;TAB(50);
PRINT USING “#####.4"q;
PRINT;TAB(60);
PRINT USING *###.###4"h;
PRINT;TAB(70);
PRINT USING "###. 8444 AZT
HEM e e e i de ke ke ki ek OUTPUT TO CLIPBOAHD EEEFAAEERAREEEAT AR AT AL
WRITE #1,A,AZ1,AZ2,AZ3,AZ24,AZ5,q,h,AZT
NEXTA
NEXT Th
MNEXT rad
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PRINT "bye!"
CLOSE #1
BD
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Appendix 11 Siebers and Kraabel Model Heat Loss
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Appendix 11 Siebers and Kraabel Model Heat Loss
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Appendix 11 Siebers and Kraabel Model Heat Loss
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Appendix 11 Siebers and Kraabel Model Heat Loss
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APPENDIX 12: Stine and McDonald Model Computer Program Listing

REM A RS AR SRS RS RS ERERRERR RN AN EREREERESEEEEREREENERNEE N ESEEEE
REM

REM Stine & McDonald Method

REM

REM LA E A RSB SRR AR RASESEREERE RS EEEREENERESEEREEZIENEREREZTEFEEEEN]
REM LA A AR AR EERERESRREEREEEEE SRS R EEREREEREEE EEEER TR IR RE R R BEE R E TR LA

PRINT " Stine & McDonald Method of Predicting Convective Losses"
PRINT

PRINT

REM LA XA SRS RE SRS AR EERERLARER LR REERENEERJEE S ENEE XN EEEEREE T RN R PR R E
REM LA A AR AR SRR AR RS R R Rl REESEEEEES NSRS RS EEEEERER FERXEERNE]
HEM ARk d ek rhwkddrk Receiver Geometry drdede e e e e W i ol W o
Re=.127 :REM  end plate radius [m]
Rc=.33 :REM cavity radius {mj
Lf=.2092 :REM frustum length [m]
Lh=.254 :REM cylinder length hot [m]
Le=.14 *REM cylinder length cold [m]
L=2*Re :REM characteristic length [m]
REM e S A S R SRS ERARRLERERERERER AR E LSRR EREEEEENEEREERENRSEEREREENE]
HEM e b dxia st il il Sl dd s CODStantS LA AR ARl iRt il S]]

pi=4*ATN(1)

Ta=70 :Tak=(Ta+459.67)/1.8 :REM ambient temperature [°F]
HEM LA A A2 S SRS EARRREREEREERERERNEREEEENSEENENEREEEEENEEEXEEXEYXEYEEN
OPEN "CLIP:* FOR OUTPUT AS #1
REM Lald el d sl g s il Write he-ader to clipboard sk hEk ke kor kit
WRITE#1, " Stine & McDonald Method®
WRITE#1,

WRITE#1,","","End Plate Radius [m] = *,Re
WRITE#1,"","" "Cavity Radius [m] = “,Rc

WRITE#1,","" “Frustum Length [m] = *,Lf
WRITE#1,","*,"Hot Cylindrical Section Length [m] = *,Lh
WRITE#1,",","Cold Cylindrical Section Length [m] = ",L¢
WRITE#1,",".,"T amb [°F] = "Ta

WRITE#1,
HEM Ardr e e e o ok de e e o o o e Receiver Aperture Radius Loop et e A ok e ok W
FOR rad=1TO 4 ’
READRa
DATA .0762, .1524, .2288, ,329
Da=2"Ra ,
REM LA RS AR B R A EREEEEEREEEREEREREEIEERENEEEEEREEEEEEERTEREREEEEEEE LTSN
REM AWk dhrhhdrhhidn Area Constants kb hhEhkdhrdaihin

REM In the following section area 1, area 2, and area 3 are calculated.

REM At is the total interior cavity surface area.

REM  Ah is the simplified cavity tube surface area

REM  Ar is the simplified refractory cavity surface area.
Ah=pi*(Re+Rc)*(LIA2+(Rc-Re)A2)A.54+2*pi*Re*Lh
Ar=pi*HeA2+pi*(Rcr2-Rar2)+2*pi*Re*Le

At=Ah+Ar
REM LA A A R AR NSRS EEEE LA R ERSERERSENEEREEEENREREJZIFEWR IR IRR TR T IR I I I
HEM AR ERER A XA kA ok Print Header AEAENE R XA E RS TR EA AR A A A Ao hd
PRINT * Stine & McDonald Method"
PRINT

PRINT "End Plate Radius [m] = *;Re
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PRINT "Cavity Radius [m] = ";Rc
PRINT "Aperture Radius [m] = ";Ra
PRINT "Frustum Length [m] = *;Lf
PRINT "Hot Cylindrical Section Length [m] = “;Lh
PRINT *Cold Cylindrical Section Length Im] = “L.c
PRINT *T amb [°F] = ";Ta; " [k] = ";Tak
PRINT * Total Area [m"2] = “At
PRINT
HEM [ Z -2 22 E RN EEEEERNEEEARNE NS EEEE R AR ER AR R AR R S & R R A NS RN LRSERSES,)
REM ik kdrd kdrk ok write a header to clipboard et i b ldad il ds st )y
WRITE#1,
WRITE#1,",*","Aperture Radius [m] = “,Ra
WRITE#1,"™,"," Total Area [m"2] = "At
REM *axkexkerraxar  Qperating Temperature Loop
REM
FOR Th=300 TO 600 STEP 100
REM mean system operating temperature of receiver [°F]

bl Al il gz lsddal)

Tr=Th-100

Tw=(Th*Ah+Tr*Ar)/At

CLS
H EM 2222 R R RS EEEREEEEENANEEEEEEEEERE R E R S SR N LR RN ERERSRERS LSS
REM ER Al 22 28R data il sy Air Properties ARk kwd btk rEh ik

REM The value of 'k' calculated here is the product of the gravitational
REM constant times the coefficient of volumetric expansion divided by
REM the kinematic viscosity squared. (i.e.. g B/vA2 [1/K-mA3]) The
REM equation for 'k’ is based on data from Table A-1, p. 388, Kays & Crawford,
REM * Convective Heat and Mass Transfer “, second edition, McGraw-Hiil.
PRINT

gBv=1.1547E+19*Tak"-4.4187

Gr=gBv*{Th-Ta)/1.8*L3 ‘REM Grashoff number
k=.0071749261015#+.000064030639041#*Tak :REM thermal conductivity of air
R EM [ TEZTEREETENEEEEEE NS RIS EEES NS R EAEE A AEE A RS R E L A R R RO & X 8 & R 8O BB
REM *hkkkkEh kb kkdihih Print Table Header LI 33132 d et ydl )

PRINT *Grashoff Number =":Gr
PRINT “T mean [°F] = “;Th _

PRINT ;TAB(3);" Angle";TAB(11);"Nu*;TAB(19);"Heat Loss";TAB(27);" h *“
PRINT .;TAB(1);" [degrees]";TAB(11);"";TAB(19);"[Watis]";TAB(27);"[Watts/K-m*
21"
PRINT
R EM [EFZEEXEEYTEREEEEE AN RS EEAE SRR SRR R AR SRR SRR LR R SRR SR RELLES:S
REM ARREREXAN N, WHITE HEADEH TO CLIPBOAHD L3 i dd s dnbad s d et
WRITE#1,","Grashoff Number =*,Gr
WRITE#1,"T mean = ",Th
WRITE#1,
WRITE#1,"Angle","Nu","Heat Loss","h"
WRITE#1,"[degrees]","","[Watts]"," [Watts/K-mA2]"

REM dhkdkkkkkkhkkhkthhhikk Beginning Of Angle Loop L e 12111 ad sl d ] s )]
FOR a=-90 TO 90 STEP 15

z=pi*a/180
R EM l'-t**i*i’***ti-*i**‘ﬁ't**I"i***I*l*t*tt*********it***!*t**'t*t*
REM Atk hkkdhkkkkkdkkh Heat Loss Calculation TR A A A AR A ARkt

