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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 collector. 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
potentialwind contribution.It was executedoff flux, i.e.,with no incident insulation.
The receiver was operated in reverse of its typical operatingconfiguration,whereby
the heat-transfer fluid was heated externally. Previous heat-loss models or
correlationswith similar cavity receiversare comparedwith the experimental results
from this study. A convective heat-loss correlation is presented from these
experimental results. A theoreticalmodel for the radiativeheat loss is developedand
comparedwith two methodsusedto quantitativelydeterminethe radiativecomponent
of total heat loss.
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I. INTRODUCTION

Cavity type receivers am 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.(l) The STEP experiment consists of a

large field may of solar collectors used to supplement the process steam, cooling and other

electical power nquhements of an adjacent knitwear manufacturing facility.

The main components of each collector are the concentrator, the tracking mechanism, and

the receiver (Fig. 1). ‘Ile concentrator is a 7 meter diameter parabolic dish with a highly

dlective 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.
CAVITY
RECEIVER

dtABOLIC DIS

Figure 1. Solar Collecto#)

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

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

❑

ilin %otal=&@’

.

i

vqconvection

qradiation

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, howeve~ 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 signiilcant empirical data. Correlations for

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

2



An extensive search of cunent literature produced only a few studies on heat loss from

cavities. A study was performed by I@uem, Penot, and Minmayat in which heat loss

characteristics of two different sized cubical cavities were examined.(z) They considered

variations in xeceiver operating temperature and angle, in their study. A study performed by

Koenig and Marvin, presented by Harris and Len~ gave an empirically derived correlation

for convective heat loss from cylindrical cavity type nxeiver~ including the effects 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. Causing. The Clausing

model was developed for a central nxeiver operating at much higher temperatwtx than the

receiver studied here. Siebers and Kraabel pmxented a model for the convective heat loss

from a central cylindrical cavity nxeiver.(s)

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.(6JField

measurement expximents, such as the one conducted at STEP, provide no control over

environmental conditions such as wind, and ambient temperatum. In order to control the

environmental conditions, nxeiver 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, nxeiver angle, and aperture size on cavity heat loss. An analytical

model for radiative heat loss was developed and compamd with two other methods used to

determine radiative heat loss. A proposed convective heat loss correlation, including effects

of apertwe size, receiver operating temperature, and receiver angle is presented. The

nxulting data is a source to evaluate the STEP measwements.

3



II. APPARATUS

A. Receiver

A drawing of the nxeiver 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 bnmk. The flow lines to and from the receiver am 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.

WF=i=i
I

m
iuw

*
%!m.....................

I

LA
,,.,.
$+y
.,.,.,:,
~
..,::;: 7
T 81.3cmf3

45.7cmf3

A

5.lcm,:,:,:,,,::::::::\::::::fi,::,:::::

p—787cm-lI
~ 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
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test stand allow the reeeiver to rotate freely for eaeh test position.

Therrnoeouples wem used to measure the receiver inlet and outlet temperatures. Two in-

house calibrated K-type thermocouples were immersed in eaeh of the heat transfer fluid

(HTF) inlet and outlet lines of the reeeiver. One of the thermocouples from the inlet and

outlet lines measwd absolute temperature. The nmxaining two thermocouples were

connected in series to yield a diwt measure of the temperature difference between the inlet

and the outlet. The nxeiver was further instrumented with seventeen surface thermocouples

and thirteen internal air thermocouples (Figwe 6). The surface thermocouples were spot

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

Figure 4. Reeeiver test stand
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Figure 5. Reeeiver angles
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Figure 6. Receiver thermocouples locations



An insulating annulus with a corresponding center plug wem 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 nxeiver. 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 wem held in place by two wooden straps

extending across the aperture end of the receiver.

annulus

1

11-ph.lg

Figure 7. Annulus and plug

B. F]OW Loop

The heat transfer fluid was heated by a heating and pumping station adjacent to the receiver

(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 fdm 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 m 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

7



calibrated against the factory calibrated flow meter.

1
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Figure 8. Heat transfer fluid heating system
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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 nxeiver. The radiometer was watercooled and the return water temperature

was monitored. The radiometer signal output leads we~ connected to the computer data

acquisition system. A Saran Wrap window assembly was positioned 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 IIe

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 nxeiver wem 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 nxeiver was overhauled. The overhaul of the receiver included
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xeplacing 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 wem 300”F, 400°F, 500°F, and 600”F with the

standard 18 inch apertwe. The Phase Two study was conducted at operating temperatwes

of 400°F and 600°F and incorporated 6, 12, 18, and 26 inch apertures. The nominal

operating temperature was based on the average of the inlet and outlet temperatures. For

each operating temperature the receiver was tested at ten angles from -90° to +90° in Phase

One. The receiver angles tested were from Oto +90°, every 15° and from Oto -90°, every

30°. Phase Two included nxeiver angles from 0° to +90°, every 15°. More angles we~

tested in the positive range, since most cavity receivers operate in this range. ‘Ihe negative

angles wem tested to provide a clearer understanding of heat loss characteristics, as a

function of receiver angle. However, some concentrating solar collector designs operate

with inverted cavity receivers.

At the beginning of each tesu the receiver was placed in the +90° position with the aperture

facing down. The flow system was started and the fluid was heated as close to the

operating temperate as possible. Obtaining the nominal HTF tem~rattue at the receiver

inlet usually meant setting the heater temperature 25°F to 50”F higher, accounting for heat

loss from the connecting line. The flow rate through the receiver was adjusted to

approximately one gallon 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 temperatwes over the two minute data sampling
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interval. Reaching thermal stabilization often takes several hours &pending 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 xevealed negligible airflow 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 annulusswalls of

the receiver. The aperttue of the nxeiver 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 temperate and flow measurements were

nxorded. In this manner, the radiative and conductive components of the total heat loss

from the receiver for a particular operating temperate were isolated. The radiative and

conductive heat losses are assumed constant with receiver angle.

The ~iver was then positioned in the +75° attitude and the system allowed to stabilize.

The temperature and flow measurements we~ again recorded. The total heat loss

measurements were normalimd 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 ~peated for each nxeiver angle tested.

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

pang appears as:

qtOtal= m Cp (Tti - TOUJ

where:

Th = temperattue of fluid at the inlet to the receivex [K]

TWt= 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:

rn=m
where

+ = volumetric flow rak

p = heat transfer fluid density at the inlet temperature

The conductive heat loss is given by:

%mductive = qplugged @+90°z

The radiative heat loss is given by:

%diative = %nplugged 62+90°1 - qplugged @+90°z

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

%onvective @ otl = %rd (@ctz - %xmduction - %adiative

(1)

(2)

(3)

(4)

(5)

The HTF volumetric flow rate, relet temperature, outlet temperatum, and temperature

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

calculated as functions of temperature.

B. Aperture Size Effects

The second Phase of the testing examined the effects of receiver aperture sim on the

12



receiver heat loss. This Phase of the testing was performed at two operating temperatures

of 4(X1°Fand 6(X)°F,and seven receiver angles from Oto +90° at 15° increments. The four

apertu~ sizes tested were 6 inches, 12 inches, 18 inches, and 26 inches. The 18 inch

diameter apertute is the standard size for this receiver. The Phase Two testing followed the

same proceduxe 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 tempera~ and receiver angle effects from the

Phase One tests are tabulated in Appendix 1. These results were first pxesented by Stine

and McDonald@J.Total nxeiver heat loss varies, approximately, linearly with operating

temperature (Fig. 9).

4.50 1 I I I 1 I

J

270 320 370 420 470 520 570 620

Mean Receiver Operating Temperature ~FJ

Receiver
Angle

~ +9(Y

+ - +75°

— +-+6(P

--x--M5°

. . +- - +3(Y

—A- – +15°

--0”-0’

—B”- -30’

—--+-m

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 nxeiver in this position. The

maximum heat loss occurs when the receiver aperture is oriented at approximately +45°

above horizontal. This particular m.c.eiverwould not normally operate at angles above

horizontal as these are negative angles.

4.5 I I I I I I I 1 I I I I opemting
Aperture Dia. = 18 in. Temperature

0.0

II

~ 300”F Phase 1
+ –400”FPhasel
— + – 500”F Phase 1
--x-- 600°FPhasel
. . +. 400”FPhase2
—&–600”FPhase2

I

4
.;

\T--
‘+
.......+.....
h:

.:
-.

-90’ -60’ -30’ 0’30’60 ’90

Receiver Angle [degrees]

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 apertwe 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 occurnal with the

receiver in the -45° position. The reduction in total heat loss from Phase One to Phase Two

14



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 nxeiver angles greater than +60° msuked from

the combined effects of improved insulation in the cavity walls and better sealing of the

outer receiver skin. Appanmtly, sealing of the skin had little effect on heat loss from the

receiver for angles less than +60°.

3.0 i 1 I I 1 I

-0- 3W°F Ph~e 1

J
+ - 400”F Phase 1
– e – 5(K)°FPhase 1

&
/ --x-- 600°FPhasel

--+- 400°FPha.se2

– 600”F Phase 2

Q

8
&

0.0
-90 -60 -30 0 30 60 90

Receiver Angle [degrees]

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 sim testing are tabulated in Appendix 2.

These results were first presented by Stine and McDonald (g).The effect of aperture size on

the receiver total heat loss is shown (Fig. 12) for an operating temperate of 600”F. At a

nxeiver 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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nxeiver angles m approximately equal. This ag~ with a pmwious study (Stein and

McDonald) on the effects of ‘feceiverangle@. At these positions the total receiver heat loss

increases by a factor of two when the apxture diameter increases from 6 inches to 26

inches for a 600°F operating temperate. At +$5° the total heat loss inc~

approximately linearly with incmse in aperture sire. The receiver angle has l= effect on

the total heat loss for small aperture. The maximum variation due to receiver angle in the

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

no aperture (26 inch aperture).

2.5
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1 1 I I I 1 1
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P :

0.0 6.0 12 18 26

Aperture Diameter [inches]

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 apertwe increased beyond 18 inches.
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Figure 13. Convective Heat Loss versus Aperture Size for 400”F
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Figure 14. Convective Heat Loss versus Aperture Siz 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 meiver 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 m.eeiverangles. The radiative and conductive heat losses from

Phase One and Two of the testing were compared for repeatability (Fig. 15). Some

diffenmces were expected as a result of overhauling the receiver after the Phase One tests.

1.2 I I I I I

Aperture Diameter =18 in.
~ Phase 1 conduction

1 –..-.- —e— Phase 1 radiation ......................... ............................
—m— Phase 2 radiation
---- Phase 2 conduction

(

0.2

300 350 450 500 550 600

Receiver Operating Temperate [°Fl

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

diffemwe between radiometer xeadings taken with the receiver plugged and unplugged

measumxl the radiative heat loss through the apertuxe. The two methods for determining the

radiative heat loss are compared for opating temperatures of 600”F and 400”F (Figs. 16

and 17). The radiative heat loss increased approximately with the squa.mof the aperture

area. For each of the two nominal operating temperatures, the analytical heat loss was

slightly higher. The diffemce between the analytical and experimental daa 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. AJso, for larger apertures the temperature difference between the inlet and outlet

btxomes signitlcant, The freed diffenmce used in the analysis for all aperture sizes could

affect the results. Further investigation is required to provide more accurate temperah.ue

distributions.
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The total heat loss make-up, in terms of the radiative, conductive, and convective

components, changes with aperture sire. With a 6 inch aperture and the nxeiver 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 apertwe of 26 inches (Fig. 18).

I I I 1 I I --9- convection

~ —conduction

(

o -Ill il ill I

6 12 18 26

Aperture Diameter [in]

Figure 18. Percent Heat Loss Modes versus Aperture Size for 600°F at 45° angle

VI. PREVIOUS CAVITY CONVECTION LOSS MODELS

A. LeQuere, Penot, and Mirenayat Model

LeQuem, Penot and Mirenayat presented an experimental correlation for Nusselt number as

a function of Grashof number.(g)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 ambien~ 230”F. Variation in nxeiver angles used in the model wem 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 wem 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 electrical power

used by all the panels. They determined the radiative component for total heat loss by

summing the radiative heat loss of each panel to the cavity aperture.

NM
qradiative = ~ E~ S @reel - ~mbient) Fi-o

i

where:

~ = Stefan-Boltzmann constant ~/m2-K4]

&= emissivity of each panel

S = panel surface area [m2]

Tpanel = individual panel temperature [K]

Tambient= ambient temperature [K] opening

Fi+= view factor for a panel to cavity opening

(6)

Nm -- 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 = elimina$d.

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

qconvection = qtotal - qconductive - %adiative

Their Nusselt number is given by:

Nu = qconvection L

S k (Tpme]- Tambient)

Where

L = dimension of cavity aperture [m]

k = thermal conductivity of air ~/m.K]

S= total interior cavity surface area [m2]

The Grashof number is given by:

(Ir = g ~ (Tpanel - Tambient) L3

~2

where:

(7)

(8)

(9)

g = local gravitational acceleration [rn/s2]

~= thermal expansion coefficient of air [K-l]

v = kinematic viscosity of air [mZ/s]

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

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

Nu=a G#’ (lo)

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

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

interest in this study. Equation 10 is valid for a Grashof number between 107 and 5 x 109.
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Table 1.
Empirical correlation coeftlcients and exponents

Receiver Angle Coefficient Exponent
0 a b

-90 0.0570 0.353
-75 0.0470 0.360
-60 0.0545 0.360
-45 0.0465 0.370
-30 0.0480 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 0.316
60 0.0685 0.292
75 0.0330 0.302
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 L.eQuere,

Penot and Mirenayat was cubical whereas the receiver used in this test was cylindrical and

conical. The LeQuere, Penot and Mirenayat meiver 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 (TCav- TWbi~~t)

where:

h = convective heat transfer coefficient [w/m%]

A = total interior cavity surface area [m2]

Tmv = area average cavity surface temperature [K]

Tambient = ambient air temperature [K]

(11)
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The convective heat transfer coefficient is given by:

h=k+h. (12)

where:

L = dimension of cavity aperture [m]

k = thermal conductivity of air ~/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 LeQuem, Peno~ 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, Peno4 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.flOJTheir model is based on operating temperatures between

55O”C(1022”F)and 900°C(16520F) 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

temperatures.

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

is given by:

qC.v= h AfiTC,v - T~b)

where:

AT= area of heat transfer tubing facing inside cavity [mz]

T~v = inside cavity temperature or mean operating temperate [K]

Tab = ambient air temperature [K]

h = cavity convective heat transfer coefficient ~/m%]

The heat transfer coefficient is given by:

.h = k NUC,V
L

(13)

(14)

where:

k = thermal conductivity of air ~/m-K]

Numv = 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 = fl ~a,,i

where:

~v,i = mean inner cavity radius [m]

The Nussek number is given by:

Nu..v = 0.52 P($) 2~”75(G~Pr)1’4

where:

P(o) = is an expression that accounts for the effects of receiver angle

Xc= is an expression that corrects for aperture size

GrL = Grashof number

Pr = Prandtl number

The receiver angle function is given by:

P(@) = COS3”2$ for 0° S (#)S 45°

P(+) = 0.707 COS2”20 for 45° S ~ S 90°

where:

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

The aperture size fimction is given by:

l.=+
cav,i

where:

(15)

(16)

(17)

(18)

(19)
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Rw = cavity apertwe radius [m]

The Grashof number is given by:

where:

g = gravitational acceleration [m/sec2]

~= coefficient of volumetric expansion [K-1]

v = kinematic viscosity [m2/see]

The volumetric expansion coefficient for air is calculated as:

(20)

(21)

where:

T~P = temperature at which the air properties are evaluated [K]

The Koenig and Marvin air properties temperature is given by:

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

given by:

where:
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&a= emissivity of the aperture

~ = Stefan-Boltzrnann constant ~/m2-KA]

&a=0.9 for these studies

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

(24)

where:

4= area for conduction through the cavity [mz]

~= thermal conductivity of the cavity insulation ~/(m - K)]

t = thickness of cavity insulation [m]

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

Rcav,i + Rcav,o
&=7c( z )2+ 2 n (Rcav’i; ‘av’o)

where:

R~v,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 ae found in Appendix 6.