$=-.982%(Da/L)+1.12

IF a=90 THEN 200
Nu=.088*GrA(1/3)*((Tw+459.67)/(Ta+459.67))A.18*(COS(z))~2.47 *(Dal/L)s
GOTO 300
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200 :

Nu=0-

300 :

sREM Nusselt number
h=Nu°*k/L
q=h"At"(Tw-Ta)/1.8

REM hkRA Rk hn PH]NTER output
REM

PRINT;TAB(4);

PRINT USING"###.";a;
PRINT;TAB(9);

PRINT USING “###.##"Nu;
PRINT;TAB(17);

PRINT USING “#####.4%q;
PRINT,;TAB(25);

PRINT USING "###.##44";h
REM  *rarewwddannens QUTPUT TC CLIPBOARD
WRITE #1,a,Nu,g,h

NEXT a

NEXT Th

NEXT rad

PRINT "byet”

CLOSE #1

END

Tk hh kbt Ak dkn

HAEA AT ERNA RN A AN b hdwhh




Appendix 13: Stein and McDonald Model Heat Loss

Stine & McDonald Method -
End Platc Radius [m] = {0.127
Cavity Radius fm} = $0.33
Frustum Length {m] = {0.292
Hot Cylndrical Section Length (m] = 10,254
Cold Cylindrical Section Length [m) = {0.14
T amb [°F] = §70
Aperture Radiue fm) = j0.0762
Total Arca [mA2] = 1.70207
Grashoff Rumber =45, 24549
:f' TRCRN = 350
Angic 3 Feat Loss I
fdegrocsl TWatls) W st/ K-m”2)
[} A40 2300 1.736
15 40.4 2111 1593
1) 309 161.2 1317
e 187 97.7 0937
60 7.9 415 0.313
75 1.6 8.2 0.062
] 0.0 0.0 ¢.000
Grashof[ Nember = 7.9 1E+9
“Fmean = [400
Angle Nu Heat Loss
{degrees] [Waus] [Wm'-‘l";:"“f]“
] 50.8 I80.6 7002
15 A6.6 349.4 1.837
30 356 266.8 1.403
35 316 161.7 0.850
[ %) 68.7 0.361
75 1.8 13.5 0071
] 0.0 0.0 0,600
Grasholt Nuliber =19. 19E 10
T mean = [500
Angle Nu Hest Loss . l."‘.............
Tdegrees] [Whits] {Waiis/K-m?2]
i 36.6 3575 2330
15 519 507.2 2.047
30 95,7 387.3 1563
a5 240 2347 0.947
0 10.2 59,7 0400
75 20 19.6 0.079
50 0.0 0.0 0.600
Grasholf Number =121 E+10
T mean = 1600
Angle Nu Heat Loss [)
[degrees] [Waits] [WattsIK T3] |
0 61.7 433 2.434
15 -56,7 6323 2234
kT 433 5311 1706
435 26.2 3158 1034
& 114 1443 6.439
75 27 26.4 0.086
90 ) 0.0 0,600
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Appendix 13: Stein and McDonald Model Heat Loss

Aperiure Radius [m) = J0.1524
Total Area [mA2] = { 1,64 1346
Grasholf Number =35, 24549
T mean = [300
Angle Nu Heat 1oss h
fdcgrees] [Watts] T TR mi2]
0 G574 509.0 3,841
15 594 467.3 3335
kTi) 683 3563 pX 17}
45 414 3163 1.632
%0 176 919 0.603
i3 i3 181 0,138
o 0.0 60 6,000
Grashotf Nomber =5 7,91 549
’.l.‘rmes.u = {400
Angle ~Nu Heat Loss h
Tdegrees] FWatts) [WatK-nrs) |
i 112.4 8433 4,479
15 103.1 T332 4066
30 788 5904 3109
45 47.7 357.8 1.882
€0 30.3 1536 0.759
75 4.0 36,9 0157
50 0.0 B.0 0,000
. Grashoff Nutmbez =19, J9E40
T mean = {500
Angie Nu ““Heat Loss it
Tdegrees] (Watts] TWatts/ Ko d] |
0 13532 13537 3535
15 114.9 11224 4.530
) 878 8571 3459
45 533 §i9.5 3.006
0 774 307 0.891
75 ) 33 175
50 0.0 . 0.0 0.000
Grasholf Number ={1.21 E+10 '
T mean = {6(K)
Angle Nu Heat Loss h
[dearecs] (Waits] [WaltsiK-m*2)
0 136.6 16450 3386
is 1254 15100 yrrry
30 G3.8 1153.1 3776
45 3848 6588 2288
60 247 2969 0573
75 4.8 84 0.191
% 0.0 0.0 ~0.000
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Appendix 13: Stein and McDonald Model Heat Loss

Apﬂtu.re!-udiu.s {m]= V2186
Total Ares [mA2]) = {1.556138
Grashotf Number =15.04149
T mean =
Angle Nu Heat Loss h _
[degroes) o [Watts] [Wait/K-m'2) |
0 1387 PAT %465
13 [ N 665.4 5040
30 973 3081 3.854
a3 565 308.0 732
) 25.0 1308 0.987
7 45 257 0153
% 6.0 0.0 0.600
L Grashoff Number = 7.51E+9
T mean = (400
Angle Nu Heat Loss T J
[egrees) . [Watls] [Watts/k-mA 3]
i 160.0 11994 6.307
15 1465 1101.0 5,790
30 122 B40.8 4421
a5 550 509.5 2.680
60 75.9 2165 1.138
75 5.7 47.6 0224
) 0.0 1] 0,600
Grashoft Numbez ={9. 79640
T mean = ;509
Angic Nu Fieat Toes N )
{degrees] . [Waiisi [Waual_}(—m‘%]_
0 1783 1741.2 7.027
is 538 13983 6450
30 125.0 1205 4926
-y 75 7357 2985
&0 323 3145 1.068
75 63 . 618 0.249
%G 0.0 0.0 0.000
- Grasholl Number = 1.21E410
T mean = [600
Angle Nu Heat Loss h
[degrees] Waits] . 1 Wats/KTr 2]
0 194.6 23473 7670
is 1.6 31503 7.041
30 1364 16470 5376
45 £7%] G95.3 3359
60 331 42338 1364
7 6.9 831 0372
£ 0.0 0.6 0000
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Appendix 13: Stein and McDonald Model Heat Loss

Aperture Radius [m] = 310.329
“Total Arca [mA2] = {1.380262
Grashoff Number =9, 24549
"f mean = riDO
Angle Nu Heat Loss h
[degrees] . [Watts] [Watts/K-m"2]
0 163.0 8515 6.425
15 1495 T81.6 5897
30 Tia2 3689 2304
4 9.2 3618 2,729
0 39.4 153.7 1160
75 5.4 0.2 0238
% 60 0.0 0.600
Grashoft Number = 7.5 1649
T mean = {400
Angle Tu Heat Loss R
[degrees] . ['\'V:gvtts] [\‘};n;%“:ﬁ“f“ﬁ“
i} i58.0 14090 7408
i3 172.5 %33 6801
ED] 1318 9876 5354
i3 799 3986 3148
60 335 7543 13537
75 6.7 50.0 0.263
G 60 6.0 0,000
Grashoff Number =19.79E+9
T mean = |50
Angle Nu Heat Loss h
Idsgrees] FWails]
0 200.4 20454
s 1923 18775
30 1468 14358
a5 9.0 869.0
] 378 3663
75 T4 726
50 0.0 0.0
Grazhoff Number =121 B0
T mean = 600
Angle Nu Heat Loss h
[degress] [Watts) [Watts/K-m*2]
0 BE6 77317 5.010
i3 2093 25055 8270
30 160.2 19239 6316
45 _97.1 1169.0 338
& al3 4567 1.636
75 8.1 97.7 0.320
50 0.0 6.0 B.000
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Appendix 14: Shape Factors Formulas

All formulas are developed from the basic disc-to-disc shape factor formula (9). The N by
N coefficient matrix of the heat loss equation requires N2 shape factor equations (Eqn. 1).
The shape factor equations are solved using a digital computer. The following section

shows the development of the shape factor formulas used in the coefficient matrix.

(2) End Plate (section 1 ¢« aperture).
e
Ag
1
L=Ilc+lm+]la
\ &
2
- 1+R
lt R=7, Ry=p, andX=14—=
L Rz
a
FAe‘ Aa— EFAa' Ae

Fj.. Aa:%z[x-,\/ x2-4(R/eﬁa)2]

2

Te

2 2 2 2.2 2
r L +r /\/ L +r f.2
Fa,- a,=— [1+ —. (1+ > ) "”F? ]
Iy LPY

2
1 2,2 2 V 2 2, 2 2
Fa,- Aa=-—2{(1c+1m+la) +Iy+Tg- [(1c+1m+la) +ra+re] -4(xy) }

2r,
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}'2= Ia'i'ﬂmlb

—

<
e ——

(a

Ag- Agection FAa- x-section ~ FAa- x-sections

A"FAa - Ast-.r.:ticm= As"'ctic’nFAsection -Ay

A,

Asection

FAsectiou - Aa= Ag- Asection

FAsectmn ~Ag~ { FA - x-section FA - x-secﬁonzl

secnon

- R Bep
AT x-section) - A" A~ x-sectiony - AJ
a

A
section s ection

Ac

FAsection - Aa= A

[Fy. tion -A'F- ti -A
section x-sectiony - A~ * x-sectiong J

To

FAsection - Aa= m [ Fx-sectionl -AgT Fx-secl.ion2 - Aﬂ]

2
R

et R,==°, R,=f% x=i4 Rz
Ty 27y RZ
1
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1+1'2_ 2 i+ 3/
Ax—secﬁonz'Aa=%_[1+—r%§l_ 1+—'7yj 4( )2 ]

5 +13
FAx-secnonz-Aa 21) [ 1 +y2r2 -v
8

AL ofef )

and similady:

Fs socton, - Aa = l[1+_1_f_1.'1 ,\/( i+ +r§) (

+ 12 yi+r y +r2
FAsection'Aa 4lb[...l_._1 /\/(1+ 1 8) 4( )2 _ J2*%ig

oA afp

1 2 2 22 2 2 2 2 2 2
Fgueson A= g L7195V €ty + D% 46a0® +V ayi 4™ 460’ |

Fhgoction - Aa = ﬁ [ (e +tm - D)2 - (g + igly)? - V(g +(n - DIp)? + 13 + 1212 4 (1c7,)2

+ ﬁ(la+ nmlh)2 + rz + rZ]z- 4 (rc_r&)2 ]

F m tHon 2 ertu

The view factor for a section of the frustum from A, is equal to the view factor from A, to

the circular cross-sectional area on the bottom of the frustum section minus the view factor

from A, to the circular cross-section on the top of the frustum section.
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Ax-sectionz

w"q'_)

Ag- Agaction FAa- x-sectiony ~ FAa- x-sectiony

A°FAa - Agection A“ctionFAsection “Ay

A
IR
section™ Aa_ A .
seclion

FA A,- Agection

Aa[
FAsection- A~ Ac FAa- x-section ~ FAa- x-sectionzl

F A, Ay _section 1 Ax-section2
Agection™ Aa section A, x-sectiony - Az~ A, x-sections - Aa]
1

FAsection -AgT A [ Ax-sectionl Fx-section 1-4A, Ax-sectionzFx-sectinnz - A;l

section

1 2 2
FAsection‘ Ay~ (rl + r?)lb [ I Fx-sect'ionl -A," g Fx-sectionz - AJ

2
et Rl:.rxL;:ﬁ?ﬂ, R,=1% X=1+1+2R2
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R\
then FAx-section-Aa=%[X"\/Xz-4(Eﬂ ]
1| 2 1+R2 % _4 [R2P
FAX-secmn'Aa 2 + 2 Rl
Ry

1+ /hz 1.;. /112 (ra)z

Pt 72 r%z %2 2

_1 h + 1% ’ 5+ T
e - (S BT

and similarly:

h? +12 +2P |,
s e (S BT

2
2 2 2 .2 2.2
1 [rl_rg—i-h%—hz_ﬁ1+h1+ra)_4(r1ra)

FAsection -Ay m

2
+ '\/ (r§ + h% + rbz— 4 (le'a) ]

h2 "
hI
Y
L 1.
h1=la+1m+(nm-l)N— i‘lz-l +1 + 10, N

c
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Te-T, Te-¥

Iy=T,-NOp, N, r{=r-(ny-1) Nce
T e I (- G- DT - e - s

21, [2rc 2y - 1)—"—3)

+[Ia+1m+ (ng - I)N%]2 -[1a+lm+nm§1{“—]2

c

A (it (o

o Gt I+ - DD+ 1212 4 (I~ (- DES9)”

F.-T, 2 I. 2 2.5 r.-1 2
+A/{[r,._.-nm( (i\f N+ A+ 1,40, I_QE') +15 } =4 {[r.- ny cN Sr)
c [ +] c
Ax—section Ic
l —
1, ' . Ay
—( &+=2
l'a’,

FAa -Ag =1- FAa - A:lc-se.-ctiou
Aa
FAs -AT K;FAa‘ Ag

F - Ax-section
Ag- AJ:-zw:ctic-n A, A:l(-sectimzl -A,

FAs -Ap = [1 "'zfmn'FAx section - Aa]

2
FAx-section -Ag = Ll)[x - v X%-4 'g_z) |

Fay- s =5 Il-i[x X2-4 gz)z}




T
where  R,=1, Ro=1
a a
)
2
1, +1,
X=1 5
rc
therefore:
1 1.2+ 1,2 1,2 + 1,2 T
FAx—secﬁon'Aa"'flzl-F-&ga—"’\/(l _}—(2:—&— > 3)2
13 ...i 132+r32_,\/ 1% ‘|‘1'a ]}
Fas-Aa= 21‘:.-141{1 2r2[1+ 12 ( )2
2
Fa A= zcla(1- 22 +r,)-V @2 e, 41,57 4297 1)
a

(&)(section ihand 2 section ipand j Shape Factors from a Surface Outo Itself

For the flat surfaces (aperture, annulus, and end plate) F; ;=0

For the cylindrical and frustum sections:

therefore




and

Fxl-i=1'Fxl-x2 and Fx2-i=1'Fx2-xl

Axi
| =E’;‘£Fxl-x2
Ay 2l . Ax
Fx-l'l"—_g‘_—[l Fx1 - x2] gi 1-2—Fx.x
Az A, Ag
Fi-x—l' ;1 - AJ; +2 ‘,: Fxl-x2
2
1 2 R,
Fn-xz—i[x X -4[§;] ]
' ry Iy h2+r2
where R]':Tl-’ R2="‘—, andX =1+ 3
Iy
2 2 2 2 2
1 h + Iy h +7a Iy
Fxl-x2=§ 1+ > 1 > = [‘r—]
Iy I 1
2 2 2 8 2
P, .=1.2x1 An At h+f2_/\/ ] B )
S VRl VLR ¥ 2 2 2

2
r% rf n’+ rg R+ rg Iy 2
Fi -i= 1 - + - 1+ "4 -
(1'1 + I'?)lb (rl + rz)lb % 2 Iy

For the spacer ring (section 4 « section 4):
=TIy =¥%, and h=la
For the hot cylinder (section 3pp4 § € section 3pand

I1=rp=r, and h=lb
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For the frustum (section 2pgnd j € section 2pand i)

1dy,
¥ 1§+ (e rgz

n-1 n
r1=rc—(rc-r9£-%;—c—)— R r2=rc-(rc-re)-ﬁic, and h=

ds of

<]
»

Cylindrical and Frustum Sections (section ipand j€2 section ipand kb

2pC
.

The following shape factor formulas are used between different bands of the frustum
section, between different bands of the hot cylindrical section, between bands of the hot
cylindrical section and bands of the frustum section, between the spacer ring and bands of

the hot cylindrical section, and between the spacer ring and bands of the frustum section.