Figure 20 summarizes the values in Appendix 6.
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Figu~ 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.(11) The receivers utilized for

the development of the Clausing model were simple in geometry with no curved surfaces.

The Clausing model has been modifkd 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, qC,and the energy transported through the aperture of the

cavity, qa (i.e. qa = qC)(Fig 21).

qc
/

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.

horizontal plane
~

air flow

Figure 22.

receiver cavity

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

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

qa = CP(& V, &) (T. - T-) (26)

where:

Pm= ambient air density @g/m3]

Va = average air flow veloeity into the aperture [m/s]

~= area of the aperture through which air flows into the apertme [m2]

CP= specitic heat of ambient air [J/kg-K]

TC= temperature of the exiting air [K]

T~ = ambient air temperature [K]

The average exiting velocity is given byfllJ:

v,= 5kc3 vd2 + (C4 V)2]

c~=l

CA= 1/2

V = wind speed [m/s]

Vb = buoyancy induced veloeity [m/s]

For the no-wind condition, the interest of study, the equation reduces to:

(27)

L-vb
‘a=2
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The buoyancy induced velocity is given by:

Vb = hNTc + T-L

when-x

g = local gravitational acceleration [rn/s2]

~= coefficient of volume expansion [k-l]

La= projected vertical height of the aperture [m]

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

. B=+

Tb = bulk air temperature in the convective zone of the cavity [K]

The bulk air temperature is given by:

TC+ Ton
Tb= ~

The projected vertical height of the cavity is given by:

L,= DaCOSe

where:

(29)

(30)

(31)

(32)

Da= the cavity aperture diameter [m]

(1= 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:

qC= hAt(Tt - Tb) + hAW(TW- Tb) + hA,(T, - Tb) (33)

h = average heat transfer coefficient ~/m2-K]

~= tube surface area in convective zone [m2]

Tt = average tube surface temperature [K]

~= refractory surface an3aof cavity in convective zone [m2]

TW= average refractory surface temperature [K]

~ = area of interface plane between convective ZQneand stagnation zone [m2]

T~= average temperature of interfaee plane [K]

The average heat transfer coefficient is determined from the Nusselt number and is given

by:

where:

Nu = Nusselt number

k = kinematic viscosity of air at the bulk fluid temperature ~/m-K]

(34)

For small receivers with a Grashof number of around 2.6x 109 the Nusselt number is

given by:

Nu = 0.10 (Gr Pr)l’3 (35)
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where:

Pr = Prandtl number = 0.7 (air)

Gr = Grashof number

The Grashof number is given by:

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

The fti temperature is given by:

Tf=Tw+Tb
2

For the Grashof number expression the coefficient of expansion is given by:

(36)

(37)

(38)

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

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

given by:

qC= hAt(Tt - T~) + hAW(TW- Tb) + hA,(Tt - Tb) (39)

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

surface temperature. This temperate 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 seztion.

3. Radiative Energy Loss Through the Aperture

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

presented by Clausing, is given by:

4 (T$w-@)+ ‘h (’Gm-T!)l
qr=Aa Eo[&+& &+A~

where:

E= emittance of the cavity

c = Stefan-Boltzmann constant ~/mz-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:

(40)

%c=:[& (Trn-Ta)+*w (Tw-Ta)l (41)
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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.] )

5. 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 a.main 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 nxeiver angle for a given

receiver gtmmetry.

Receiver Cavitv.

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

~present 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.

@qBBg<$j$:
f$J~p<::w.l&:...............>*:+,>,<:
.:.................<*.......R..

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 spedled portion of the cavity for a given receiver angle are derived in

Appendix 7.

/

shearplane@OrizOntal)

Point where shearplane
interceptsfrustum
section

point where shearplane
intercepts upperlip of

/

Shear plane flow

LiIE Wk~ Sk

intercepts eenterli& 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 Oto 90° at 15° increments, and

apertu~ diameters of 6 inches, 12 inches, 18 inches, and 26 inches. The tesults 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.t12JThey 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:

NUL= 0.088Gr} [~] 0’18
.

(42)
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where:

GrL = Grashoff number

TW= average interior cavity wall temperature [K]

T-= ambient temperature [K]

[IL = the pmjuted vertical height of the receiver aperture [m]

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

Tw= Th& + TC&
Abt,l

(43)

whenx

Th = average operating temperature of the system [“C]

Tc = average refractory surface temperature in the cavity [“C]

Tc = Th - 56°C

~= heated surface area in the cavity [m2]

4= refractory surface area in the cavity [m2]

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

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

convective heat transfer coefficient is given by:

h =0.81 @W-T~
0.426

nc,o (44)

where:

[IN = natural convection
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[ ]0 = no lip heat transfer coefficient

The convective heat loss energy is given by:

Qmnv= iinc,oA @W- T-) (45)

where:

A = the total interior surface area of the cavity receiver [m2]

~W= the average receiver heated surface temperate [°C]

Siebers and Kraabel account for apertw 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:

hnc=hx,O [*l[*ln

whenx

n = 0.63 for 0°< @<30°

n = 0.8 for 30°< @<90°

Al= total interior cavity surface area [m2](Fig. 27)

A3 = interior cavity surface area below the horizontal plane [m2] (Fig. 27)

A2 = Al minus the area of the lower lip [m2] (Fig. 27)

(46)
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Figure 27. Siebers and Kraabel cavity areas

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

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

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:

(49)
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where:

g = gravitational constant, 9.81 m/s2

L = cavity diameter [m]

v = kinematic viscosity [m2/s]

~ = coefficeint of volumetric expansion [K-l]

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

Table 2
Siebers and Kraabel Uncertainty Analysis

Pa rameter!i Uncertainty

Al i 10%

* 10%

A3 * 10%

t 5%

TW * 10%

T. * 270

natural convection correlation * Zoqo

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 nxeiver convective heat loss variation with receiver angle m

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

VII COMPARISON OF CAVITY HEAT LOSS MODELS

With incmsing 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 incm.ses in the

aperture. With an aperture greater than 12 inches, the percent conduction of the total heat
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loss is constant at about 38%.

heat loss is reduced to 25%.

With the 6 inch diameter the percent conduction of the total

Of primary interest is how well the various models compare with the experimental nxults.

Of the six models examined, only the LeQuere, Penot and Mirenayat model provides for

negative weiver 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

comelation, all the data points would fall on the equal value line. An ideal conflation 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 nasult than the LeQuere, Penot and Mirenayat model (Fig. 30). The Koenig

and Marvin model yields higher convective heat loss values, as compamd 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 29. LeQuere, Penot, Mirenayat Convective Heat Loss Model Correlation
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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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Figure 31. Clausing Convective Heat Loss Model Correlation
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Figure 32. Siebers and Kraabel Convective Heat Loss Model Correlation
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The Sielws and Kraabel model overestimates 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 nxeiver aperture size and =eiver angle @J.The complex set of mea

determinations are not used in the Stine and McDonald model. The Stine arid McDonald

correlation for the Nusselt number is given as follows:

and

S = 1.12-0.98 (f)

where:

d = aperture diameter [m]

GrL = Grashof number based on length L

L = average internal dimension of cavity [m]

NUL= Nusselt number based on length L

T-= ambient temperature [K]

TW= average internal wall temperature [K]

f = tilt angle of cavity

(j= 90° is aperture-down, ~ = 0° is aperture-sideways )

(s0)

(51)

The aspect ratio term, d/L, accounts for the combined effects of internal surface mea and

aperture flow area. The effe@ of the receiver aspect diminishes with incnxse in aperture

size, with the exponent ‘s’.The Stine and McDonald model predictions compare well with

experimental results (Fig. 33). This model can only be applied for positive receiver angles.
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Figure 33. Stine and McDonald Convective Heat Loss Model Correlation

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 cavity surfaces are assumed

to radiate as gray bodies. The internal geometry is simpl~led 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 we~ 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

t-l r-l r-l
I4Sec

Figure 34. Receiver internal surface sections.

1. Nomenclature

The following list defines the nomenclature used in the thermal radiative heat loss formulas.

re= end plate radius [12.7 cm]

rC= cavity radius [33.0 cm]

r~= aperture radius [7.6, 15.2, 22.9, 33.0 cm]

1.= length of frustum section [29.2 cm]

lm= length of hot cylindrical section [25.4 cm]

la= length of cold cylindrical section [14.0 cm]

lb= width of hot isothermal bands [1.7 cm]
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N.= number of bands in frustum section (23)

N.= number of bands in hot cylindrical section (15)

lc-[(lb NC)2-(rC-r~)z]’/’ (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.

2. Each band is considered as a flat surface.

3. Each tube band is diffuse and gray with emissivity, e = 0.85.

4. The incident and reflected energy flux is uniform over each area.

5. Each band is adjacent to the next (i.e., 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.@OJThe N by

N coefficient matrix of the surface energy balance equation (Eqn. 64) nx@res I@ 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

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

The general equation for thermal radiative heat loss from the meiver through the apertuxe

for internal black body surfaces is given by:

where:

[ ]~= annuls

[ ]e = end plate

[ ]a=aperture

[ lnmcylindrical section

[ ]nc = 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 aperttue

sizes studied, the diffuse gray surface formulas were used. Using the net radiative method,

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

Qk= qfik= (qo,k - qi,~Ak

qo,k= ‘km;+Pkqi,k

where:

(56)

(57)

(58)

q. is the outgoing radiant energy flux (radiosity) ~/m2]

qi is the incoming radiant energy flux [W/m2]
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For the aperhuw

For the cavity:

qo,opening = 0

T opening =0

&opening = 1

~ [~kj- (1 -Ek)Fk -jlqo,j=Ekfl;

j=l

where

N = total number of surfaces

F~-, = shape factor for surface k to surface j

~kj= Kronecker delta

8 {
lwhenk=j

kj = Owhenk#j

therefore:

Qk = /ik ‘k (CY’If-qo,J
(l-&k)

and

letting

and

qi,k= ~Fk -jqo,j
j=l

%j = &j - (1 - f&)Fk-j

Ck = &k+k
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then

[

al 1 ...... iilj ...... alN

ak 1 ...... Zlkj ...... am
aNl ...... ilNj ......

qo,l

1[1
c1

qo,k = Ck
qo,N CN

(64)

The solutions for qo~ are accomplished using a BASIC computer l~guage progr~

(Appendix 15). The heated surfaces are assumed to have an emissivity of 0.85 based on the

paint coating specifications. The refractory surfaces am 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 top of the frustum section to the bottom of the cylindrical section. The

temperature of the top band of the frustum seetion is equal to the receiver inlet temperature.

The temperature of the bottom band of the cylindrical section is equal to the nxeiver outlet

temperature. The inlet and outlet temperature values used in the computer program am

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] [“F] [“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* 414.3 399.5

2 26* 602.6 570.4

* There is no annulus t.he~fo~ the aperture diameter is equal to the cavity diameter.

F. Comparison with Measurements

The radiometer and the analytical methods are compated with the experimental method,

Qunplugged m~~ Qplugg~> 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 receiver aperture was

down. A correction was made to account for the heat loss through the apertwe 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:

where:

kplugATAp~ug
Qplug = Ax
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~lu~ = thermal conductivity of the plug~/m-K]

AT= temperature difference between the inner and outer surface[K]

%1., = mean surface ma 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.

1. Radiometer Method

The radiometer determined heat loss values compared well with the experimentally

determined radiative heat loss, QUplugg~ minus Qplugged, with differences within

+20% (Fig. 35).

~“2 IN
Qtotal (pluggedilQt~al (unplugged)

Figure 35. Experimentally determined radiometer method correlation
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2. Analytical Method

The analytical method (Fig. 36) did not compam 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.

1(-)2 ~~3

Qtotal (pluggedJQtJ&il (unplugged)

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

speeific rate for a given fluid type and volumetric fluid flow rate. The rate of rotation is

linearly proportional to the fluid 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 electromagnetically induced 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 nxistor

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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pulse rate converter

4 inductive pickoff

output to computer

Flow Direction

Figure 37. Flow measurement system

The heat transfer fluid flow rate is measured with three turbine type flow meters in series.

Time flow meters are used for measurement redundancy. One of these flow meters was

factory calibrated. The factory calibration speciilcat.ions 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:

+ = 0.0039578+ 0.001489~ (65)

where:

~ = is the flow meter output fcequency [Hz]

+ = 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 (13I.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

2000 I 10.0 I



The linear dationship for the frequency as a function of output voltage, as determined by

the calibration points, is given as:

f=200E (66)

where:

$ = is the frequency input to the PRC [Hz]

E = is the output signal from the PRC [volts]

Substituting the f~uency 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:

+ = 0.0039578+ 0.001489(200 E)

which reduces to:

t = 0.()()39578 + 0.2978E

which can be approximated as:

(67)

(68)

v = 0.2978E (69)

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

9.0039578
(0.2978)(3.36)

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

llwee 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 RA2= 0.999

Cal Flow = - 3.2878 + 3.1808Flow 2 RA2 = 1.000

8

6

4-

2 -—

0
0 1 2 3 4

In-house calibrated flow meters readings [volts]

Figure 39. In-house calibrated flow meters comelation curves

The difference btween the corrected readings and the factory 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 –MI.045gallons per minute. Temperature effects are negligible 114).
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Figure 40. In-house calibrated flow meters emors.

Substi~”tig the linear cormtion 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 nmhing

expressions are given as follows:

iflow 1 = 0.2978(-2.9070 + 2.9616Ef10W1) (70)

+flow2 = 0.2978(-3.2878 + 3.1808Ef10Wz) (71)

which reduce to:

iflow 1 = -0.8657 + 0.88196EfiW 1 (72)

iflow2 = -0.9791 + 0.94724Ef10Wa (73)

The scale and offset values from these expressions wem 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, ~, 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 temperatwes (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 temperate

from the fluid inlet temperature. ‘Ilw other method utilized a direet temperature difference

measurement from two thermocouples, one in each of the fluid inlet and outlet lines. This

differential thermocouple comection avoids inaccuracies due to ~femmce junction

comWnsation but still nix@res knowledge of the absolute temperatm values. To reduce

the error introduced to the total heat loss calculation by the thermocouple Aings it was

neceswy to calibrate the inlet outle~ and delta temperature thermocouples used in the

receiver. Standard thermocouple probes have a maximum error of fi.2% or 0.75%,

whichever is greater (Isl. Using two absolute temperate measurements from standard

thermocouple probes would xesult in a AT error of H. 11 “C ( fi.60°F) or 1.06%

whichever is greater. With temperate 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 M12°F after linear comction 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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Figw 41 Calibrated thermocouple probe curve

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

given by:

Tacmd = -2.4256+ l.~Tindica~d

with a correlation coefficient, R=l .00

(74)

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 A bsolute
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 (13g.43). The soldering iron

used was an Ungar CI-45, 0.38 A 120 V ACIDC. The soldering iron tip was modifkd for

a snug fit in the heat sink (Fig. 44). The soldering 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 conneeted 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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Figure 44. Moditled soldering iron heat source

2. Thermocouple Calibration Procedure

Three separate tests were required to accomplish calibration of the two absolute and the two

differential thermocouples. In the fwst 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 a 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 temperatu~ 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 is-given by;

T~ = -.2217 + 1.0027 Tin (75)
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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 m.adingand the calibrated TC reading is given by;

T~ = -. 1850 + 1.0047 Tout (76)
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Figure 45. Inlet and Outlet thermocouples calibration histories
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Figure 46. Factory Calibrated versus inlet thermocouple readings
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Figure 47. Factory Calibrated versus outlet thermocouple readings
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These equations axeused to correct the outlet TC ~adings to the calibrated TC readings.

The difference between the calibrated and inlet TC readings are compmd 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 befo~ 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= CX(T1:T2) Nickel-Aluminum

T2
Nickel- Chromium(10%)

Figure 50. Differential thermocouple connection

w

74



The two thermocouple probes used for the direct temperature difference measurement we~

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 mro regardless of the calibrator temperature.