Fj.=Fi.x2-Fi-x1
Fx1.=Fxi-x3-Fx1-x4

Fx2.i=Fx2.x3-Fx2-x4

Ay A
Fi-x1=Txin1-i and Fi-x2=Txi“2Fx2-i
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A A
Fi -i= _Alx"_g'[FxZ -x37 sz - x4:| - T:'i‘l'[Fxl -x37 Fxl - x4]

2 2
Iy r

F; —j=m1:Fx2~x3'sz x4 '(1.34_—“)1!)[5"::1 -x3” Fri o xd]

2
2 2 2 2 2
q 1 1-i_h,mjl+rm_ 1_*‘hnm-}-rm 4rm
R — |45
r

n rn

between different bands of the frustum section (section 2pypq § € section 2pand i
I =r.-(re-1 .
1= %™ Ve N,

(n;-1)
I3=r.- (rc' re) JNc

n:
r3=r.- (rc' re')N'_1
¢

(n;- 1)
r4=fc-(f-19 Ilq
c

11,
Vii+@,-1)?

hyj3=hys=(n;-nph

h=

hyi4=(@;-n;+1h
hy3=(n;-n;-Dh
between different bands of the hot cylindrical section (section 3p,n4 § € section 3pand P
T]=Ty=T3=TI4=T1,
hyz=hys=(n;- nyly
hyy=(n;-n;+ Dl

hy3=(n;-n;- i,
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between bands of the hot cylindrical section and bands of the frustum section
(section 2pgng | ¢ section 3pand §):

n-
ry=r-(r,- re)-ﬁt

1
ry=rg-(To-To) (niq )
[+
r3= I'4= I'c
1,

h=

v 13-&- {r.- 1",)2

h13=h24= lm—ﬂilb-l-lljh
h14= ].m' (ni‘ I)Ib"i' njh
h23=1m- ni1b+ (nj- 1)h

between the spacer ring and bands of the hot cylindrical section
(section 4 <> section 3pand 1)
1 r
_ 2 1 ;
Fipacer - j= m[ﬂz -x3-Fxa1 -x4]- ml—a[Fn 23~ Fr1 x4

2
2 2 2 2 2
h . +r1 homt+r r
Fxn-xm=% 1+—P'm2—m-/J ].'i'—n'm'f-z"—'l:ll -4[%]

Iy Iy

I|=[p=I3=T4=T,
hyz=n; 1
hyg=n; ly+1,
hys=(0;- D1,
hoy=(n;-1) Ly +1,

between the spacer ring and bands of the frastum section
(section 4 <> section 2pand it

170



03
[y=rg- (rc-re)—ﬁ-—
[+

(ﬂj -1)

Iy=rg- (rc"re)

F3=r4=Tr,

i Wy

v 13"' (rc' re)z

h13= 1m+ l'lj h

h14=lm+nj h"']l.‘ﬂ

h23= lm'f‘ (nj- 1) h

h24= Im'l' (l'lj -1) h+ la

The following shape factor formulas are used between the end plate and bands of the hot

cylindrical section, bands of the frustum section, and the spacer section, between the

aperture and the bands of the hot cylindrical section, bands of the frustum section, and the

spacer section, and between the annulus and aperture combined and bands of the hot

cylindrical section, bands of the frustum section, and the spacer section.

13
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Fij=Fi.x2-Fi-x1

5
2 2 2 2 2
hiz+1] hiz+rj 13
Fi“1=§ 1+_......2—_ 1+_..2_ .4g

I3 I3

1 hzs'*‘l'z hzs"‘l'z
Fi-12=§ JI: '4

-y

I3 Iy

) ' 72
2 2 2 2 2 2 2 2
F. -_l h23+f2-/J 1+h23+l'2 -4 ‘I;% ‘-]_— h13+r1-/\/ 14 ‘h13+1'.'1 )
1-1_2 2 2 £y 2 2 2

between the end plate and bands of the hot cylindrical section
(section 1 ¢ section 3pand i)

ry=ry=1;
r3=r,
hoz=1.+ (Ng-n)ly
hjs=1+Ny-n+ D

between the end plate and bands of the frustum section
(section 1 ¢ section 2pgpd i)
n;-1
ry=rq+ (.- r{l - iqc ]

n-:
ry=To+ (T- rg[l --N—J-|
c

l.'3=I'e
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13,

y lz+ .- rgz

hy3=(Ne-n)h

h=

h13= (Nc' n; +1}h

between the end plate and the spacer section
(section 1 ¢ section 4):

I1=r=TI,
f3=Tr,
hyz=1.+1,
hyg=1.+1,+1,

between the annulus and aperture combined and bands of the hot cylindrical section
(section 5+ aperture ¢ section 3pand i):

1‘1=r2=r3=rc
h23= 1a+ (HJ -1 ]'b
h13= 1a+ njlb

between the annulus and aperture combined and bands of the frustum section
(section 5+ aperture < section 2pn4 1)

(rc're)
r‘[:rc'nj N
c

(rc' I'e)

r2=rc-(nj- I)Tc'

I3=TrI,

1Y,
VE+@,-1)°

h23= la"l' Im'l‘ (11] - 1) h

h=

h13= la+].m+ njh

between the annulus and aperture combined and the spacer section
(section 5+ aperture ¢ section 4):
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r{= I3=I13=1,
h23=0
hiz=1,

between the aperture and bands of the hot cylindrical section
(aperture ¢ section 3pands i):

h23 = la+ (nj - 1) 1],
h13‘—‘ Ia+ n; lb
between the aperture and bands of the frustum section

(aperture ¢ section Zhands i

(rc B re)

r1=rc-nj N
[+

(rc B re)

Tog=Ig~ (ﬂj- 1) Nc

I3=T,4

1
b= db

i N li-!- (r,- r‘,)2

h23=la+lm+ (nl = 1) h

h13= ].a‘|" Im"l' n]h

between the aperture and the spacer section
(aperture ¢ section 4):
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I[1=I3=T,
I3=T1,
h23=0

h1‘3.= la

Shape Factors from Circular Sections to Other Circular Sections:

The following shape factor formulas are used between the end plate and the aperture: and

between the end plate and the aperture and annulus combined,

<=
2

between the end plate and the aperture
(section 1 &> aperture):

h=1,+1,+1,

between the end plate and the aperture and annulus combined
(section 1 ¢ aperture + section 5):
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h=1,+1,+1,

For shape factors from the spacer section, bands of the hot cylindrical section, and bands

of the frustum section to the annulus section the following relationship is used:

F; - annulos = Fi - (annulus + aperture) = F;. aperture
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Appendix 15: Analytical Thermal Radiation Heat Loss Program Listing

REM

REM

REM (2222222222212t RdRdRRdRd Rl TR
REM THEORETICAL THERMAL RADIATION HEAT LOSS PROGRAM

HEM WhER R A A AR AN RF A T R ErrArA kAR s ddrw Tk dw

REM  This program predicts the thermal radiative heat loss from

REM the cavity solar receiver using the net radiation method.

REM

REM DIFFUSE GRAY BODY VERSION

REM This section of the progratm is used fo verify the thermal radiation
REM  shape factor formulas of the solar cavity receiver.

REM

REM AEA TR A TR RAA AN AN AT AT A ERA T AT RE A AR Tt hdw
REM

OPEN "Ther Rad Program Qutput” FOR OUTPUT AS #1
WRITE#1,"aperture","operating”,"radiative”
WRITE#1,"diameter”,"temperature”,"heat loss"
WRITE#1,"[in]","[°F]","[Watts]"

HEM xhhhk ARk N
REM nomenclature
REM td L i il dsl

REM re = end plate radius

REM rc = cavity radius

REM ra = aperiure radius

REM ¢ = length of frustum section

REM Im = length of hot cylindrical section

REM [a = length of cold cylindrical section

REM Ibc = width of hot isothermal bands in frustum section

REM |bm = width of hot isothermal bands in hot cylindrical section
REM  Nc = number of bands in frustum section

REM Nm = number of bands in hot ¢ylindrical section

REM

REM constants

REM Ei st bl

S=5.729"10/-8 :REM  Stephan-Boltzmann constant W/(m”2 KA4)
pi=3.14

HEM HER TR RN RN TN E AT E TR AR AN TN T ANk A AT AR R A A AR AR

REM CAVITY GEOMETRY

HEM P2 XX EELETES LA LIS E ARSI RS AR RRS R LR S22 RNl R 22 S
re=.254/2

rc=.33

lc=.292

la=.14

Im=.686-lc-la

Nm=151

lem=Im/Nm

Nc=23!

Ibc=SQR((rc-re)*2+Icr2)/Nc

he=lc*lbe/SQR({rc-re)}r2+icA2)

DIM rad{12),Top(12)

FORNn=1TO 12

READ rad{n)

DATA 0.2286,0.2286,0.2286,0.2286,.0762,.0762,.1524,.1524,.2286,.2
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286,.3302,.3302

NEXTn

FOR n=1TO 12

READ Top(n}

DATA 300,400,500,600,400,600,400,600,400,600,400,600

NEXT n

Tdiff=20 :REM assumed temperature difference between inlet and outlet
REM [ TTTEXIETERSZ 2SS RSS SRR RS R AR RS s R Rl Qg
REM This section determines the total number of elements that make

REM  up the internal surface of the cavity receiver.

HEM T 2222222222 3222823 3323222223+ 222Xl XXl
NT=Nc+Nm+4

DIM F(NT,NT),sum(NT),A(NT,NT),E(NT),T(NT),C(NT),q(NT),G(NT,NT+1)
JM(NT+1)

REM  F(l.J) is the shape factor matrix

REM sum({NT) is a shape factor verification array

REM A(NT,NT) is the coefficient matrix

REM E(NT) is the emissivity array

REM T(NT} is the temperature array

REM C(NT) is the constant array

REM G(NT,NT+1) is the augmented Gaussian matrix

REM q(NT) s the outgoing radiant energy flux { radiosity )

HEM I TET TR TE LRSS SRR R RS AR R SRS E SRR R LR R R SRS
REM This section defines the numbering of elements that make

REM  up the internal surface of the cavity receiver.

REM I LA 22 222222023222 33 R 2222 2R 22 22 X 2R Rt sl sl s
REM aperiure = 1

REM annulus =2

REM spacer ring =3

REM end plate = 4

REM  hot cylindrical section is numbered 5 thru Nm+4

REM frustum section is numbered Nm+5 thru Nc + 6

HEM T3S EERELAL SRS R RS RS S SSRR SRR A S0 S 20 2 R 80t A b i b
REM EMISSIVITY ARRAY INPUT SECTION
HEM Y2 2232832832320 2232222ttty d
E(1)=0 ‘REM  emissivity of the aperture
E(2)=.7 :REM  emissivity of the annulus
E(3)=7 :REM  emissivity of the spacer section
E(4)=7 ‘REM  emissivity of the end plate
FORn=5TONT
E(n)=.85
NEXT n
REM I 2 2R R 2322222222233 222 2223 X222 222Xl al s s sl g
REM BEGINNING OF APERTURE RADIUS VARIATION LOOP
REM T 2L 2225 X223 2222222220222 R 22 2 2R iR iRl h g
numT=4
FOR samp=1TO 12
ra=rad{samp)

M P22 2223222338222 2 R A2 222 REX s R X2 Rl d iy
REM SHAPE FACTORS CALCULATION SECTION
HEM T2 XIS XREA 2232222 22 2222 R ERs Rt AR iRl il sl
REM
REM wawwexrr Shape factors for each element onto itself ******
REM (2233223222222 823 233 Y2323 222222 A2l asiialialrlsslis)
HEM La kel s st For flat surfaces Fi_i - 0 TREAEAN AN Rkl
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F(1, 1)=

F(2,2)=0

F(4,4)=0 :REM aperture, annulus , and end plate

HEM e il L id sl spacer Section bl el dsdadl sl i bl ] g

ri=re

ri=rc

h=la

GOSUB shape

F(3,3)=1-rir2/((ri+rj)*la)*(1-FF)-rjr2/({ri+rj)*la)*(1-rjn2/ rif2*FF)
H M bl ada bl l s sl hOt Cy|lndl’lca| sectlon Ak dkhkkhdhkkhhktr

ri=rc

rji=rec

h=Ibm

GOSUB shape

FORn=1 TONm

k=n+4

F(k,k)=1-ria2/({ri+r})*lbm}*(1-FF)-rjr2/((ri+rj)*lbm)*(1-rjAr 2/rif2*FF)
NEXT n

HEM L1t 2l dsl ] frustUm Section whkdkktdkwkkhiikhk ki
h=he
FOR n=1TC Nc

ri=tc-(rc-re)*'n/Nec
ri=rc-{rc-re)*(n-1)/Nc
ceil

k=Nm+4+n
F(k,K)=1-rir2/{(ri+rj)"1bec)*(1-FF)-rjr2/((ri+rj)*Ibc)*{t-rir  2/rjA2"FF)
NEXT n

REM HEAAF A AR A REARA AR A TR AR AR A AR ARkt nrd
REM  Shape factor from elements of the cylindrical and frustum sections
REM to other elements of the cylindrical and frustum sections

REM LA AR 2R 222 Rl Rl R il Rl d kD)
REM o between different elements of the frustum section ******
FOR M=1 TO Nc-1

FOR n=M+1TO Nc

ri=rc-(rc-re}*n/Nc

rg=re-(rc-re)*(n-1)/Ne¢

r3=rc-(rc-re)*M/Ne

ré=re-{rc-re}*(M-1)/N¢

h13=(n-M)*hc¢

h24=h13

h14=(n-M+1)*he

h23=(n-M-1)}*he

h=h13

ri=r1

rj=r3

GOSUB shape

F13=FF

h=h23

ri=r2

ri=t3

GOSUB shape

F23=FF

h=h14

ri=r1

ri=r4
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GOSUB shape

F14=FF

h=h24

ri=r2

rj=r4

GOSUB shape

F24=FF

i=Nm+4+M

j=Nm+4+n
F(i,j)=r2~2/((r3+r4)*ibc)*(F23-F24)-r122/{((r3+r4)"|lbc)*(F13-F14)
F{j,i)={r3+r4)/(r1+r2)*F(i,j)

NEXT n

NEXTM

REM  *** between different elements of the hot cylindrical section ****
FOR M=1 TO Nm-1

FOR n=M+1 TO Nm

ri=rc

r2=re

r3=rc¢

ré=rc

h13={n-M)*lbm

h24=h13

h1d4={n-M+1)"lbm

h23=(n-M-1)*1bm

h=h13

ri=r1

Tj=r3

GOSUB shape

F13=FF

h=h23

ri=r2

rj=r3

GOSUB shepe

F23=FF

h=h14

ri=r1i

ri=r4

GOSUB shape

F14=FF

h=h24

ri=r2

ri=r4

GOSUB shape

F24=FF

i=4+M

j=4+n
F{i,j)=12A2/((r3+r4)*ibm)*(F23-F24)-r1A2/((r3+r4)*lbm)*(F13-F14)
F{j,)=(r3+r4)}/(r1+r2)*F(i,j)

NEXT n

NEXTM

HEM HEE AR A AN XA A XN RN N LR NN T AT AR AN AR ANk
REM *** Shape factors between elements of the hot cylindrical ***
REM *** section and elements of the frustum section ****

HEM L322 FTS LTS IARES SRS E RS RS LR SR e AR R R aR R dR AR AL

FOR M=1TO Nm
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FOR n=1 TONc
ri=rc-({rc-re)}*n/Nc
r2=rc-(rc-re)*(n-1)/Nc
r3=rc

rd=re
h13=Im-M*lbm+n*hc
h24=Im-{(M-1)}*Ibm+(n-1)"he
h14=Im-{(M-1)*tbm+n*hc
h23=Im-M*Ibm+{n-1}*hc¢
h=h13

ri=r1

rji=r3

GOSUB shape

F13=FF

h=h23

ri=r2

ri=r3

GOSUB shape

F23=FF

h=h14

ri=rt

ri=r4

GOSUB shape

F14=FF

h=h24

ri=r2

rj=r4

GOosuUB

F24=FF

i=M+4

j=n+4+Nm
F(i,j)=r2A2/{({¢+3+r4)*Ibm)*(F23-F24)-r1A2/({r3+r4)*Ibm}*(F13-F14)
F(j,iy=(r3+r4)°lbm/((r1+r2)*tbc)*F(i,})