The temperature and micro volt output histories for the calibration procedure are presented

in Figure51. 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 WVwhich corresponds to a

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

75



‘“m
10

-lo

-20

I I I I .90

.574“F +

....... ...—

. ..... . ...—

. .. .. . ...—

...—

.45

-.45

-.90

-30- ~1~11[~ -1.35
0 100 200 300 400 500 600 700 800

Calibrated TC Reading [“l?l

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. tldl

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

temperature at the junctions.
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Figure 53. Differential thermocouple output versus mean temperature

C. Radiometer Calibration

The Hy-Cal@ Hy-Therrn@ Pyrheliometer P-8400-B was used to measure the thermal

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 temperate gradient across

the pile to a proportional current signal. The heat sink is water cooled aluminum base. The

exposed end of the therrnopile is coated with fused colloidal graphite providing a minimum

absorptivity of 0.9. The radiometer outputs 5 mV per solar constant (O.13980 Watts/cmZ).

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 xesulting in an

insufficient signal output. When the window was removed, the radiometer became overly

sensitive to localkd convective heating and cooling which msuked in a fluctuating output

signal. For low heat flux level measurements, 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.

water coolant line
thermopile wafer

Aluminum base heat

Figure 54. Radiometer s=tion 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 fdm window is close enough to the thermopile

wafer providing the thermopile with almost 180° of view.

top view

bezel mount

film window
& ~ rubber band

= slot for cooling lines

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 beat 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
supply

K

1

I ‘ ‘hot plate
radiometerw

h&zontal
displacement

support

1thermocouple leads

o
coolant inlet

E

o
cbolant outlet

o

0
~kmperature probe

o :.’,
..

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 ftith 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 insulated pad. For each of the

plate and background thermal radiative measurements the readings wem 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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where

Table 6
Radiometer window test parameters

Test Target Vertical
Window Temperature Displacement

Saran Wrap 300”F 0.32r

quartz II 1!

Glad Wrap II *1

none #l If

Saran Wrap 400”F 0.75r

quartz II II

Glad Wrap II II

none 11 *I

Saran Wrap 5(M)°F 1.23r

quartz It II

Glad Wrap 11 II

none tl It

Saran Wrap 600”F 1.80r

quartz II II

Glad Wrap II II

none Ir II

Saran Wrap 700”F 2.5r

quartz *I II

Glad Wrap II *I

none II 1!

r = radius of the hot plate
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X4

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:

T TS+TG+TT+TS+TS
average = 5

The window transmittance, ~tindoW,is given by:

Twhdow= qradio
%adiolplate

(77)

(78)

where

qtiio = the thermal radiative heat flux read by the radiometer

qplawlzulio= 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 = qP]ateFPlate-radio

where

qplW = the thermal radiative heat flux leaving the hot plate

Fplak .~o = the shape factor from the hot plate to the radiometer

(79)

The radiative heat flux leaving the hot plate is given by:
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(80)

where

13=5.729 X 10-8 ~/(m2eK4)] Stefan-Boltzmann constant

rPb@= 8.9 [cm] the radius of the hot plate

E= emissivity of the plate surface.

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

r< ~r late

h

~c—- ‘radiometer

where

h = vertical displacement of the hot plate and radiometer.

rm~o = radius of the radiometer= 0.5625 [in.]

When the diameter of the radiometer approaches one inch, as is the case here, a simplitled

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

Fplate.radio= ‘?adio

‘2 + #late

(82)

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 transmittance

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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—m——Saran Wrap
----D-”- quartz

I I – * – Glad Wrap I
-- G - no window ~

t
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~-o..............+......................1...... ................................ ... ...... .. .................... —
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Figure 59. Radiometer windows transmittance

8$

The average transmittance for the Saran Wrap window was determined to be 0.87. The

manufacturer speciiles a transmittance of 0.88 for the infrared portion of the spectrum.

Technical information for !%uanWrap@ 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 spcitlcations 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 measwements the

radiometer readings wem recorded after a two minute stabilization period.

Table 7
Radiometer position sensitivity test parameters

I 700”F

Offset Dktance Vertical
Displacement

O to 2r step 0.5r 0.75r

Oto 6r step lr 2.5r

o 1 to 6rstep lr

o I 2 to 12r ster) 2r I

where r = radius of the hot plate

The shape factor from the hot plate to the radiometer is given by:
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I }I+(h)’-(*)’ .
Fpl~@.radiO= j -

1 ‘ J[l +WF9’I’-4PP12‘r ’83)
where

h = vertical displacement of the hot plate and radiometer.

%ado = radius of the radiometer= 1.43 cm

rPla@= 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 am 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).

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

I II r r , 1 , 1 , I I I I
1 , I 1 1 , 1 I 1 I , I 1 I I 1 I 1 I 1 r 1 r r 1 v 1 I I 1 1 1

1?,:4:!:iz?i$.....4*“~~~f”~lur:
A....................................................................... ----m-- verbcal 400”F

-1

~81,1,,,,#/,#m##n+~,,,t,,,~,,,##tt#fl~atit##ti#l]h b. --, :

0 10 20 30 40 50
Displacement [in]

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 asstue the radiometer was centered on the

nxeiver 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 nxults 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(xi) is given as followsIl@:

The general formula for the total heat lost from the cavity is given by:

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

– lwr+(:~+(a’r+[%6Qtotal =

Qtotal

(84)

(85)

(86)

The density of the heat transfer fluid is a function of the temperature and is approximated

b#7):

p = 60.6-0.0324 Ti.l~t + 9.84e-6 T~l~t - 1.79e-8 T~let [lb/ft 3] (87)

The error in the heat transfer fluid density is approximated by:
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6P= ~(-O.0324 + 1.968e-5Tin1et - 5.37e-8 T~1e~2~~. ,=, (88)
m

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 temperate and is

approximated byflTJ:

CP= 0.3690 + 2.267e-4 T~.a [Btu/lb OFl

The error in the heat transfer fluid heat capacity is approximated by:

6CP= 2.267e-4~~~m

A. F1OW Measurement Error Analysis

(89)

(90)

(91)

The HTF flow rate is given by:

+ = 0.2978E

where

E = is the output signal from the pulse rate converter (PRC) [volts]

v = volumetric flow rate [gpm]

The manufacturer’s specified linearity of the PRC is M14% of full scale. The calibrated

flow meter is accurate to within M15% 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.(18)

The output of the PRC to the computer is from Oto 10 volts. The accuracy of the computer

for the 10 volt input range is the larger of *1 % of the reading or M1.2%of the range (the

range is 11 volts for the -1 to 10 volt input ).(19)The combined error for the factory

calibrated flow meter reading is given by:
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)’ +(%omp”ter)’6E = ~ (6pRC)’ + (~flow ~e~r

(92)

(93)

whe~:

b = the slope of the flow rate versus voltage output for the PRC-flow meter

combination

b = 0.2978 [gpm/volt]

13p~c = the error in the pulse rate converter

~~R(J = M.4% of full scale
E~~. PRC

Escale PRC = 10 volts

J3flow meter = the error in the flow meter

6 flow meter= 0.5% of reading
&eading

B cmnputer = the error in the voltage signal ADC

~computer

Ereading Or Escale computer
= *1.% of reading or M.2% of the range

Escale 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 (M.8 ‘C) with a nxolution of 0.18 ‘F

(O.l°C) for K-type thermocouples. The accuracy of the differential thermocouple

connection is specified as *20uV for the *25mV range setting. This corresponds to a
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temperature difference accuracy of ML90”F (ML5°C).Calibration tests indicates an error of

H5.45 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:

~Tout= Tou~c~+(&+&wmpu&Tcw (95)

where

~T1~c~= emor of the inlet probe as compared with the calibrated probe.

~Tin/cal =*1 .02 “F

~TOU~~al= error of the outlet probe as compared with the calibrated probe.

~Tout/cal =*1 .44 ‘F

cJm~Pu~rTc = error Ofthe computer ~ themMXOUplechannels.

–+l OOF~computer ~ – – .

The mean temperature is required in converting the micro volt signal from the differential

thermocouple connection to an equivalent temperatu~ difference. ‘he mean temperature is

calculated from the absolute temperature readings of the inlet and outlet thermocouples as

follows:

T Tin + Tout
mean = 2

The error in the mean temperature is given by:

~Trne~= =

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

(96)

(97)

(98)
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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:

dAT AT
(JAT=

$.iF@2 + %-@2

which reduces to:

(99)

(loo)

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 Rading is

given by:

(JVV= i ~ATwV-cal+ ~mmputer pV (101)

where

~A~v~ = error in differential thermocouple as compared with the calibrated thermocouple.

(JATPv-~= IL25.45 WV

~mmpukrWV= error in the computer microvolt reading.

CJ~~mpu~erWV= HO ~V

The micro volt to temperature diffe~nce 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 = (mO)+(ml~me,n + (m2~m.an + (m3JI&,n+ (m4)~mea+ (m5~m_.
+ (m6~me~n+ (m7)T~ea~+(m8)T~e~n+(m9~me~n

where

mO = -5.9996574248

m 1 = 0.57623140669

m2 = -0.0050328211032

m3 = 2.6366840630e-5

(102)
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m4 = -9.291 1149803e-g

m5 = 2.2361762393e-10

m6 = -3.5624990721e-13

m7 = 3.5424764505e-16

m8=- 1.9716587450e-19

m9 = 4.6528339298e-23

The error ink is given by:

“==
(103)

C. Normalization Error Analysis

The heat loss is normalized using the following formula:

‘iTtarget - Tambient standardQnomtid = Qrnwme Tmw~ - Twbient measured
)

(105)

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

~Qnormali~

Qnormalized =I(an:r+(%r

where

Ttarget - Tambient standart
N=T

measured - Twbient mea5W~

and

w
(106)

(107)

(108)
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The convective heat loss is given by:

~=e

The error in the convective heat loss is given by:

~onvective = Qtotal - QtOtaIW

The conductive heat loss is given by:

Qconductive = QtotiwOPlu~~ed

The error in the conductive heat loss is given by:

‘Qwnductive = OQtotalW@.Ua

The radiative heat loss is given by:

Qradiative = Qtot.alWOunplu~~~- Qconductive

The error in the radiative heat loss is given by:

6Qradiative = 4 C&otdmntio=ed+ C&onductive

(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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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?I0.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 nxeiver for various

aperture diameters and operating temperatures have been p~nted. With an increase in

aperture size the~ 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

H(YXO of experimentally determined radiative heat loss.

XII. 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 1: Phase One; Temperature and Angle Test Results
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Appendix 1: Phase One; Temperatum and Angle Test Results
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Appendix 2: Phase Two; Apertwe Size Test Result
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APPENDIX 3: LeQuere, Penot and Mirenayat Model Computer Program Listing

REM ● ************* ● ************* ************** *************

REM
REM P. LeQuere, F. Penot, &M. Mirenayat
REM ● ************** *************** ● ************** **********

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.
REM ● ************* ************** ● ************* ● ************

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

PRINT
PRINT

REM ● ************** ● ************** *************** **********

REM *****’**’’*’’***’** Receiver Geometry “’”’”””’”’’””””’’”””
Re=.127 :REM end plate radius [m]
Rc=.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]
Lc=.14 :REM cylinder length cold [m]
REM ● ************* ************** ************** *************

REM **************** **** Constants ****************** *********

pi=4*ATN(l)
g=9.810001 :REM gravitational acceleration [m/secA2]
SB=5.6696E-08 :REM Stefan Boltzmann const. ~/mA2 KA4]
cp=loo6.86 :REM specific heat capacity of air at Ta [JAg K’1
Pf=l .19406 :REM density of air at Ta [kg/rr@3]
e=.9 :REM emittance of cavity
ki=.04756 :REM insulation conductance ~/m-K] [.33B/h/ft%Mn]
t=.0889 :REM thickness of insulation [m] [3.5 in]
Ta=70 :REM ambient temperature [F]
Ta=(Ta+459.67)/l.8 :REM ambient temperature [K]
REM ************** ● ************* ************** ● ************

REM ***************** ● Angle constants ● **************** ● ******

DIM a(13),b(13)
FOR 1=1 TO 13
READ a(1)
DATA .057,.047,.0545,. 0465,.048,.0465,. 0925,.081 O,.O64,.O6O5,.O68 5,.033,0
NEXT I
FOR 1=1 TO 13
READ b(1)
DATA .353,.36,.36,.37,.369,.368,.33,.331 ,.332,.316,.292,.302,0
NEXT I
REM *************** ● ************** *************** **********

REM open clipboard file for transferring data to spread sheet
OPEN “CLIP:”FOR OUTPUT AS W
100 :
REM ● **************** Print Constants **********************

REM

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] =“;Lc
PRINT ‘Ambient Temperature [Kl = “;
PRINT USING”####.#”;Ta
PRINT
REM *************** Write to the clipboard ● *****”**********
WRITE#l,’”,”’,’End Plate Radius [m] = “,Re
WRITE#l ,’”,””, “Cavity Radius [m] = ‘,Rc
WRITE#l ,’”,””, ‘Frustum Length [m] = “,Lf
WRITE#l, “,’”,”Hot Cylindrical Section Length [m] = “,Lh
WRITE#l, ““,””,”Cold Cylindrical Section Length [m] = ‘,Lc
WRITE#l ,’”,””, “Ambient Temperature [K] = ‘,Ta
WRITE#l,
REM ● ********’******* Receiver Aperture Radius Loop ● ************

FOR 1=1TO 4

READ Ra
DATA .0762,.1524,.2286,.329

Da=2*Ra :REM aperture diameter [m]
Aa=pi*RaA2 :REM aperture area [mA2]

REM ● ************** ● ************** ● ************** ● *********

REM ● **’’*”*’””****** Area Constants *************’***********
REM lnthefollowing section Ahand ArarecalcuIated.
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 At is the total cavity area.

Ah=pi*(Re+Rc)*( LfA2+(Rc-Re)A2)A.5 +2’ ●pi* Rc*Lh
Ar=pi*ReA2+pi*( RcA2-RaA2)+2*pi* Rc*Lc

At=Ah+Ar
Ao=pi*((Rc+Ro)/2 )A2+2*pi*((Rc+Ro) /2)+pi*(RcA2-RaA2)

REM ************** ● ************* ************** ● ************

REM ● *************** Print Header ****************** ● ********

REM

PRINT “Aperture Radius [m] = “;Ra
PRINT “ Total Cavity Area [mA2] = “;
PRINT USING “###. ####”;At
PRINT “ Total Heated Cavity Area [mA2) = “;
PRINT USING “###. ####”;Ah
PRINT “ Total Refractory Cavity Area [mA2] = “;
PRINT USING “###. ####”;Ar

REM ************** write header to clipboard ● **********’******
WRITE#l, ““,””,”Aperture Radius [m] = “,Ra
WRITE#l, “’,””,” Total Cavity Area [mA2] = “,At
WRITE#l , ““,””,”Total Heated Cavity Area [rnA2) = “,Ah
WRITE#l ,””,””, “ Total Refractory Cavity Area [mA2} = “,Ar

REM ************** Operating Temperature Loop *****************
REM

FOR Tmf=300 TO 600 STEP 100
WRITE#l,
REM The operating temperature is converted from F to K
Tm=(Tmf+459.67) /l.8
Twf=Tmf-100 :REM The refractory surfaces are assumed to be 10O°F cooler

:REM than the heated tube surfaces.
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Tw=(Twf+459.67)/l .8
CLS

REM ● ************** ● ************** ● ************** **********

REM ******************* Print Table Header ********************
PRINT “T mean [K] = “;
PRINT USING “#### .#m;Tm;
PRINT “ ~F] = “;
PRINT USING “#### .”;Tmf

PRINT
PRINT ;TAB(3);” Angle” ;TAB(l 2);”Q conv’;TAB(24);’ Nu “;TAB(35);” Gr’
PRINT ;TAB(l);” [degrees] m;TAB(13);’[Watts]’
PRINT
REM *************** ● ************** *************** ● *********