NEXTn

NEXTM

HEM AR ER AL R AR AR A AT A AT XA A A Ak ke bR ATk hd ik
REM  *** Shape factors between the spacer section and elements ****
REM ***  of the hot cylindrical section*******

REM LA AR ER SRR LRl RaRs Rl 2Rl iRl Rl 2 X 2
FOR n=1 TONm

ri=re

r2=re

r3=rc

r4=rc¢

h13=n"lbm

h24=(n-1}*lbm+la

h14=n*Ibm+la

h23=(n-1)*lbm

h=h13

ri=r1

ri=r3

GOSUB shape

F13=FF

h=h23

ri=r2
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!'j:!'3

GOSUB shape

F23=FF

h=h14

ri=r1

rj=r4

GOSUB shape

F14=FF

h=h24

ri=r2

ri=rd

GOSUB shape

F24=FF

i=3

j=n+4
F(i,j)=r2A2/((r3+r4)*la)*(F23-F24)-r1A2/((r3+r4)*1a)*(F13-F1  4)
F(i,i)=(r3+r4)*la/((r1+r2)*1bm)*F(i,j)

NEXT n

HEM a2 2R 2R SRR R ARl RSl Rl R 2R AR R AR RS E]
REM ™* Shape factors between the spacer section and elements ™

REM ™ of the frustum section *xk

REM A A AR R AR RRRREEAREi sl S22 Rl sR Rl ] ]
FORn=1 TONc

ri=rec-(re-re)*n/Ne
r2z=rc-{(rc-re}*(n-1}/Nc
r3=rc

r4=r10C

h13=Im+n*hec
h24=Im+la+{n-1)*hc
h14=Im+la+n*he
h23=lm+(n-1)*hc
h=h13

rti=r1

ri=r3

GOSUB shape

F13=FF

h=h23

ri=r2

rji=r3

GOSUB shepe

F23=FF

h=h14

ri=ri

ri=r4

GOSUB shape

F14=FF

h=h24

ri=r2

Ti=r4d

GOSUB shape

F24=FF

i=3

j=n+4+Nm
F(i,jy=r2A2/({r3+r4)*la)*(F23-F24)-r1A2/({r3+r4)*la)*(F13-F1 4)
F(i,i)=(r3+rd)*la/({r1+r2}*Ibc)*F(i,})
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NEXTn

REM AR E AR E A A AR E A AT R A AR T T RN TR R AR RE AN S AR A AN
REM Shape factors between circular sections and the spacer section,
REM elements of the hot cylindrical section, and elements of the
REM frustum section.

HEM AR AR AR IR AR R E A A AR AR TR AT AR E R T RN E NN RN AR AN
REM ™between the end plate and elements of the hot cylindrical section *
r3=re

ri=rc

r2=re

FOR n=1 TONm

h23=[c+Im-n*lbm

h13=lc+im-(n-1)*Ibm

ri=r3

rji=r1

h=h13

GOSUB shepe

F31=FF

ti=r3

Fji=r2

h=h23

GOSUB shape

F32=FF

i=4

j=4+n

F(i,j)=F32-F31

F(j,i)=r322/({sr1+r2)*1bm)}*F(i.])

NEXT n )

REM **between the end plate and elements of the frustum section **
r3=re

FOR n=1TONc

ri=re+{rc-re)*{1-{n-1)/Nc)

r2=re+(re-re)*(1-n/Nc)

h23=lc-n*he

h13=l¢c-(n-1)*he

ri=e3

ri=r1

h=h13

GOSUB shape

F31=FF

ri=r3

rj=r2

h=h23

GOSUB shape

F32=FF

i=4

j=4+Nm+n

F(i,j)=F32-F31

F(j,i)=r322/({r1+r2)"1bc)*F(i,})

NEXT n

REM *"between the end plate and the spacer section **
r3=re )

ri=rc

r2=re¢

h23=lc+Im
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h13=lc+im+la

ri=r3

ri=r1

h=h13

GOSUB shape

F31=FF

ri=r3

rj=r2

h=h23

GOSUB shape

F32=FF

i=4

=3

F{i,j)=F32-F31
F(j,i}=r3r2/({r1+r2)*1a)*F(i,j)
REM  **between the aperture and elements of the hot cylindrical section **
r3=ra

ri=rc

r2=re

FOR n=1 TONm
h28=la+{n-1)*ibm
h13=la+n*lbm

ri=e3

ri=r1

h=h13

GQOSUB shape

F31=FF )

ri=r3

rji=r2

h=h23

GOSUB shape

F32=FF

i=1

i=4+n
F(i,j)=F32-F31
F{j,i)=r322/((r1+r2)*lbm)*F(i,})
NEXT n

REM  *“between the aperture and elements of the frustum section **
r3=ra

FORn=1TONc
ri=rc-n*(rc-re)/Nc
r2=rc-{n-1)*(rc-re)/Ne¢
h23=la+Im+(n-1}*hc
h13=la+Im+n*hc
ri=r3

ri=ri

h=h13

GOSUB shape

F31=FF

ri=r3

rj=r2

h=h23

GOSUB shape

F32=FF

i=1
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j=4+n+Nm

F(i,j)=F32-F31
F(i,i}y=r3A2/{(r1+r2)*Ibc)*F(i,)
NEXT n-

REM  **between the aperture and the spacer section **

ri=ra

rji=rc

h=la

GOSUB shape

i=1

j=8

F(i.j)=1-FF

F(j,i)=rir2/(2*ri*la)*F(i,i) _

HEM L2 RS AR RS ad R ER R R RE RS TN TR R R R R g SR R e
REM  Shape factors for the annuius section are determined by the differences
REM between shape factors of the annulus and aperture combined with

REM an element and the aperture with an element.

HEM LA AR AR R LSRR RSl AR s E RS R R R KRR R R R 2 R R )

REM  *between the annulus and elements of the hot cylindrical section **
r3=rc

risre

r2=re¢

FOR n=1 TONm

h23=ta+(n-1}*lbm

h13=la+n*lbm

ri=r3

ri=r1

h=h13

GOSUB shape

F31=FF

ri=r3

rji=r2

h=h23

GOSUB shape

F32=FF

j=2

j=44n
F(i,j)=(rcA2*(F32-F31)-rar2*F(1,j))/ (rch2-rar2)
F(j,i)=(recAr2-rar2}/({r1+r2)*Ibm)*F(i,j)
NEXT n

REM  **between the annulus and elements of the frustum section **
r3=rc

FORNn=1TONc

ri=re-n"(re-re)/Nec
t2=rc-(n-1)}*(rc-re)/Nc
h23=la+lm+(n-1)*he

hi13=la+Im+n*hc

ri=r3

ri=r1

h=h13

GOSUB shape

F31=FF

ri=r3

ri=r2

h=h23
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GOSUB shape

F32=FF

i=2

j=4+n+Nm
F(i.j)=(rcA2*(F32-F31)-rar2*F(1,j))/(rcAr2-rar2)
F(i,i)={rcr2-rar2}/{(r1+r2)°lbec)*F(i,})
NEXT n )

REM  **between the annulus and the spacer section ™
ri=re

r2=rc

r3=ra

ri=ri

risr2

h=fa

GOSUB shepe

F12=FF

ri=ri

ri=r3

GOSUB shape

F13=FF

i=2

j=3
F{i,j}=1-rcA2/(rcnr2-ranr2)*(F12-F13)
F(j.i)={rcA2-rar2)/((r1+r2)*la)*F(i,j)

HEM AR RN AN R R AN AR E AR AR R AN E R RN A RN R A A A AR AR E AR A A TN
REM  Shape factors from circular section to other circular sections
REM AR AR TR AR AR R AR AR AR R R R AR TR RN AN T RN NN ANS

REM wrerraweer between the end plate and the aperture ******
fi=re

ri=ra

h=la+Im+lc

GOSUB shape

i=4

j=1

F(i,j)=FF

F{j,i}=rer2/rar2*F(i,j)

REM rwswniys  between the end plate and the annulus ******
ri=re

rj=tc

h=la+im+lc

GOSUB shape

i=4

i=2

F{i,j)=FF-F(i,1)

F(j,i)=rer2/(rcr2-rar2}*F{i,j)

REM RN A AT TR RN RN AR AT AT R R AT AR AT RN S
REM Shape factors matrix output

REM AR EEA AR E AN NN R AR T A AR AN AN T AR AT NN AN NS
FORi=1 TONT

FOR j=1 TO NT-1

PRINT USING “#.##4#";F(i.j);
PRINT- SPC(1);

NEXT j

PRINT USING “#.###",F(i,NT)
PRINT

186



NEXT i

111 ¢

REM LA RS AR A RS d AR R ESL IR TR L TY S YR T T E Y TR
REM The sum of the shape factors for one element to all the elements
REM of the enclosure is equal to one. This property is used to verify
REM. the shape faciors previously calculated. For an enclosure of N
REM elements the sum of all the shape factors should equal N.