REM ● **************** write table header to clipboard ● ********

WRITE#l,””, “T mean [Kl = “,Tm
WRITE#l, ““,” [°Fl = “,Tmf

WRITE#l,
WRITE#l ,“ Angle”,”Q conv”,” Nu “,” Grm
WRITE#l ,“ [degrees] ”,”[Watts]”
WRITE#l,
REM ● ****************”* Beginning of Angle Loop ● *****”*’’*’*****
n=O
FOR phi=-90 TO 90 STEP 15

z=pi*phi/180 :REM convert angle to radian measure
REM “********************* Angle Function ● *****”*************
n=n+l
REM ● ************* ● ************* ● ************* ● ************

Tcav=(Tm*Ah+Tw*Ar)/At :REM area average cavity temperature [K]
L=2*Ra
C=l .1547 E+19*TaA-4.4187 :REM gB/vA2.
k=.0071749261015 #+.000064030639041 #*Ta
REM ● **************** Heat Loss Calculations ***************’**’
Gr=C*(Tcav-Ta)*LA3 :REM Grashof number
Pr=.7814008749# -. 00037306809395# *Ta+5.2131 644352 D-O7*TaA2-2.
1272705278 D-10*TaA3
REM Pr = Prandtl number
Nu=a(n)*Gr%(n) :REM Nusselt number
h=Nu*k/L :REM heat transfer coefficient @JV/mA2K]
REM ● ************* ************** ● ************* ************

REM ● ************** heat loss calculations ***************** *****

~E~h*At*(Tcav-Ta) :REM convective
● ***************** Output Loop Results *******************

PRINT ;TAB(3);phi;
PRINT TAB(12);
PRINT USING “#### .#”;Qc;
PRINT TAB(22);
PRINT USING “###. ##”;Nu;
PRINT TAB(32);
PRINT USING “##.##~’’;Gr
REM **************** write to clipboard *******************
WRITE#l ,phi,Qc,Nu,Gr
REM ● ************* ● ************* ************** ● ***********

REM ● ***************’*** End of Angle Loop ● ***’*************”
NEXT phi
REM ● ************* ● ************* ● ************* ● ***********

m
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REM ***********”******** End of Temperature Loop **************
NEXT Tmf

REM ● ************* ● ************* ************** ************

REM ********************* End of Aperture Radius Loop **********
NEXT I

REM ● ************** ● ************** *************** ● ********

CLOSE#l
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APPENDIX 5: Koenig and Marvin Model Computer Program Listing

REM ● ************** ● ************** *************** ● *********

REM
REM
REM

Koenig and Marvin Model
● ************** *************** *************** ● *********

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.
REM ● ************* ● ************* ● ************* ● ************

PRINT “ Koenig and Marvin Model for Predicting Convective Heat Loss”
PRINT
PRINT

REM *************** *************** ● ************** ● *********

REM ● *************””*** Receiver Geometry ● ****************** ***

Re=.127 :REM end plate radius [m]
Rc=.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]
Lc=.14 :REM cylinder length cold [m]
REM ************** ● ************* ● ************* ● ************

REM ● **************** *** Constants ● ***************** *********

pi=4*ATN(l)
g=9.810001 :REM gravitational acceleration [rn/se@2]
SB=5.6696E-08 :REM Stefan Boltzmann const. ~/mA2 KA4]
cp=loo6.86 :REM specific heat capacity of air at Ta [J/kg K1
Pf=l.19406 :REM density of air at Ta [kg/r@3]
e=.9 :REM emittance of cavity
ki=.04756 :REM insulation conductance ~/m-K] [.33 Bih/ft%Mn]
t=.0889 :REM thickness of insulation [m] [3.5 in]
Ta=70 :REM ambient temperature [F]
Ta=(Ta+459.67)ll.8 :REM ambient temperature [K]
REM *************** ● ************** ● ************** ● *********

REM open clipboard file for transferring data to spread sheet
OPEN “CLIP:”FOR OUTPUT AS #1
100 :
REM ***************** Print Constants ● *********************

REM

PRINT “End Plate Radius [m] = “;Re
PRINT ‘Cavity Radius [m] = “;Rc
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”####.#”;Ta
PRINT
REM *************** Write to the clipboard *****************

WRITE#l ,””,””,”End Plate Radius [m] = “,Re
WRITE#l ,’”,””, “Cavity Radius [m] = ‘,Rc
WRITE#l ,””,””, “Frustum Length [m] = “,Lf
WRITE#l , ““,””,”Hot Cylindrical Section Length [m] = “,Lh
WRITE#l , ““,””,”Cold Cylindrical Section Length [m] = “,Lc
WRITE#l ,””,””, “Ambient Temperature [K] = “,Ta
WRITE#l,
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REM ● **************** Receiver Aperture Radius Loop ******”******
FOR 1=1 TO 4

READRa
DATA .0762,.1524,.2286,.329
Da=2*Ra :REM aperture diameter [m]
Aa=pi*RaA2 :REM aperture area [mA2]

REM *************** ● ************** ● ************** **********

REM *****’*********** Area Constants ‘****”**’’’********””*””*
REM [n the following 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 total interior refractory cavity surface.
REM At is the total cavity area.

Ah=pi*(Re+Rc)*( LfA2+(Rc-Re)A2) A.5+2 *pi* Rc*Lh
Ar=pi*ReA2+pi*( RcA2-RaA2)+2*pi* Rc*Lc
At=Ah+Ar
Ao=pi*((Rc+Ro)/2 )A2+2*pi*((Rc+Ro) /2)+pi*(RcA2-RaA2)

REM *************** *************** ● ************** **********

REM ● *************** Print Header ● ***************** *********

REM

PRINT “Aperture Radius [m] = “;Ra
PRINT “ Total Cavity Area [mA2] = “;
PRINT USING “###. ####”;At
PRINT ‘ Total Heated Cavity Area [mA2) = “;
PRINT USING “###. ####’;Ah
PRINT “ Total Refractory Cavity Area [mA2} = “;
PRINT USING “###. ####”;Ar

REM ● ************* write header to clipboard ******************

WRITE#l, ““,””,”Aperture Radius [m] = ‘,Ra
WRITE#l , ““,””,” Total Cavity Area [mA2] = “,At
WRITE#l , ““,””,”Total Heated Cavity Area [rnA2} = “,Ah
WRITE#l ,“”,””, “ Total Refractory Cavity Area [mA2} = “,Ar

REM ● ************* Operating Temperature Loop *********’’******
REM

FOR Tmf=300 TO 600 STEP 100
WRITE#l,
REM The operating temperature is converted from F to K
Tm=(Tmf+459.67) /l.8
Twf=Tmf-100 :REM The refractory sutfaces are assumed to be 100”F cooler

:REM than the heated tube surfaces.
Tw=(Twf+459.67)/l .8

REM *************** ● ************** *************** ● *********

REM ***”*************** Print Table Header ● **”****************
PRINT “T mean [K] = ‘;
PRINT USING “#### .#”;Tm;
PRINT W ~F] = “;
PRINT USING “#### .”;Tmf

PRINT
PRINT ;TAB(3);” AngIe”;TAB(l 2);”Q conv’;TAB(24);”Q total’ ;TAB(34);”% Conv”;
PRINT TAB(45);” Nu “;TAB(56);”
Gr";TAB(66); "P(a) ";TAB(76);"k";TAB( 86); "gB/vA2';TAB(96); "Pr
“;TAB(lo6);”Tp”
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PRINT ;TAB(l);’ [degrees] ";TAB(13);"[Watts] ";TAB(24);"[Watts] ";TAB(36);"%'
PRINT
REM *************** ● ************** *************** **********

REM ● **************** write table header to clipboard ● ********

WRITE#l,””, “T mean [Kl = “,Tm
WRiTE#l, ““,” [“q = “,Tmf

WRITE#l,
WRITE#l ,“ Angle’,”Q conv”,”Q total”,’% Conv”,m NU ‘,’ Gr”,”p(@”
WRITE#l,” [degrees] ”,”[Watts]”,”[Watts] ”,”%”, ””,””,”U
WRITE#l ,
REM ‘*****************” Beginning of Angle Loop *****************
FOR a=O TO 90 STEP 15

z=pi*a/180 :REM convert angle to radian measure
REM ● ********************* Angle Function ‘“****”**’***”””*”**
IF a>45 THEN 121
P=(COS(Z))A3.2
GOTO 124
121 :
IF a=90 THEN 122
P=.707*(COS(Z)) A2.2
GOTO 124
122 :
P=o
124 :
REM *************** *************** ● ************** ● *********

Tcav=(Tm*Ah+Tw*Ar)/At :REM area average cavity temperature [K]
Lcc=Ra/Rc
L=ZA.S*RC

Tp=(l 1●Tcav+3*Ta)/1 6 :REM air properties temperature [K]
C=l.1547E+1 9*TpA-4.4187 :REM gB/vA2.
k=.0071749261015 #+.000064030639041 #*Tp
REM ● *******’****’*” Heat Loss Calculations ******”************
Gr=C*(Tcav-Ta)*LA3 :REM Grashof number
Pr=.7814008749# -. 00037306809395# *Tp+5.21 31644352D-07*TpA2 -2.
1272705278 D-10*TPA3
REM Pr = Prandtl number
C1=.52
al=l .75
Nu=Cl*P*LccAal* (Gr*Pr)A.25 :REM Nusselt number
h=Nu*k/L :REM heat transfer coefficient @N/rr@2Kl
REM *************** *************** ● ************** *********

REM ● ************** heat loss calculations ● ****************** ***

Qr=pi*RaA2*e*SB* (TcavA4-TaA4) :REM
Qc=h*At*(Tcav-Ta)

radiative
:REM convective

Qk=ki*Ao*(Tcav-Ta)/t :REM conductive
Qt=Qr+Qc+Qk
PQc=Qc/Qt* 100
REM ***************”” Output Loop Results *******************
PRINT ;TAB(3);a;
PRINT TAB(12);
PRINT USING ‘#### .#”;Qc;
PRINT; TAB(24);
PRINT USING “#### .#”;Qt;
PRINT TAB(34);
PRINT USING “##.#”;PQc;
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PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
REM

TAB(44);
USING “###. ## ’;Nu;
TAB(54);
USING “##.##~’;Gr;
TAB(64);
USING “#.####”; P;
TAB(74);
USING “#.####”;k;
TAB(84);
USING “###. ##~”;C;
TAB(94);
USING “#.####”;Pr;
TAB(104);
USING “#### .#”;Tp

**************** write to cli~board *******************

WRITE#l ,a,Qc,Qt,PQc,Nu, Gr,P
REM ● ************* ● ************* ************** ************

REM ● **************’’*** End of Angle Loop ● ******************
NEXT a
REM ● ************* ● ************* ************** ● ***********

REM ● **********’******* Output Radiation & Conduction ● *****’***
PRINT”Radiation (Watts) = “;Qr
PRINT”Conduction (Watts) = “;Qk
REM ‘*””************** Write radiation & conduction to clipboard **
WRITE#l ,“”,””,”Radiation (Watts) = “,Qr
~~FIE#l ,“”,””,”Conduction (Watts) = “,Qk

● ************** *************** ● ************** *********

REM ●******************* End of Temperature Loop ● *************
NEXT Tmf

REM ● ************* ● ************* ● ************* ************

REM ● **************”***** End of Aperture Radius Loop ● *********
NEXT I

REM ● ************* ************** ● ************* ● ***********

CLOSE#l
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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 aperh.ue The

upper zone is assumed stagnate while the lower zone has active convective currents. Zone 1

area represents the internal surface area of the meiver above the horizontal plane. ‘l%ezone

2 area represents the internal surface mea 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 repenting the hot and cold

surfaces in the receiver (Fig. 24). The hot surfaces am actively heated. The cold surfaces

~present 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 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.
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Figure 69. Critical angles.

where:

OI=tan-l[ ‘a-~ 1
A.. +Jhc + #tf

03=tan-l[Ra+&]
& +~hc

f3~ = tan-l [Ra2+ ‘]
lx

(115)

(116)

(117)

(118)

e.

where:

R.= radius of the end plate

122



(a) section 1

Range osf?lsg~

Area=O

Range 02s0s;

Am= ICR; (120)

(b) section 2

{

[tRcj~ )(N-R.)+(fl..+ Jh. )] sin@
Area =

(~ - R.)
+

[
;-@-w-l(Rc -K)] ~.l R. - lQ

sin sin
Af

[(
lf

)]
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[

Ra-(&+&)tatl@
+ & Cos-1

& 1}

(121) .

(122)

+

[d(Rc-FQ)2+lf-a]
(123)

where:

[
(R. + Ra)2+ (~CC+ ~hC+ ~f )2 sin @- tan-l ( Ra+~

{
d.. + A~c+ lf

)]
a =

sin[n-@-tan-l (N-R)]
lf

(124)

(125)

(c) section 3

Range os@<f33
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‘a= R ‘h.{’”’-’[R””kwOl+’”’-’ [R’- “=& ’hc)mol}
(126)

(127)

—
Kange

(d) section 4

Range 0<@S@4

‘e’=&’” {c”’-’[*
Range 04 SE3S;

Area= 27c~[2w-(R~+@R) ]

(e) section 5

Range

Range

l+c”’-l[Ra-:m@l} (129)

+& {
Ra

[ 1}
n + ‘0s-1 —

(Ra+F&)
Rc tan@ (130)

k2 = R: ‘0S“[$]-R,~
c

0=;

(131)
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(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 participate-sin 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

/

shearplane(horizontal)

Pointwhereshearplane
interceptsfrustum
section

K

pointwhereshearplane
interceptsupperlipof

shearplaneflow

Linewhereshearplane
interceptscenterlineof
cavity

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

horizontal plane

Figure 70. Cylindrical section shear plane angles.

‘I’heangles in figure 70 are defined as follows:

~ = (&c+ ~hc)

Cos 0

L=2-

L.= 2~~2 - [R, - ( ACC+ AhC)tan@]2

(133)

(134)

(135)

(136)

(137)
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D=~
sin 0

L*= 2RC

D*=&

(138)

(139)

(140)

(141)

m

(142)

(143)

(144)

(145)

(146)

(147)

(148)

(149)

(150)

(151)
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Shear Plane Ama -frustum section

/

horizontal plane

Figure 71. Frustum section shear plane angles.

The angles in figure 71 are defined as follows:

03=tan-l[Ra+&]
& +lhc

(152)

(153)

(154)

(155)

(156)
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(157)

lf
D=—

Cos 0 (160)

(161)

L = 2~@ - [R, - ( flu+ ~hC)tan@]2 (162)

L.=0

Area~~u = O (165)

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.

Q.
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Appendix 8: Clausing’s Model Computer Program Listing

REM *************** *************** ● ************** ● *********

REM
REM Clausing’s Method
REM 5 sections program w/ shear plane area
REM ● ************* ● ************* ************** *************

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 ● ************** *************** *************** **********

PRINT “ Clausing’s Method of Predicting Heat Losses”
PRINT
PRINT

REM ● ************* ● ************* ● ************* *************

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

REM ● *************** ● ** Receiver Geometry ********************
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]
Lc=.14 :REM cylinder length cold [m]
REM ● ************* ● ************* ● ************* *************

REM ● ***************** ● * Constants ● *************** *********

pi=4*ATN(l)
g=9.810001 :REM gravitational acceleration [rn/secA2]
SB=5.6696E-08 :REM Stefan Boltzmann const. [W/mA2 KA4]
cp=loo6.86 :REM specific heat capacity of air at Ta [J/kg K]
Pf=l.19406 :REM density of air at Ta [kg/rnA3]
e=l :REM emittance of cavity
ki=.04756 :REM insulation conductance ~/m-K] [.33B/h/ft%Yin]
t=.0889 :REM thickness of insulation [m] [3.5 in]
Ta=70 :REM ambient temperature [F]
Ta=(Ta+459.67)/l.8 :REM ambient temperature [K]
REM ************** ************** ************** ● ************

Pflag=O
INPUT “Do you want a hard copy “;Q$
IF LEFT$(Q$,l)=”y” THEN 50
IF LEFT$(Q$,l)=”Y” THEN 50
Pflag=l
50 :
REM open clipboard file for transferring data to spread sheet
OPEN “CLIP:”FOR OUTPUT AS #1
100 :
IF Pflag=l THEN 55
REM
REM

LPRINT
LPRINT
LPRINT
LPRINT
LPRINT

● ☛☛☛☛☛☛☛☛☛☛☛☛☛☛☛☛ Print Constants ““’’’’’’’’’”’””””’”””

“End Plate Radius [m] = “;Re
“Cavity Radius [m] = “;Rc
“Frustum Length [m] = “;Lf
“Hot Cylindrical Section Length [m] = “;Lh
“Cold Cylindrical Section Length [m] = “;Lc
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LPRINT “Ambient Temperature [Kl = “;
LPRINT USING”####.#”;Ta
LPRINT
55 :
REM ● ************** Write to the clipboard ● ****************

WRITE#l ,””,””,”End Plate Radius [m] = ‘,Re
WRITE#l ,’”,””, ‘Cavity Radius [m] = ‘,Rc
WRITE#l ,””,””, “Frustum Length [m] = ‘,Lf
WRITE#l, ‘“,””,”Hot Cylindrical Section Length [m] = “,Lh
WRITE#l , ““,””,”Cold Cylindrical Section Length [m] = “,Lc
WRITE#l ,’”,””, “Ambient Temperature [K] = “,Ta
WRITE#l,
REM ● *********’****** Receiver Aperture Radius Loop *************

FOR 1=1TO 4
IF Pflag=l THEN 58

LPRINT CHR$(12)
58 :

READRa
DATA .0762,.1524,.2286,.329
Da=2*Ra :REM aperture diameter [m]
Aa=pi*RaA2 :REM aperture area [MA2]

REM ● ************* ● ************* ************** ● ************

REM *“**’*************** Angle Limits ● *****”***’*******”**’”
REM In this section the 3 angle limits, Z1, 22, 23, and 24 are calculated.

zl=ATN((Ra-Re)/( Lf+Lc+Lh)) :pl=zl*180/pi
z2=ATN((Ra+Re)/( Lf+Lc+Lh)) :p2=z2* 180/pi
z3=ATN((Ra+Rc)/( Lc+Lh)) :p3=z3*l 80/pi
z4=ATN((Ra+Rc)/Lc) :p4=z4*l 80/pi
z5=ATN(Ra/(Lc+Lh)) :p5=z5*180/pi

REM ● ************ ● ************ ************* ● ************ ● **

REM ● ****”*********** Area Constants ● ********’*****”*”*******
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 refracto~ 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 convective zone.
REM AT is the total cavity area.

Ah=pi*(Re+Rc)*( LfA2+(Rc-Re)A2) A.5+2 ●pi* Rc*Lh
Ar=pi*ReA2+pi*( RcA2-RaA2)+2*pi* Rc*Lc
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 ● ************** ● ************** ● ************** ● *********

IF Pflag=l THEN 60

REM **************** Print Header ● ******************** ● *****

REM

LPRINT “Aperture Radius [m] = “;Ra
LPRINT “ Total Cavity Area [MA2] = “;
LPRINT USING “###. ####”;AT
LPRINT “ Total Heated Cavity Area [mA2} = “;
LPRINT USING “###. ####”;Ah
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LPRINT “ Total Refractory Cavity Area [mA2} = “;
LPRINT USING ‘###. ####”;Ar

60 :
REM ● ************* write header to clipboard “********”********

WRITE#l , ““,””,”Aperture Radius [m] = ‘,Ra
WRITE#l , ““,””,” Total Cavity Area [mA2] = ‘,AT
WRITE#l, “’,””,” Total Heated Cavity Area [mA2} = ‘,Ah
WRITE#l ,“”,”’, ‘ Total Refractory Cavity Area [mA2) = “,Ar

REM ● ************* Operating Temperature Loop *****************
REM

FOR Tmf=300 TO 600 STEP 100
WRITE#l,
REM The operating temperature is converted from F to K
Tm=(Tmf+459.67) /l.8
Twf=Tmf-100 :REM The refractory surfaces are assumed to be 100”F cooler

:REM than the heated tube surfaces.
Tw=(Twf+459.67)/l .8

REM ● ************* ************** ************** ● ************

IF Pflag=l THEN 62
REM ******************* Print

LPRINT “T mean [Kl = “;
LPRINT USING “#### .#’;Tm;
LPRINT “ ~F] = ‘;
LPRINT USING “#### .”;Tmf

LPRINT
LPRINT ;TAB(3);” Angle”; TAB(12);”Tube
conv”;

Table Header ****************** ● *

Area”; TAB(22);”Refrac. Area”;TAB(34);”Q

LPRINT;TAB(44);’Q total”;TAB(54);”% Conv”;TAB(65);” Nu “;TAB(76);”
Gr”;TAB(87);’ Ashear”
LPRINT ;TAB(l);”
[degrees] ";TAB(13);"[mA2]" ;TAB(23);"[mA2] ";TAB(34);"[Watts]" ;
LPRl NT; TAB(44); '[Watts] ";TAB(56);'%";TAB( 88);" [mA2]"
LPRINT
REM ● ************** ● ************** ● ************** **********

62 :
REM ● **************** write table header to clipboard *********

WRITE#l,””, “T mean [Kl = “,Tm
WRITE#l, ““,’ [“q = “,Tmf

WRITE#l,
WRITE#l,” Angle”,”Tube Area”,’ Refrac. Area”,”Q conv”,”Q total”,”% Conv”,” Nu “,”
Gr”,”Ashear”
WRITE#l ,“ [degrees] ","[mA2]","[mA2 ]","[Watts]","[ Watts] '," Y~","","","[m A2]”
WRITE#l,
REM ● **********’*’***** Beginning of Angle Loop ● ****************
FOR A=O TO 90 STEP 15

z=pi*All 80
REM ‘“’’’”’’”””’””’””’””’” Zone Areas ““”’’”’””””””””’”””’”””
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
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REM AZl = 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 ●******************SECTION ,************** **************

IF 2>21 THEN 101
Azl=o

GOTO 201
101 :

IF 2>22 THEN 102
x=( Ra-(Lf+Lc+Lh)*TAN (z))/Rc
cx=-ATN(x/SQR(-x* x+l))+l .5708
m=(Lf+Lc+Lh)*TAN (z)- Ra+Re
AZl=ReA2*cx+((Lf +Lc+Lh)*TAN(z)-Ra) *SQR(2*Re*m-mA2)

GOTO 201
102 :

AZ1 =pi*ReA2
201 :
REM *******************SECTION Z**** ************************

IF 2>21 THEN 202
x=( Ra-(Lc+Lh)*TAN (z))/Rc
cx=-ATN(x/SQR(-x* x+l))+l .5708
m= ATN((Rc-Re)/Lf)
AZ2=(((Rc-Re)/Lf )*( Rc-Ra)+Lc+Lh)*S lN(z)/Sl N(pi/2-z-m)
AZ2=(AZ2+(Rc-Ra) /S IN(m) )* Rc*cx

GOTO 251
202 :

IF 2>22 THEN 203
xl=(Ra-(Lc+Lf+Lh) *TAN(z))/Re
cxl=-ATN(x l/SQR(-xl *xl+l))+l .5708
x2=( Ra-(Lc+Lh)*TAN( z))/Rc
cx2=-ATN(x2/SQR (-x2* x2+l))+l .5708
AZ2=SQR(LfA2+(Rc-Re) A2)*(Re*cxl +Rc*cx2)

GOTO 251
203 :

IF 2>23 THEN 204
m= ATN((Rc-Re)/Lf)
n= ATN((Ra+Re)/(Lc+ Lf+Lh))
l= SQR((Lc+Lf+Lh)A2 +( Ra+Re)A2)*Sl N(z-n)/Sl N(pi-z-m)
x=( Ra-(Lc+Lh)*TAN( z))/Rc
cx=-ATN(x/SQR(-x* x+l))+l .5708
AZ2=(pi*Re+pi*( Re+l*SlN(m)))*l
AZ2=AZ2+(Rc*cx+ pi*(Re+l*Sl N(m)) )*( SQR(LfA2+(Rc-Re) A2)-l)

GOTO 251
204 :

AZ2=pi*(Re+Rc)* SQR(LfA2+(Rc-Re) A2)
251 :
REM ● *************** ● ** SECTION 3**** ************************

IF 2>24 THEN 253
IF 2>23 THEN 252
xl=(Ra-Lc”TAN(z) )/Rc
x2=( Ra-(Lc+Lh)*TAN (z))/Rc
cxl=-ATN(xl/SQR (-xl* xl+l))+l .5708
cx2=-ATN(x2/SQR (-x2* x2+l))+l .5708

134



AZ3=RC*(CX1 +cx2)*Lh
GOTO 301

252 :
m=(Ra+Rc)/TAN(z)
x=( Ra-Lc*TAN(z))/Rc
cx=-ATN(x/SQR (-x*x+ l))+ l.5708
AZ3=2*pi*Rc*(Lh +Lc-m)+Rc*(m-Lc) *(pi+cx)
GOTO 301

253 :
AZ3=2*pi*Rc*Lh

301 :
REM *************”**” SECTION 4 ● **************** ************

IF Z>Z4 THEN 302
xl= Ra/Rc
x2=( Ra-Lc*TAN(z))/Rc
cxl=-ATN(xl /SQR(-xl *xl+l))+l .5708
cx2=-ATN(x2/SQR (-x2* x2+l))+l .5708
AZ4=RC*(CX1 +CX2)*LC

GOTO 401
302 :

x= Ra/Rc
cx=-ATN(x/SQR (-x*x+ l))+l..57O8
m=(Ra+Rc)/TAN(z)
AZ4=2*pi*Rc*(Lc- m)+ Rc*m*(pi+cx)

401 :
REM ● *********”****** SECTION 5 ***************** ************

zm=pi/2
IF z<zm THEN 402

AZ5=pi*(RcA2-RaA2)
GOTO 500

402 :
x= Ra/Rc
cx=-ATN(x/SQR(-x* x+l))+l .5708
AZ5=RcA2*cx-Ra* SQR(RcA2-RaA2)

500 :
REM Aha and Aca are calculated here.

Aha=Ah-AZ2-AZ3
Ara=Ar-AZ 1-AZ4-AZ5

REM ● **************** Shear Area Calculations *************

REM *********** Cylindrical Shear Area Section *’****************
800 :

IF Z>Z5 THEN 810
LI =0

Le=2*(RcA2-(Ra-( Lc+Lh)*TAN(z))A2 )A.5
D=(Lc+Lh)/COS(pi* A/l 80)
Acshear=2*D*(Ll A2 +Ll*Le+LeA2)/(3’( Ll+Le))
GOTO 850

810 :
IF Z>Z3 THEN 820

L1=o
Le=2*Rc
D= Ra/SIN(z)
L2=2*RC
Le2=2*(RcA2-(Ra-( Lc+Lh)*TAN(z))A2 )A.5
D2=((Lc+Lh)*TAN( z)-Ra)/SIN(z)

135



Acshear=2*D*(LlA2 +Ll*Le+LeA2)/(3 *( Ll+Le))+2*D2*(L2A2
+L2*Le2+Le2A2)/( 3*( L2+Le2))

GOTO 850
820 :

L1=0
Le=2*Rc
D= Ra/SIN(z)
L2=2*RC
Le2=0
D2=Rc/slN(z)

Acshear=2*D*(Ll A2 +Ll*Le+LeA2)/(3 *( Ll+Le))+2*D*(L2A2
+L2*Le2+Le2A2)/( 3*( L2+Le2))
850 :
REM ***’**** Frustum Shear Area Section ***************

IF Z>Z1 THEN 860
L1 =2*( RcA2-(Ra-(Lc+Lh) *TAN(z) )A2)A.5

Le=O
D= Lf*(Rc+(Lc+Lh)* TAN(z) -Ra)/((Rc-Re)*COS( z)-Lf*SlN(z))

Afshear=2*D*(Ll A2 +Ll*Le+LeA2)/(3 *( Ll+Le))
GOTO 890

860 :
IF Z>Z2 THEN 870
Ll=2*(RcA2-(Ra-( Lc+Lh)*TAN(z))A2 )A.5
Le=2*(ReA2-(Ra-( Lc+Lh+Lf)*TAN(z) )A2)A.5

D=Lf/COS(z)
Afshear=2*D*(Ll A2 +Ll*Le+LeA2)/(3 *( Ll+Le))

GOTO 890
870 :

IF Z>Z3 THEN 880
Ll=2*(RcA2-(Ra-( Lc+Lh)*TAN(z))A2 )A.5

Le=O
D= Lf*(Rc-(Lc+Lh)* TAN(z) +Ra)/(COS(z)"(Rc-Re) +Lf*SlN(z))

Afshear=2*D*(Ll A2 +Ll*Le+LeA2)/(3 *( Ll+Le))
GOTO 890

880 :
Afshear=O

890 :Ashear=Acshear+Afshear
REM ************** ● ************* ************** *************

REM ***************** Heat Loss Calculations ● *******”’**’******
La= Da*COS(z) :REM projected length ofaperture [m]
IF La<O THEN La=O
Tl=.08*(Tm-Ta)+273 :REM first guess temp of air leaving the aperture
XP=200 :REM
350 :
Tc=T1
GOTOTernp
370 :
Q1=DQ
380 :
Tc=XP
@TOTernp
400 :
Q2=DQ
Tx=(Tl*Q2-xP*Ql )/( Q2-Ql)
Tc=Tx
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Temp:
Tb=(Tc+Ta)/2 :REM bulk temp inside cavity [Kl
Bl=l/Tb :REM coefficient of volume expansion [1/Kl
Tf=(Tm+Tb)/2 :REM film temp [Kl
B2=l/lf :REM coefficient of volume expansion [1/Kl
U=l .462 E-06*TfA.5/(1+1 12/Tf) :REM absolute viscosity [kg/m-see]
Pa=352.95/Tf :REM density of air [kg/mA3]
V=U/Pa :REM kinematic viscosity [rnA2/see]
Tff=T~l .8 :REM film temp from [Kl to [oR]
k=.00679+3.5353E-05*Tff :REM thermal conductivity @N/m-Kl
Tv=ABS(Tc-Ta)
Vb=SQR(g*Bl*Tv*La) :REM characteristic velocity due to buoyancy [m/see]
Va=.5*Vb :REM average velocity [m/see]
Qc=(Pf*.5*Aa*Va) *Cp*(Tc-Ta) :REM heat transfer through aperture w]
Gr=g*B2*(Tm-Tb) *LaWVA2 :REM Grashof number
Pr=.7 :REM Prandtl number
Nu=.l*(Gr*Pr)A.333 :REM Nusselt number
h=Nu*ldDa :REM heat transfer coefficient @N/mA2K]
Qi=h*Aha*(Tm-Tb) +h*Ara*(Tw-Tb)+ h*Ashear*(Tm-Tb) :REM heat transfer within
the aperture ~]
DQ=Qi-Qc
IF Tc=T1 THEN 370
IF Tc=XP THEN 400
IF ABS(DQ)<.1 THEN 740
IF D&O THEN GOTO 720
XP=TX
GOTO 380
720 :
T 1=Tx
GOTO 350
740 :
Qr=Aa*e*SB*((Ac/(Ah+ Ac))*(TwA4-TaA4 )+( Ah/( Ah+ Ac))*(TmA4-TaA4 )) :REM
radiative loss [W]
Qk=(ki/t)*(Ah*( Tm-Ta)+Ar*(Tw-Ta))
QT=Qc+Qr+Qk :REM total heat loss from receiver
PQc=100*Qc/QT :REM ‘Y&convective
REM *************** *************** ● ************** ● ********

IF Pflag=l THEN 66
REM ****************** Output Loop Results ● ******************
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 “#### .##”;QT;
LPRINT TAB(54);
LPRINT USING “##.##”;PQc;
LPRINT TAB(64);
LPRINT USING ‘###. ##”;Nu;
LPRINT TAB(74);
LPRINT USING “##.##~”;Gr;
LPRINT TAB(88);
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LPRINT USING ‘##.##’;Ashear
66 :
REM ● *************** write to clipboard ● ******************

WRITE#l,A,Aha~ra,Qc,QT, PQc,Nu,Gr~shear
REM ● ************** ● ************** ● ************** ● ********

REM ● ******************* End of Angle Loop ● ******************
NMA
REM *************** ● ************** ● ************** ● ********