HEM LA RS X AL XA SRR R RN FR RS LR R R R RR TR E R R O
FOR i=1 TONT

FOR j=1 TONT

sum(i)=0

NEXT j

NEXT i

SUMT=0

FORi=1 TONT

FORJ=1 TONT

sum(i)=sum(i)+F(i,})

SUMT=SUMT+sumi}

NEXT j

NEXT i

PRINT LRSS SRR LESEEEEEEEEXE S RESEEERE 2 E]

FOR i=1 TO NT-1

PRINT* SUM"§" ="

PRINT USING ‘“##.####";sum(i)

NEXT i

i=NT

PRINT *SUM "i;" = %

PRINT USING '## ####";sum(i)

PHINT [ E X E A S A AR AR R EEREENEEEREEREERNENERETYE]

222 :

HEM LA SR 2R R Rl LER YIRS IR SRR R R
REM END OF SHAPE FACTOR SECTION

HEM AR E R A AT TR A A AR A A A A AR AR E AR AR TR AR AN TR AT AN
HEM *ti'***t*‘*ﬂ'*'**ﬁ*ﬂ'*****t*tti****t*i*t******ﬁ*t*t*i*****
HEM L2 a2 2 AR RSl AT PSR TELLSL TS LIRS ]
REM COEFFICIENTS MATRIX CALCULATIONS SECTION

REM **t**l’t***,*l'***t**tt**ttt*t****t**********************

FCR j=1 TONT

FOR j=1 TONT

KD=1

IF i=j THEN 400

KD=0

400
A(i,j)=KD-(1-E(i))"F(i,j}
NEXT j

NEXT i

HEM LA A AR AR AR s s RS RS R AL RS IR LR X E RSN
REM coefficient matrix output
REM LA AR SR AR SRR LRSS E TR AT SRR R TEEE L TR R ERT Y

FOR i=1 TONT
FOR j=1 TO NT-1

PRINT USING "#.#8#7A00);
PRINT SPC(1);

NEXT j

PRINT USING *"#.2##%A(i,NT)
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PRINT

NEXT i

333 ¢

REM 22 LA AR A2 R AR AR Ad RSl Rl d Rl Rl d )]
REM BEGINNING OF TEMPERATURE

REM AEREIRAER A RTINS d AR rd ek rbn
REM L2E2 AL ARl A2 AR AR 2Rl s ddlR Rl R RS L
REM TEMPERATURE ARRAY INPUT SECTION

REM AR AN R RN AN RN RANEAEE N RNN N e r ANk AR ek Axhh

Tmean=Top{samp)

Tin=Top(samp)+Tdif{/2:Tout=Top(samp)-Tdifi/2

PRINT Tin,Tout,Tmean

REM

REM Each element is assumed to be isothermal. Angular temperature
REM measurements for the hot cylindrical section and the frustum

REM section are averaged {o give one temperature for each band. The
REM  axial temperature values are determined from linear extrapolation
REM from band with temperature measurements. Temperature values
REM are in Kelvin.

T(1)=0 :REM temperature of the aperture opening

FOR n=2 TO 4 :REM temperature of the refractory surfaces
T(n)=((Tmean-40}-32)*5/9+273.15

NEXT n

FOR n=5 TO NT )
T(n)=((Tout+(Tin-Tout)*{(n-5}/(NT-5))-32)*5/9+273.15

NEXTn

REM  #+wewr QUTPUT THE TEMPERATURE DISTRIBUTION ***=***
FOR n=1 TONT

PRINT *T{(";m;"}= " T(n)

NEXT n

REM 22 E TSR AR SR ALY R RN EE S AR AR R RS R A RS R LR YR
REM CONSTANT ARRAY CALCULATION SECTION _

REM L E2 LSRRI ESRELE RS Rl R iR LRl Rkl ol Al )
FOR n=1TONT

C(n)=E(n)*S*T(n)"4

NEXT n

REM I EE XIS RIS SRS SRS RS S S SRSl Rl
REM HEAT FLUX SOLUTIONS

REM LE2R A2 2R 222 ER Rl 2 222 rR iRl il sl ld s
REM

REM Gaussian Elimination method is used to solve for the heat output
REM of each surface, including the tota! heat lost from the receiver
REM through the aperture.

REM
REM *hkkhhkkkdh augmented matrix whkkRkkkArdkkh ki hrdent
FOR =1 TONT

FOR j=1 TONT
G(i.))=A(i.})
NEXT j
G(i,NT+1)=C{i)
NEXT i

GOSUB Gauss

HEM AEERA AR AT TR AT R TRkt A Atk o

REM QUTPUT OF HEAT LOSS THROUGH APERTURE AND HEAT
REM  RADIATED FROM ALL OTHER ELEMENTS
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HEM A2 2R XSRSl R LRI E RS2SR R R AL AL SRR L LR

FOR i=1 TO 4

READ Nm$

PRINT Nm$;SPC(5);q(i)

NEXT i

FOR i=5 TO Nm+4

PRINT "hot cylindrical element®;SPC(5);q(i)
NEXT i

FOR i=Nm+8 TONT

PRINT *“frustum element®;SPC{5)};q(i)

NEXT i

DATA “aperture”,"annulus®,"spacer ring","end plate"

RESTORE

REM LAARR R AR LR AR LR RRslR SRR sl Xl R R R 2 R 2 R ) X X
REM SUMMARY OUTPUT

HEM LA A AR A AR S ARl Ristl RS ERSRES RIS R R0 S XN
PR'NT IR A RS S S RS L EEAARRlRRlR Rl EXR SRR RS R R E R R X EEENE RN ]
PRINT * SUMMARY OUTPUT"

PRINT LA AR A S S SRR RS S EREEESEREEEXEREREEEEEEREERE RN EEERNEEEREENSY ]

PRINT SPC{(2);"aperture™; TAB(10);"operating";TAB(20); radiative”
PRINT SPC(2);"diameter”;TAB(10);"temperature";TAB(20);"heat loss"
PRINT SPC(4);"[in]";TAB(13);"[°F]*;TAB(23);"[Watts]"

PRINT SPC{4);

PRINT USING "###.4#";ra*200/2.54;

PRINT TAB(13);Tmean;

PRINT TAB(23);q(1)}*pi*rar2
WRITE#1,ra*200/2.54,Tmean,q(1)*pi*rar2

BEEP

NEXT samp

FORk=1TOS

BEEP

NEXT k

CLOSE#1

END

shape:
FF=.8*(1+(h*h+rj*rj}/(ri*ri}-SQR((1+(h*h+rj*rj)/(ri*ri))r2-4
*(rifri)A2))

RETURN

Gauss:

REM :

B EEE5E58085559553838585885553585555855555555585555858568%
REM GAUSSIAN ELIMINATION METHOD

REM
?isléa$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$
HEM Akl ad e gl nts k Check Augmented Matrix Form REARNTRERERENE

REM .

REM  For the Gaussian elimination method to work the A(1,1) element

REM of the augmented matrix can not have a value of one. If A(1,1) is

REM equat to one then rows of the matrix will be shifted until a non-

AEM  zero value is in element A(1,1).