IF Pflag=l THEN 68
REM ● ****************’* Ou!put Radiation & Conduction ● *********
LPRINTmRadiation (Watts) = ‘;Qr
LPRINT”Conduction (Watts) = “;Qk
68 :
REM ● ***************** Write radiative & conduction to clipboard ● *
WRITE#l ,””,’”,”Radiation (Watts) = ‘,Qr
WRiTE#l,g”,””,” Conduction (Watts) = ‘,Qk
REM ● ************** ● ************** *************** ● ********

REM ******************** End of Temperature Loop ● *************
NEXT Tmf

REM *************** ● ************** *************** ● ********

REM ●***”**************** End of Aperture Radius Loop **********
NEXT I

REM *************** *************** ● ************** ● ********

w

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

REM ************* ● ************ ● ************ ************* ● ****

REM
REM Siebers & Kraabel Method

:~M ● ************ ************** ● ************ ● ************ ****

REM The Siebers & Kraabel method is used here to prediit the convective
REM from a solar cavity receiver operating at variius temperatures and
REM receiver angles.
REM ● ************ ● ************* ● ************ ************* ****

PRINT ‘ Sibers & Kraabel Method of Predicting Convective Losses”
PRINT
PRINT

REM ● ************ ************* ● ************ ● ************ ● ****

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 ************* ************* ************* ************* ● ****

REM ● ************””*””* Receiver Geometry ● ****************** ● **

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]
Lc=.14 :REM cylinder length cold [m]
CI=2*RC :REM characteristic length [m]
REM ************* ● ************* ● ************ ● ************ ● ***

REM ● *************** ● *** Constants **************** **********

pi=4*ATN(l)
Ta=70 :REM ambient temperature ~Fl

REM ● ************ ************* ● ************ ● ************ ● ****

OPEN “CLIP:”FOR OUTPUT AS #1
REM ● ************ write header to clipboard ********************

WRITE#l , “ Siebers & Kraabel Method”
WRITE#l ,

WRITE#l ,’”,’”,”End Plate Radius [m] = “,Re
WRITE#l ,””,””,’Cavity Radius [m] = ‘,Rc
WRITE#l ,“”,””,”Frustum Length [m] = “,Lf
WRITE#l ,’”,”U,”Hot Cylindrical Section Length [m] = “,Lh
WRITE#l ,””,””,”Cold Cylindrical Section Length [m] = *,Lc
WRITE#l,””,’”,”T amb [“F] = “,Ta

WRITE#l,
REM ***************** Receiver Aperture Radius Loop ● ************

FOR rad=l TO 4
READRa
DATA .0762, .1524, .2286, .329
Da=2*Ra

REM ● ************ ● ************ ************* ● ************ *****

REM ● ******************** Angle Limits ““”’”’”””’”’””’”’’””’
REM In this section the 4 angle limits, Z1, 22, 23, and 24 are calculated.

zl=ATN((Ra-Re)/( Lf+Lc+Lh)) :pl=zl*180/pi
z2=ATN((Ra+Re)/( Lf+Lc+Lh)) :p2=z2*180/pi
z3=ATN((Ra+Rc)/( Lc+Lh)) :p3=z3*180/pi
z4=ATN((Ra+Rc)/Lc) :p4=z4*180/pi
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REM ● ************ ● ************* ● ************ ● ************ ● ***

REM ● ********”*’***** Area Constants ● ’*****’’****************
REM lnthefollowing s~tionarea l,area2, atiarea 3arecakulatd.
REM Al is the total interior cavity surface area.
REM A2isthe total interior cavity surface area minus the lower lip.
REM A3isthe interior cavity surface area below the horizontal plane
REM cutting through the receiver at the top of the aperture.
REM

Ah=pi*(Re+Rc)*( LfA2+(Rc-Re)A2) A.5+2*pi*Rc*Lh
Ar=pi*ReA2+pi*( RcA2-RaA2)+2*pi* Rc*Lc
Al =Ah+Ar
A2=Al-RcA2*(-ATN (( Ra/Rc)/SQR(-(Ra/Rc) *( Ra/Rc)+l))+l .57 O8)+Ra

●SQR(RcA2-RaA2)
REM Area 3 is a function of the receiver angle and is determined by
REM calculating the total area in zone 1, above the horizontal
REM plane, and then subtracting this value from the total area.
REM ● ************ ● ************* ● ************ ● ************ ● ***

REM ‘*************** Print Header ● ***************** **********

PRINT “ Siebers & Kraabel Methodm
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 ************* ● ************* ● ************ ● ************ ****

REM ************* write header to clipboard ********************

WRITE#l,
WRITE#l ,””,””,”Aperture Radius [m] = ‘,Ra
WRITE#l ,’”,’”,’ Total Area [mA2] = “,A1

REM ● *******”***** Operating Temperature Loop ●****************

REM
FOR Th=300 TO 600 STEP 100
REM mean system operating temperature of receiver ~F]
Tr=Th-100
Tw=(Th*Ah+Tr*Ar) /Al

REM
REM
REM
REM
REM
REM
REM
PRINT

************* ● ☛☛☛☛☛☛☛☛☛☛☛☛ ● ☛☛☛☛☛☛☛☛☛☛☛☛ ☛☛☛☛☛☛☛☛☛☛☛☛☛ ● ☛☛☛☛

● *”*****’’’****’****** Air Properties “’””’’”’’”’’”’”””’”’”
The value of ‘k’ calculated here is the product of the gravitational
constant times the coefficient of volumetric expansion divided by
the kinematic viscosity squared. (i.e.. g t3/vA2 [1/K-mA3]) The

equation for ‘k’ is based on data from Table A-1, p. 388, Kays & Crawford,
‘ Convective Heat and Mass Transfer “, second edition, McGraw-Hill.

k=2.651 E+ 08-2186000!*Ta+ 7935.4726 #* TaA2-13.3076*TaA3 +. OO82*T aA4
Gr=k*(Tw-Ta)/l .8*CIA3 :REM Grashoff number

Nu=.088*GrA(l/3) *((Tw+459.67)/( Ta+459.67))A.18 :REM Nusselt number
hc=.81*((Tw-Ta) /l.8)A.426
REM hc=natural convection no lip heat transfer coefficient

REM ● ************ ● ************* ************* ● ************ ****
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REM ● ******************* Print Table Header ********”*********
PRINT ‘Nusselt Number =“;Nu
PRINT “Grashoff Number =“;Gr
PRINT “T mean [°Fl = “;Th

PRINT ;TAB(3);” Angle” ;TAB(l 1);DSec 1“;TAB(l 9);”Sec 2’;TAB(27);”Sec 3“;
PRlNT;TAB(35);’Sec 4“;TAB(43);’Sec 5“;TAB(50);”Heat Loss* ;TAB(61);” h ‘;
PRlNT;TAB(72);”Total Zone 1”
PRINT ;TAB(l);’ [degrees] ”;TAB(l l); ’[mA2]’;TAB(l 9);”[mA2]”;TAB( 27); ’[mA2]”;
PRlNT;TAB(35);' [mA2]";TAB(43); '[mA2]';TAB(51) ;"[Watts]";TAB(
60); ’[ Watts/K-mA2]”;
PRlNT;TAB(73);’[ mA2]”
PRINT
REM ● ************ ● ************ ************* ● ************ *****

REM ● *********** WRITE HEADER TO CLIPBOARD ● *************”***
WRITE#l,’”,” Nusselt Number =’,Nu
WRITE#l ,“”,”Grashoff Number =O,Gr
WRITE#l ,“T mean = “,Th
WRITE#l,
WRITE#l ,UAngle”,’Sec 1“,”Sec 2“,”Sec 3“,”Sec 4“,’Sec 5“,”Heat Loss”,”h”,”Total Zone
1“
WRITE#l, "[degrees] ',"[mA2]", '[mA2]", "[mA2]", "[mA2]', "[mA2]",
‘[ Watts] ”,”[Watts/K-mA2 ]’,”[mA2]”
WRITE#l,
REM ● *******”***”****** Beginning of Angle Loop ****’***’*””’”**’
FOR A=O TO 90 STEP 15

z=pi*A/180
REM ● ************ ● ************ ● ************ ● ************ ● ****

REM **********’*********** Zone Areas ************************
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 section 2 = frustum
REM section 3 = hot cylinder
REM section 4 = cold cylinder
REM section 5 = rimg
REM AZl = 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 ●******************Section

IF z>zl THEN 101

,************** **************

AZI =0
GOTO 201

101 :
IF Z>Z2 THEN 102

x=( Ra-(Lf+Lc+Lh)*TAN (z))/Rc
cx=-ATN(x/SQR(-x* x+l))+l .5708
m=(Lf+Lc+Lh)*TAN (z)-Ra+Re
AZl=ReA2*cx+((Lf +Lc+Lh)*TAN(z)-Ra) *SQR(2'Re*m-mA2)

GOTO 201
102 :

AZl=pi*ReA2
201 :
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REM ● *************** *** SECTION 2**** ************************
IF 2>21 THEN 202

x=( Ra-(Lc+Lh)*TAN( z))/Rc
cx=-ATN(x/SQR(-x* x+l))+l.5708
m= ATN((Rc-Re)/Lf)
AZ2=(((Rc-Re)/Lf )*( Rc-Ra)+Lc+Lh)*Sl N(z)/Sl N(pi/2-z-m)

AZ2=(AZ2+(Rc-Ra) /SIN(m) )* Rc*cx
GOTO 301

202 :
IF 2>22 THEN 203

xl=(Ra-(Lc+Lf+Lh) *TAN(z))/Re
cxl=-ATN(xl /SQR(-xl*xl +1))+1 .5708
x2=( Ra-(Lc+Lh)*TAN( z))/Rc
cx2=-ATN(x2/SQR (-x2* x2+l))+l .5708
AZ2=SQR(LfA2+(Rc-Re) A2)*(Re*cxl +Rc*cx2)

GOTO 301
203 :

IF Z>Z3 THEN 204
m= ATN((Rc-Re)/Lf)
n= ATN((Ra+Re)/(Lc+ Lf+Lh))
l= SQR((Lc+Lf+Lh)A2 +( Ra+Re)A2)*Sl N(z-n)/Sl N(pi-z-m)
x=( Ra-(Lc+Lh)*TAN( z))/Rc
cx=-ATN(x/SQR (-x*x+ 1))+1 .5708
AZ2=(pi*Re+pi*( Re+l*Sl N(m)))*l
AZ2=AZ2+(Rc*cx+ pi*(Re+l*Sl N(m)) )*( SQR(LfA2+(Rc-Re) A2)-l)

GOTO 301
204 :

AZ2=pi*(Re+Rc)* SQR(LfA2+(Rc-Re) A2)
301 :
REM ● ***’************ SECTION 3 ● ****************************

IF 2>23 THEN 302
xl =( Ra-Lc*TAN(z))/Rc

x2=( Ra-(Lc+Lh)*TAN( z))/Rc
cxl=-ATN(xl /SQR(-xl *xl+l))+l .5708
cx2=-ATN(x2/SQR (-x2* x2+l))+l .5708
AZ3=Rc*(cxl +cx2)*Lh

GOTO 401
302 :

IF 2>24 THEN 303
m=(Ra+Rc)/TAN(z)
x=( Ra-Lc*TAN(z))/Rc
cx=-ATN(x/SQR (-x*x+ l))+ l.5708
AZ3=2*pi*Rc*(Lh +Lc-m)+Rc*(m-Lc) *(pi+cx)

WTO 401
303 :

AZ3=2*pi*Rc*Lh
401 :
REM ‘*”**”*********** SECTION 4 ***************** ● ***********

IF Z>Z4 THEN 402
xl= Ra/Rc
x2=( Ra-Lc*TAN(z))/Rc

cxl=-ATN(xl/SQR (-xl *xl+l))+l .5708
CX2=-ATN(X21SQR (-X2*X2+1 ))+1 .5708
AZ4=RC*(CX1 +CX2)*LC

GOTO 501
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402 :
x= Ra/Rc
cx=-ATN(x/SQR(-x* x+l))+l.5708
m=(Ra+Rc)/TAN(z)
AZ4=2*pi*Rc*(Lc-m) +Rc*m*(pi+cx)

501 :
REM ***************** SECTION 5 ● **************** ● ***********

zm=pi/2
IF Z<ZITI THEN 502

AZ5=pi*(RcA2-RaA2)
GOTO 600

502 :
x= Ra/Rc
cx=-ATN(x/SQR (-x*x+ l))+ l.5708
AZ5=RcA2*cx-Ra* SQR(RcA2-RaA2)

600 :
REM ● ******”****** Calculate Area 3 ******************** *******

AZT=AZI+AZ2+AZ3 +AZ4 +AZ5
A3=AI-AZT

REM ● ************ ************** ************* ************* ● ***

REM “***********’*”** Heat Loss Calculation ● *****’”************
zz=pi*30/180
IFZ>ZZTHEN 601
n=.63
GOTO 700

601 :
n=.8

700 :
h=hc*(A1/A2)*(A3/Al)%
q=h*Al*(Tw-Ta)/l.8

REM ● ****************** PRINTER Output ● ***********************
REM
PRINT; TAB(4);
PRINT USINGm###.”;A;
PRINT; TAB(9);
PRINT USING “###. ####”;AZl;
PRINT; TAB(17);
PRINT USING “###. ####”;AZ2;
PRINT; TAB(25);
PRINT USING “###. #### U;AZ3;
PRINT; TAB(33);
PRINT USING “###. ####”;AZ4;
PRINT; TAB(41);
PRINT USING “###. ####”;AZ5;
PRINT; TAB(50);
PRINT USING “#### #.#”;q;
PRINT; TAB(60);
PRINT USING “###. ####”;h;
PRINT; TAB(70);
PRINT USING “###. ####”;AZT
REM ● ************** OUTPUT TO CLIPBOARD ● **********************
WRITE #l,A,AZl,AZ2,AZ3,AZ4,AZ5,q,h,AZT
NEXTA
NEXT Th
NEXT rad
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PRINT “bye!”
CLOSE #1
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Appendix 11 Siebers and Kraabel Model Heat Loss

.................
— mm m M---

T .~
I

. —.................

.—-—

s--- : J&- ““””-””i-””

*.- ....p&.y=jw.*=

............... ...... ........... ................. ..............Ixhr

149



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 ● ************ ● ************* ● ************ ************* ● ***

REM
REM Stine & McDonald Method
REM
REM ● ************ ● ************* ● ************ ● ************ ● ***

REM ● *********** ● ************ ● ************ ● ************ ● *****

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

REM ************* ● ************ ************ ************ ● ******

REM ● *********** ************ ************ ● ************ ********

REM ● ****************** Receiver Geometry ● ****************** ***

Re=.127 :REM endplateradius [m]
Rc=.33 :REM cavity radius [m]
Lf=.292 :REM frustum length [m]
Lh=.254 :REM cylinder length hot [m]
Lc=.14 :REM cylinder length cold [m]
L=2*RC :REM characteristic length [m]
REM ● ************ ● ************* ● ************ ● ************ ****

REM ● *************** **** Constants ● *************** **********

pi=4*ATN(l)
Ta=70 :Tak=(Ta+459.67)/l.8 :REM ambient temperature [°F]

REM ************* ************** ************* ************* ● ***

OPEN “CLIP” FOR OUTPUT AS #1
REM ● ************ write header to clipboard ********************

WRITE#l, “ Stine & McDonald Method”
WRITE#l,

WRITE#l,””,’’,”End Plate Radius [m] = ‘,Re
WRITE#l,’”,’”,”Cavity Radius [m] = “,Rc
WRITE#l,””,”’,”Frustum Length [m] = ‘,Lf
WRITE#l,””,’”,mHot Cylindrical Section Length [m] = “,Lh
WRITE#l,””,’’,”Cold Cylindrical Section Length [m] = “,Lc
WRITE#l,’”,””,”T amb [“F] A “,Ta

WRITE#l,
REM ● **************** Receiver Aperture Radius Loop ***”*********

FOR rad=l TO 4
READRa
DATA .0762, .1524, .2286, .329
Da=2*Ra

REM ************* ● ************* ● ************ ● ************ ****

REM ***************** Area Constants “*’”’’*********’**’******
REM Inthefollowing section area l,area2, andarea 3 precalculated.
REM At is the total interior cavity surface area.
REM Ahisthe simplified cavity tube surface area
REM Ar is the simplified refractory cavity surface area

Ah=pi*(Re+Rc)*( LfA2+(Rc-Re)A2) A.5+2*pi*Rc*Lh
Ar=pi*ReA2+pi*( RcA2-RaA2)+2*pi* Rc*Lc
At=Ah+Ar

REM ************* ● ************* ● ************ ● ************ ****

REM **************** Print Header ***************** ● **********

PRINT “ Stine & McDonald Method”
PRINT

PRINT “End Plate Radius [m] = ‘;Re
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PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

PRINT
REM
REM
WRITE#l,

“Cavity Radius [m] = “;Rc
“Aperture Radius [m] = 9;Ra
‘Frustum Length [m] = ‘;Lf
‘Hot Cylindrical Section Length [m] = “;Lh
‘Cold Cylindrical Section Length [m] = “;Lc
‘T amb [oF] = ‘;Ta; ‘ [k] = ‘;Tak
“ Total Area [rnA2]= “At

● ************ ● ************* ● ************ ● ************ ● ***
************* write’ header to clipboard ● *******************

WRITE#l,”U,’”,” Aperture Radius [m] = ‘,Ra
WRITE#l ,’”,””,” Total Area [mA2] = “,At

REM ************** Operating Temperature Loop ● ****************

REM
FOR Th=300 TO 600 STEP 100
REM mean system operating temperature of receiver ~Fl
Tr=Th-100
Tw=(Th*Ah+Tr*Ar) /At

REM ● ************ ● ************* ● ************ ● ************ ● ***

REM ● ******”************** Air Properties ‘*************’**”***
REM Thevalue of' KcabulatW here istheprtiuct oftiegravitatimal
REM constant times thecoeffiiient ofvolumetric expansion divided by
REM the kinematic viscosity squared. (i.e.. g WVA2 [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-Hill.
PRINT

gBv=l.1547E+19* TakA-4.4187
Gr=gBv*(Th-Ta)/l .8*LA3 :REM Grashoff number

k=.0071 74926101 5#+.00006403063904 1#*Tak :REM thermal conductivity of air
REM ************* ● ************* ● ************ ● ************ ****

REM ● ***************’*** Print Table Header ******************
PRINT “Grashoff Number =’;Gr
PRINT “T mean [oF] = “;Th

PRINT ;TAB(3);” Angle” ;TAB(l l);”Nu’;TAB(I 9);”Heat Loss”;TAB(27);” h “
PRINT ;TAB(l);” [degrees] ”;TAB(l l);’” ;TAB(19);”[Watts] ’; TAB(27);’[Watts/K-mA
2]’
PRINT
REM ************* ● ************ ************* ● ************ ● ****

REM ● *********** WRITE HEADER TO CLIPBOARD ******************

WRiTE#l,””,” Grashoff Number =m,Gr
WRITE#l ,“T mean = ‘,Th
WRITE#l,
WRITE#l ,“Angle’,” Nun,”Heat Loss”,”h”
WRITE#l,’[degrees] “,””, m[Watts]”,”[Watts/K-mA2]”
REM ● *******”’**’****** Beginning of Angle Loop *****************
FOR a=-90 TO 90 STEP 15

z=pi*a/180
REM ● ************ ************** ● ************ ● ************ ● ***

REM ● “*******’’****** Heat Loss Calculation *“****’*************
s =-,982 *( Da/L) +l.12
IF a=90 THEN 200
Nu=.088*GrA(l/3 )*((Tw+459.67)/( Ta+459.67))A.l 8*( COS(z))A2.47 ●(Da/L)%
GOTO 300

w

w
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200 :
NU=O
300 :
:REM Nusselt number
h= Nu*k/L
q=h*At*(Tw-Ta)/l.8
REM ● ****************** PRINTER Output ************************
REM
PRINT; TAB(4);
PRINT USING’###.”;a;
PRINT; TAB(9);
PRINT USING “###. ##”;Nu;
PRINT; TAB(17);
PRINT USING “##### .#’;q;
PRINT; TAB(25);
PRINT USING “###. ####”;h
REM ● ************** OUTPUT TO CLIPBOARD ********************** ●

WRITE #1 ,a,Nu,q,h
NEXTa
NEXT Th
NEXT rad
PRINT “bye!”
CLOSE #1
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Appendix 13: Stein and McDonald Model Heat Loss
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Appendix 13: Stein and McDonald Model Heat LOSS
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Appendix 13: Stein and McDonald Model Heat Loss
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Appendix 13: Stein and McDonald Model Heat Loss
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Appendix 14: Shape Factors Formulas

AUformulas are developed from the basic disc-to-disc shape factor formula (m).The N by

N coefficient matrix of the heat loss equation requires I@ shape factor equations (Eqn. 1).

The shape factor equations ~ solved using a digital computer. The following section

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

L= lc+lm+la

l+R~
let R.:;, Ra=; , and X=l+

R:

A,
‘Ae - A.= ~FA,- A.

FAe. Aa=~[x
--1

FA,. Aa= --!---{ (lc+l~+l,)2+r~+rj- 4 [( lC+l~+l,)2+ r~+r~]L-4(r#J2 ]
2r~
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4
~

I

Y2 = l,+n~l~ A

Y1=l,+(n~-l)l~

v v

‘Aa - A~ection= ‘Aa - x-section ~ - ‘Aa - x-section2

‘#Aa - Asection= ‘sectio~Asection - A.

Aa
FA -Aa= A

‘Aa - ‘sectionsection section

F = ~ ‘Aa - x-section ~ - ‘Aa - x-section~A~e=tion - ‘a AWCtiOn

F ASeCtion- Aa= a ~Fx-SeCtionl - Aa- ~Fx-SeCtion2 . A)
a a

A=
F Asection - ‘a= &ection I ‘x-sectionl - Aa- ‘x-section2 - A~

2 [ Fx-section ~ - Aa- Fx-section2 - A~‘Asection - ‘a= 21b
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,Vy,+’ml
1 + rqy2

FAX-WtiOn2-A,= $ [ 1 +

and similarly:

r, -f/Pw@+x+yf+d
‘Asection - & = Alb

, &[ Y;-Y;-dFA8eCtion.A = (r~+y~+rj2-4(r#J2 + ~(r~+y~+r52-4(r$$2 ]

= L [ (la +(% - l)lb)2 - (1.+ n~lb)2 - ~FAwtion -‘a @lb {(la +(nm - l)lb)2 + r~ + r~]2-4 (r.ra)2

The view factor for a section of the frustum from Aa is equal to the view fiwtor from Aa to

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

from Aa to the circular cross-section on the top of the frustum section.
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Ax-aection2

.Y2

F
‘a - ‘section = ‘Aa - x-section ~- ‘Aa - x-section2

‘#Aa - Asection= ‘sectio#Asection - Aa

Aa
F FAsection - ‘a= ASectiOn‘a - ‘section

F = ~ ‘Aa - x-section ~- ‘Aa - x-section~‘section - ‘a Ac

Aa Ax-section ~ A
FA - Aa= A [ A Fx-Section~- A - ‘-~ti0n2 Fx-Section2- Aj

section section a a a

FA - Aa= A 1 [ Ax-section ~Fx-section * - Aa- Ax-section2 Fx-section2 - A~section section

F
1

‘section - ‘a = (rl + rJl~ I ‘; ‘x-section ~ - Aa- ‘~ ‘x-section2 - A~

let RI= ‘x-section l+R~
Rz = $,

Y’
X=l+

R;
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. ‘!

then FAX-dOn. A, =
iF-1/x2-4(2rJ

FA .1
x-section2 - Aa z

FAX-WtiOn2- Aa= ~

and similarly:

FAx-section 1- Aa
‘*[ ’+h;;r’-m

hl=la+l~+(n~- 1* h2=la+l~+n~~
c

164



rC- re
r2=rC-n —

m NC
rl=rC- (nm- 1) ~

~m-,Aa= ~F

[
Zlb ~rC- ~2n~ -1$- r.)1

{~c-(rim-1)(~)~‘~c-n~~)r
NC

[
+ la+lm+(nm- 1[@f2-l,+lm+nm

1

+’

c c

1’ 2 2 2-4{ [rc - (nm- l)(&)lrJ2{[rc-(llm- l)(~)] 2+(1, +lm+(nm - 1~) +r, }

A/{[r.-‘M(rcNc lC 222
+ ‘)]2+(la+lm+n~ ~) +r, } -4 {[rc-nm(~)]rJ2

c c

FA,. A, = 1- ‘Aa - Ax-section

Aa
‘As - Aa= ~FAa - As

F
Ax-section

As-A = FA
x-section Aa x-section - Aa

FAS-AS=AS
[ ‘Sectiom

f%l- 1FAx-=tiOn-A,
As

;; mlX2d%2
FAx-=tion - Aa 1 X - -

FASAa=&~l-~[x-~+l\
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R==;
a

la2+ ra2
X=l+

r:
therefonx

~&mtion -Aa = J+nra’”m
‘As-Aa=*{l-3[1+1a2;ra2-m)

For the flat surfaces (aperture, annulus, and end plate) Fi - i = O

For the cylindrical and frustum sections:

L

F. 1-I-i=

AX,
F.’ —l-xl= Ai”xl-i

F. -Fi-xQl-xl

AX2
~d Fi-X2=~x2-i

i

themfom

v

Ax, AX2
Fi-xl=_

AF xl-i ~d Fi-x2=flX*-i
i i
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and

FX1. i=l-FX1 -X2 and Fx2-i=l-FX2_x1

AX~
FXZ.,1 =~Fxl -x2

x

Al

[

AX2 Axl
F. l-~l-i= 1[1- Fxl-x2]-~ l-~Fxl -x2

i

Axl AX2 AxlF. l-~-r +2 XFxl -X2l-i=
i i i

Fx,x,=;[x-{-]
h2+r~

where R1=~ , R2=~,
h

and X=l+
2

Fx1x2=,[1+h2;r:J”-

r

For the spacer ring (section 4 + section 4):

rl =r2=rC and h=l~

For the hot cylinder (SeCtiOn3bmd i _ SeCtiOn3bmd i):

rl =r2=rc and h=lb
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For the frustum (sWt.iOn2b~d i _ SeCtiOn2b~d i):

(nC- 1) lJ~
rl=rc - (r~-r~ NC , ra=rC-(rC-rJ~, andh=

{m

w Factos from Bands or f the ~ and Frusmtions to ~A@

F
. .

~band j~-band k~

The following shape factor formulas are used between different bands of the frustum

section, betwwn 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.

w

Lh 14

J_

‘4

Fi . j=Fi - ~2-Fi . xl

FX1. i= Fxi. x3- Fxl .x4

AX* AX2
F. _FX1_i ~d Fi-X2=~FXz-il-X1= A

i
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A,z
F. —

[ I-*’[‘X2 -X3- ‘X2 -X4 Ax. 1— FX1-X3-I?X1 -X4l-j= A.
1 1

r;
2

F.
[ 1 [ 1Fx2-x3-Fx2 -x4 - ~r3::~~b ‘xl -X3-FX1 -X4

1-J= (r3+rJl~

&m=,[l+h2f’-~’]
between different bands of the frustum section (s@XiOn2b~d i ~ SeCtiOn2b~d j):

rl=rC - ‘j(r. - rJ ~

(Ilj -1)
r2=rC- (rC- rJ NC

r3=rC- (rC- rJ ~

(Iii- 1)
r4=rC- (rC- rJ NC

lJ~

‘=4-

h13=h24=(nj-ni)h

hld=(nj-ni+l)h

h23= (nj - ni-l)h

between different bands Ofthe hot cylindrical StW.kn (SeCt.iOn3bmd i _ SeCt.iOn3bmd j) :

rl =r2=r3=r4=rc

hls=hzd=(nj-ni)lb

hld=(nj-ni+l)lb

h23= (nj - ni - l)lb
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between bands of the hot cylindrical section and bands of the frustum section
(section 2b~d i - wtion 3bmd j):

rl=rc- (rc- r) ~

(Ilj -1)
r2=rC- (rC- rJ NC

r3 =r4=rC

h13=h24= l~-nilb+njh

h14=l~-(ni - l)lb+njh

h23=l~-nilb+(nj - l)h

between the spacer ring and bands of the hot cylindrical section
(section 4 ~ stXtiOn3b~d i):

F
r;

[ 1
r;

FX2. ~s- Fxal -X4 - (r~ + r~laspacer- j = (r~ + r~la [ 1FX1-X3-FX1 -X4

&.=,[l+h::r:-~’]
rl =r2=r3=r4=rc

h13=nj lb

h14=nj lb+la

h23= (nj - 1) lb

h24 = (nj -1) 1~+1,

between the spacer ring and bands of the frustum section
(section 4 ~ stXtiOn2b~d i):
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rl=rC- (rC- r) ~

(llj -1)
r2=rC- (rC- r) NC

r3=r4=rc

lJ~

‘=-

hl~=l~+nj h

h ~d=l~+nj h+l,

hz3=l~+(nj-l)h

h24=l~+(nj - 1) h+l,

Facwrom CIrc~ SectioW to Bands of the Cvlmdncal ad F- SectiU
. . . . .

The following shape factor formulas w 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 anmdus and aperture combined and bands of the hot

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

A
h Aj

h v
13

h 23

J-J--39
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Fi.j= Fi . X2- Fi . xl

Fi_x2=~

between the end plate and bands of the hot cylindrical seetion

(sWtiOn 1 ~ SeCtiOn3bmd i):

rl =r2=rC

r~ = r~

h23=lC+(N~-nj)lb

h13=lC+(Nm-nj+l)l~

between the end plate and bands of the frustum section
(stXtiOn 1 ~ SeCtiOn2band i):

[1
2

-4:

t]

‘j -
1

rl =re+(rC-r 1-~
c

r2
[1

=re+(rC-r l-~
c

r3 = r~
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lJ~

‘=-

h13=(Nc-nj+l)h

between the end plate and the spacer section

(section 1 e section 4):

rl =r2=rC

r3 = r~

h2~= lC+ 1~

h13=lC+l~+18

between the anrmlus and aperture combined and bands of the hot cylindrical section
(section 5+ aperture ~ section 3bmd i):

rl =r2=r3=rC

h23= la+ (nj - 1) lb

between the annulus and aperture combined and bands of the frustum section

(section 5+ aperture_ section 2~d i):

(rC- r)
rl=rC-nj

NC

(rC- rJ
r2=rC - (nj -1) NC

r3 = rC

l~b

‘=-
h23=l, +l~+(nj - l)h

h13=la+l~+njh

between the annulus and aperture combined and the spacer section
(section 5+ aperture e section 4):
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rl =r2=r3=rC

h23=0

h13=l,

between the apertu.mand bands of the hot cylindrical section
(aperture H section gb~ds i):

rl =r2=rC

r3 = r~

h23= l,+ (Ilj - 1) lb

hlq=l,+njlb

between the apertwe and bands of the frustum section

(aperture - section 2b~ds i):

(rC- rJ
rl=rC-nj ~

c

(rC- r)
r2=rC - (nj -1) NC

r3 = r~

&

‘=-

h23=la+l~+(nj-l)h

between the apertwe and the spacer section
(apertwe - seetion 4):
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rl =r2=rC

r3 = ra

h23=0

hl~=l,

Fac~
. . . .

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.