Flag=0

IF G(1,1)«<>0 THEN Elimination

Flag=Flag+1

FOR j=1 TO NT+1




M(i)=G(1.})
NEXT

[
FOR i=1 TO NT-1
FOR j=1 TO NT+1
G(i,]))=G(i+1,))
NEXT j
NEXT i
FOR j=1 TO NT+1
G(NT,j)=M(j)
NEXTj
GOTO 444
REM *ehkhhkkhkihkki PRINT CYCLE L2213 ld1 el al s s
s
FORM=1 TONT
FORn=1TONT
PRINT G{M,n);SPC(5};
NEXT n
PRINT G{M,NT+1)
NEXTM
REM T T TS LR TR R R R L R EE R L E R LR LR LSRR
444 :
GOTOGauss
Elimination:
REM xkhkkk ki ih Gaussian Eﬁmiﬂation- kAR EREEEh kAl kdhki
FOR k=1 TONT
ss=G(k,k)
FOR j=1 TO NT+1
G(k,j)=G(k,i}/ss
NEXT j
FOR i=k+1 TONT
ss=G({i k)
FOR j=1 TO NT+1
G (i vj)=G (i !j) -s8*G (k'])
NEXT j
NEXT i
NEXT k
REM
FOR k=1 TO NT-1
FOR i=1 TO NT-k
s8=G(i,NT-k+1)
FOR j=1 TO NT+1
G(i,p)=G(i,j)-ss*G(NT-k+1,j)
NEXT j
NEXT i
NEXT k
GOTO 555
HEM ARk R Rk PHINT CYCLE (321 as T2t b ol d
CSs
FORM=1 TONT
FOR n=1 TONT
PRINT G(M,n);SPC(5);
NEXT n
PRINT G(M,NT+1)
NEXTM

R EM I TTITREEIRITELII LS AR AR IR 2222 2Rl ol l g ) s
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565 :

FORi=1 TONT
q(i)=G(i,NT+1)
NEXT i

IF Fiag=0 GOTOQ 600
FOR k=1 TO Flag
qq=q(NT)
FORi=2 TONT
q{i)=q(i-1)
NEXT i

q(1)=qq

NEXTk

600 :

RETURN
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Appendix 16: Flow Meter Factory Calibration Specifications

Customar:
Meters Modeldl @@
Meter Savial #:

Evig Fitting:
Baaring Typart
Pickoff Type:s

Rickoff P/N:

Meterr
Freg
(Hz)

tamestmsine
2052, 7
147805
1066. 1
V727
859, 29
408. 40
286, 29

205. 55

113. 86

Calibratec by
Neetified by

bignal Qubonk:

FL.OW TECHNDLOGY, INC.
MECHANICRL DATRSHEET

7412
CAl. POLY KELLOG UNIT Jobh #:1 23194
FT4--BAEXE 1.AD-6 Tap #:
B4OTHI2 Sizes L/2"
MEB~-22E56--8 Cal. Media: FREDON TE
CRARBIDE Viscosiky: 0.03 LTS
HYI--TEMF MAG Tenperature: 75.00 ¢ F
BOGEE—104 Densitys 12.18 ¥/
Meter Meter Freq /
Flow Rate K Factoyr Viscozsity.
(GAL./Min) (RP/GARL) Hz/CT6)
ST I 2 W P Y W O £ 2 Pt
2. 0718 4004, 4% 2464, 262
£2.1931 L0285, 28 1767.664%
i. 58824 40424, 25 1279. 887
1. 19519 40501. 43 933. 099
0. 8308 407591, 1 71, 420
0.6096 40198. 27 490, 281
Q. /43LE 3984%,. B& 343. 811
0..3158 3056, 52 24E. 761
O, #3351 BESAR. 37 161, 309
0. 1797 38012. 29 1 36. 690

R.

A

7 Mv (0

11.%3 iz

Calib Inv #1 S1049%
Calib Recal Dates LO/1/87
Dates 41070/



Appendix 17: Flow Meters Voltage Output
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Appendix 18 Calibrated Thermocouple Probe Specification

the
(OMITEAZAN N

' Group
. CALIBRATION REPORT
' CUSTOMER: CALIFORNIA POLYTECH STATE REPORT NO: OM-70609592
. UNIVERSITY FOLNDATION
MECH ENGR DFFT TEST ITEM: KQSS-186

PIMOMA CA 91768

PURCHASE DRDER Ng: CPr66026ADD2

OMEGA ENGINEERING certifies that the above item has been calibrated
and that its eczlibration is certified gs traceable to the U.S5.
National Bureau of Standards. Traceability of these measurements
is oeriveg fror the included NBS test numbers.

Neminal Actual Test Indicated
Probe No. Temperature Temperature Temperature Deviation
1 300 DEG F 200. 06 100.56 .50
1 500 499,77 &99,39 .38
1 700 70l.0 699. 09 1.91

Refzrence: NATIONAL sUREAU OF STANCARDS TEST NO{s):-236%35-37778

Tony
Supervisor, Instrumentation

CAL-4
of E OMEGA ENGINEERING, INC.

[ ]
IP ouecarress of )1 OMEGA WNTERNATIONAL CORP. ofB mouEoA

Ore Orrga Drive, B 4047, Stambond, CT DBGT20047 (20%) 3581000 Talax 906404 Cabis OMEGA B (20, 507700

PRer——

& oo oS c—oocx - -
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Appendix 19: Radiometer Calibration Specifications

CERTIFICATE OF CALIBRATION

oATE__ 0849 - 87

i

customen_Cala -thly Bin,
P.0. N0 CRF RGOSR

st Tree Roualion lag,

wmooEL £ 8400 - B~ |- 20, X,

ABIORPTIVITY =

CEATIFIED RECON .1 ﬂ’r—-:rd—ox

REFERENCE .ﬂrzur-u.ﬁwhn.

TESTED BY @

OH-H
1T

GO
V“
Q.C. APPROVAL @

i

L] assomszo

INEEMNENEAEGEEN

LILILT

0.‘

c.6

o8

-0

—— e

L T
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AS RECVD. EMITT

540C CURE

Appendix 20: Pyromark® Paint Specifications
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Appendix 20: Pyromark® Paint Specifications
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Saran Wrap® Specifications
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Appendix 22: Saran Wrap® Specifications

Light Transmission
Characteristics

SARAN WRAP films offer good
resistance o sunlight under
glass. Such properties as lensile’
strenglh, efongation, flexibility,
and impermeability 1o water
vapor and gases decregase only
slightly, Outdoar exposure o
direct sunlight, however, Is not
recommended, Figure 2 below
shows typicat light transmission
values for SARAN WRAP films.

FDA and
USDA Status

SARAN WRAP films, when used
unmodified and according to
good manufacturing praclices —
when used lor food contact ap-
plications — can comply with the
L.8. Food, Drug and Cosmetlic
Act as amended.

Many of these liims also have
been accepted by the U.S.
Department of Agriculture for
packaging of meal and meat

Figure 2 — Light Transmisslon va Wave Length for

100 Gauge SARAN
and 19 Films

WRAP 3,z8,, 18, 18L,

100 - e ey e e e @ oa
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food products, and poultry and
pouitry products, prepared in
Federally inspected plants.

Government regulations are sub-
ject 10 change. While 1t is \he
responsibility of users of SARAN
WRAP to check the suitability of
their intended use with regulatory
agencies, resources of The Dow
Chemical Company are available
to assist customers with pertinent
data and ather information,

Shrink
Characteristics

SARAN WRAP plastic fiims be-
come highly oriented during
manufacture. This orentation
makes the film susceptible to
shrinkage on exposure lo ele-
vated temperatures — a properly
very desirable in applications
such as ovarwraps. Furihar, by
control of the shiink-inducing
lemperature, the film user can
contiot the degree of shrinkage
oblained. '

For use in laminates where shrink
is undesirable, preshrunk SARAN
WRAP 18L lilm is available, Dit-
terences in the shrinkage rales
of 18L. and other films are shown
in Figures 3 and 4.
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Appendix 23 Radiometer Displacement Sensitivity Test Data
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