‘i-j=~[l+h2~r;-JW-

.

between the end plate and the aperture

(section 1 # aperture):

r,= re

‘j= ‘a

h=l, +l~+l,

between the end plate and the aperture and anmdus combined
(section 1- aperture+ section 5):
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ri = r~

‘j= ‘C

h=l, +l~+lC

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. = Fi . (an~.lw+ apexture)- Fi - aptiuIvI - annulus

*.

w
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Appendix 15: Analytical Thermal Radiation Heat LOSSProgram Listing

REM
REM
REM ● ************** ● *************** ● *************

REM THEOREW2ALTHERMAL RADIATIONHEAT LOSS PROGRAM
REM ● *************** **************** ● ************

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 VERSfON
REM This section of the program is used to verify the thermal radiation
REM shape factor formulas of the solar cavity receiver.
REM
REM ● *************** **************** ● ************** ● *****

REM
OPEN ‘Ther Rad Program OutpuV FOR OUTPUT AS #1
WRITE#l ,’aperture ‘,’operating”, ”radiative”
WRITE#l ,“diameter’,”temperature’,”heat loss”
WRITE#l,”[in]’, ”[°F]’, ”[Watts]”
REM ● ****”*****
REM nomenclature
REM ***********
REM re = end plate radius
REM rc = cavity radius
REM ra = aperture radius
REM k = length of frustum section
REM Im = length of hot cylindrical section
REM la = length of cold cylindrical section
REM Ibc = width of hot isothermal bands in frustum section
REM Ibm = width of hot isothermal bands in hot cylindrical section
REM Nc = number of bands in frustum section
REM Nm = number of bands in hot cylindrical section
REM
REM constants
REM ● *******

S=5.729*l@-8 :REM Stephan-Boltzmann constant W/(mA2 KM)
pi=3.14
REM *************** ● ************** ● ************** ****

REM CAVITY GEOMETRY
REM ● ************** ● ************** ● ************** ****

re=.254/2
rc=.33
Ic=.292
la=.14
lm=.686-lc-la
Nm=151
lbm=lm/Nm
Nc=23!
lbc=SQR((rc-re) A2+lcA2)/Nc
hc=lc*lbc/SQR(( rc-re)A2+lcA2)
DIM rad(12),Top(12)
FOR n=l TO 12
READ rad(n)
DATA 0.2286,0.2286,0.2286, 0.2286,.0762,.0762,.l 524,.l524,.2286,.2
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286,.3302,.3302
NEXT n
FOR n=l TO 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 ● ************** ● ************** ● ************** *****

REM This section determines the total number of elements that make
REM up the internal surface of the cavity receiver.
REM ● ************** ● ************** ● ************** ● ****

NT= Nc+Nm+4
DIM F(NT,NT),sum(NT), A(NT,NT),E(NT), T(NT),C(NT),q(NT), G(NT,NT+l)
,M(NT+l)
REM F(I,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+l) is the augmented Gaussian matrix
REM q(NT) is the outgoing radiant energy flux ( radiosity )
REM *************** ● ************** ● ************** ● ****

.REM This section defines the numbering of elements that make
REM up the internal surface of the cavity receiver.
REM ● ************** ● ************** ● ************** *****

REM aperture = 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
REM **************** ● *************** ● *************** ● *

REM EMISSIVITY ARRAY INPUT SECTION
REM *************** ● ************** ● ************** *****

E(l)=O :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 emisstilty of the end plate
FOR n=5 TO NT
E(n)= .85
NEXT n
REM ● ************** ● ************** *************** ● ****

REM BEGINNING OF APERTURE RADIUS VARIATION LOOP
REM *************** *************** ● ************** ● ****

numT=4
FOR samp=l TO 12
ra=rad(samp)
REM *************** ● ************** ● ************** ● ****

REM SHAPE FACTORS CALCULATION SECTION
REM ● ************* ● ************* ● ************* ● *******

REM
REM ●******** Shape factors for each element onto itself ******
REM ● ************* ************** ************** ● ********

REM ******** For flat surfaces Fi-i = O ● ******************
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F(l,l)=o
F(2,2)=0
F(4,4)=0 :REMaperture, annulus ,and end plate
REM ************ spacer section ● *****************

ri=rc
rj=rc
h=la
GosuBstqe
F(3,3)=l-riA2/((ri+rj)*la)*(l-FF) -rjA2/((ri+rj)*la)*(l-rjA2/ riA2*FF)
REM ● *********** hot cylindrical section ● *****************
ri=rc
rj=rc
h=lbm
GosuBshape
FORn=lTONm
k=n+4
F(k,k)=l-riA2/((ri+rj)*lbm)*( l-FF)-rjA2/((ri+rj)*lbm)*(l-rjA 2/riA2*FF)
NEXT n
REM ● *********** frustum section ● ***************”*
h=hc
FORn=lTONc
ri=rc-(rc-re)*n/Nc
rj=rc-(rc-re)*(n-1)/Nc
GosuBshspe
k=Nm+4+n
F(k,k)=l-riA2/((ri+rj)*lbc)*( l-FF)-rjA2/((ri+rj)*lbc)*(l-riA 2/rjA2*FF)
NEXT n
REM ● ************** ● ************** *************** *****

REM Shape factor from elements of the cylindrical and frustum sections
REM toother elements of thecylindrical and frustum sections
REM ● ************** ● ************** ● ************** ● ****

REM ***** between different elements of the frustum section ●*****
FOR M=l TO Nc-1
FOR n=M+l TO Nc
rl=rc-(rc-re)*n/Nc
r2=rc-(rc- re)*(n-1)/Nc
r3=rc-(rc-re)*M/Nc
r4=rc-(rc- re)*(M-1)/Nc
h13=(n-M)*hc
h24=h13
h14=(n-M+l)*hc
h23=(n-M-l)*hc
h=h13
ri=rl
rj=r3
GosuBshqle
F13=FF
h=h23
ri=r2
rj=r3
Gosu3shqe
F23=FF
h=h14
ri=rl
rj=r4
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GosuBshq)e
F14=FF
h=h24
ri=r2
rj=r4
G06UB*
F24=FF
i= Nm+4+M
j= N”m+4+n
F(i,j)=r2A2/((r3 +r4)"lbc)*(F23-F24 )-rl A2/((r3+r4)*lbc )*( Fl3-Fl4)
F(j, i)=(r3+r4)/(r l+r2)*F(i, j)
NEXT n
NEXT M
REM ●** between different elements of the hot cylindrical section ●***
FOR M=l TO Nm-1
FOR n=M+l TO Nm
rl=rc
r2=rc
r3=rc
r4=rc
h13=(n-M)*lbm
h24=h13
h14=(n-M+l)*lbm
h23=(n-M-l)*lbm
h=h13
ri=rl
rj=r3
GosuBshqle
F13=FF
h=h23
ri=r2
rj=r3
GOSUB*
F23=FF
h=h14
ri=rl
rj=r4
GOSUF3shqle
F14=FF
h=h24
ri=r2
rj=r4
GOSUB Shqle
F24=FF
i=4+M
j=4+n
F(i,j)=r2A2/( (r3+r4)*lb m)'(F23-F24) -rl A2/((r3+r4) *lbm)*(Fl3-Fl4)
F(j, i)=(r3+ r4)/(rl+r2)*F~i, j)
NEXT n
NEXT M
REM *************** *************** *************** ****

REM ●** Shape factors between elements of the hot cylindrical ● **
REM ●** section and elements of the frustum section ●***
REM *************** ● ************** *************** ****

FOR M=l TO Nm
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FOR n=l TO Nc
rl=rc-(rc-re)*n/Nc
r2=rc-(rc- re)*(n-1)/Nc
r3=rc
r4=rc
h13=lm-M*lbm+n*hc
h24=lm-(M- l)*lbm+(n-l)*hc
h14=lm-(M-l )*lbm+n*hc
h23=lm-M*lbm+(n -l)*hc
h=h13
ri=rl
rj=r3
~skq.le
F13=FF
h=h23
ri=r2
rj=r3
Gosu13shq)e
F23=FF
h=h14
ri=rl
rj=r4
GOSUBshape
F14=FF
h=h24
ri=r2
rj=r4
GosuBstEpe
F24=FF
i=M+4
j=n+4+Nm
F(i,j)=r2A2/((r3 +r4)*lbm)*(F23- F24)-rl A2/((r3+r4) *l bm)*(Fl3-Fl4)
F(j, i)=(r3+r4)*lbm/( (rl+r2)*lbc)*F( i,j)
NEXT n
NEXT M
REM ● ************** ● ************** ● ************** ****

REM ●** Shape factors between the spacer section and elements “***
REM *** of the hot cylindrical section*******
REM ● ************** ● ************** ● ************** ● ***

FOR n=l TO Nm
rl=rc
r2=rc
r3=rc
r4=rc
h13=n*lbm
h24=(n-l)*lbm+la
h14=n*lbm+la
h23=(n-l)*lbm
h=h13
ri=rl
rj=r3
Gosuestqe
F13=FF
h=h23
ri=r2
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rj=r3
GOSUBs@e
F23=FF
h=h14
ri=rl
rj=r4
G0SU3shqle
F14=FF
h=h24
ri=r2
rj=r4
Gosu3shqle
F24=FF
i=3
j=n+4
F(i,j)=r2A2/((r3 +r4)*la)*(F23-F24 )-rl A2/((r3+r4)*la) *( Fl3-Fl 4)
F(j, i)=(r3+r4)*la/( (rl+r2)”lbm)* F(i,j)
NEXT n
REM *************** ● ************** ● ************** ********

REM ● ** Shape factors between the spacer section and elements ●**
REM ●** of the frustum section ***

REM ● ************* ● ************* ● ************* ● **********

FOR n=l TO Nc
rl=rc-(rc-re)*n/Nc
r2=rc-(rc- re)*(n-1)/Nc
r3=rc
r4=rc
h13=lm+n*hc
h24=lm+la+(n-l)*hc
h14=lm+la+n*hc
h23=lm+(n-l)*hc
h=h13
ri=rl
rj=r3
GosuBshz@
F13=FF
h=h23
ri=r2
rj=r3
GosuBs@)e
F23=FF
h=h14
ri=rl
rj=r4
G0SU3s@e
F14=FF
h=h24
ri=r2
rj=r4
GOSUB shq)e
F24=FF
i=3
j=n+4+Nm
F(i,j)=r2A2/((r3 +r4)*la)*(F23-F24 )-rl A2/((r3+r4) *la)* (Fl3-Fl 4)
F(j, i)=(r3+r4) *la/( (rl+r2)*lbc) *F(i,j)
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NEXT n
REM ● *************** **************** ● *************** **

REM Shape factors between circular sections and the spacer section,
REM elements of the hot cylindrical section, and elements of the
REM frustum section,
REM ● ************** ● ************** ● ************** *****

REM ●*between the end plate and elements of the hot cylindrical section ●

r3=re
rl=rc
r2=rc
FOR n=l TO Nm
h23=lc+lm-n*lbm
h13=lc+lm-(n- l)*ibm
ri=r3
rj=rl
h=h13
GOSIBshqle
F31=FF
ri=r3
rj=r2
h=h23
G0SU3stqle
F32=FF
i=4
j=4+n
F(i,j)=F32-F31
F(j, i)=r3A2/((r l,+r2)*lbm)*F(i,j)
NEXT n
REM ●*between the end plate and elements of the frustum section ●*
r3=re
FOR n=l TO Nc
rl=re+(rc- re)*(l-(n-1)/Nc)
r2=re+(rc- re)*(l-n/Nc)
h23=lc-n*hc
h13=lc-(n-l)*hc
ri=r3
rj=rl
h=h13
GosuBshqle
F31=FF
ri=r3
rj=r2
h=h23
GosuB sh~
F32=FF
i=4
j=4+Nm+n
F(i,j)=F32-F31
F(j, i)=r3A2/((r l+r2)*lbc)*F(i,j)
NEXT n
REM ●*between the end plate and the spacer section ● *
r3=re
rl=rc
r2=rc
h23=lc+lm
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h13=lc+lm+la
ri=r3
rj=rl
h=h13
Go6uBd-@e
F31=FF
ri=r3
rj=r2
h=h23
cXlSU13s@le
F32=FF
i=4
j=3
F(i,j)=F32-F31
F(j, i)=r3A2/(( rl+r2)*la)*F(i,j)
REM ●*between the aperture and elements of the hot cylindrical section ●*
r3=ra
rl=rc
r2=rc
FOR n=l TO Nm
h23=la+(n-l)*lbm
h13=la+n*lbm
ri=r3
rj=rl
h=h13
GOSUB Shqle
F31=FF
ri=r3
rj=r2
h=h23
GosuBshqle
F32=FF
i=l
j=4+n
F(i,j)=F32-F31
F(j, i)=r3A2/(( rl+r2)*lbm)*F(i,j)
NEXT n
REM ●*between the aperture and elements of the frustum section ●*
r3=ra
FOR n=l TO Nc
rl=rc-n*(rc-re)/Nc
r2=rc-( n-l)* (rc-re)/Nc
h23=la+lm+(n-l)*hc
h13=la+lm+n*hc
ri=r3
rj=rl
h=h13
GosuBstqm
F31=FF
ri=r3
rj=r2
h=h23
GOSUB Shqle
F32=FF
i=l

w-
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j=4+n+Nm
F(i,j)=F32-F31
F(j, i)=r3A2/((rl +r2)*lbc)*F(i,j)
NEXT n
REM ●*between the aperture and the spacer section ● *
ri=ra
rj=rc
h=la
G0SU3ehape
i=l
j=3
F(i,j)=l-FF

●i***’* lo-*.******* ● ************** ● ************** **********

Shape factors for the annulus section are determined by the differences
between shape factors of the annulus and aperture combined with
an element and the aperture with an element.

*************** *************** ● ************** ● *********

●*between the annulus and elements of the hot cylindrical section **

F(j, i)=riA2/(2 *rj*la)*F(i, i)
REM
REM
REM
REM
REM
REM
r3=rc
rl=rc
r2=rc
FOR n=l TO Nm
h23=la+(n-l)*lbm
h13=la+n*lbm
ri=r3
rj=rl
h=h13
Gosu3s@le
F31=FF
ri=r3
rj=r2
h=h23
GoslJ5shqe
F32=FF
i=2
j=4+n
F(i,j)=(rcA2*( F32-F31)-raA2*F (l,j))/(rcA2-raA2)
F(j, i)=(rcA2-raA2)/( (rl+r2)*lbm)*F( i,j)
NEXT n
REM **between the annulus and elements of the frustum section **
r3=rc
FOR n=l TO Nc
rl=rc-n*(rc-re)/Nc
r2=rc-(n-l )*(rc-re)/Nc
h23=la+lm+(n-l)*hc
h13=la+lm+n*hc
ri=r3
rj=rl
h=h13
GOSUEls@e
F31=FF
ri=r3
rj=r2
h=h23
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GosuBst-qe
F32=FF
i=2
j=4+n+Nm
F(i,j)=(rcA2*(F32 -F31)-raA2*F( l,j))/(rcA2-raA2)
F(j, i)=(rcA2-raA2)/( (rl+r2)*lbc)* F(i,j)
NEXT n
REM ●*between the annulus andthe spacer section**
rl=rc
r2=rc
r3=ra
ri=rl
rj=r2
h=la
Gosm shqe
F12=FF
ri=rl
rj=r3
GOSUBShape
F13=FF
i=2
j=3
F(i,j)=l -rcA2/(rcA2-raA2 )*( F12-F13)
F(j, i)=(rcA2-raA2)/( (rl+r2)*la)*F(i,j)
REM ● ************** *************** *************** *****

REM Shape factors from circular section toother circular sections
REM *************** *************** ● ************** *****

REM ● ******”’* between the end plate and the aperture ●*****
ri=re
rj=ra
h=la+lm+lc
G0W3s@e
i=4
j=l
F(i,j)=FF
F(j, i)=reA2/raA2*F( i,j)
REM ●********* between the end plate and the annulus ● *****
ri=re
rj=rc
h=la+lm+lc
GosuBst@e
i=4
j=2
F(i,j)=FF-F(i,l)
F(j, i)=reA2/(rcA2-raA2 )* F(i,j)
REM ● ************** ● ************** ● ************** ● ***

REM Shape factors matrix output
REM *************** ● ************** ● ************** ● ***

FOR i=l TO NT
FORj=l TO NT-1
PRINT USING ‘#.###’;F(i,j);
PRINT SPC(l);
NEXT j
PRINT USING ‘#.###”;F(i,NT)
PRINT
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NEXT i
111 :
REM ● ************** ● ************** ● ************** *****

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 factors previously calculated. For an enclosure of N
REM elements the sum of all the shape factors should equal N.
REM ● ************** ● ************** ● ************** ● ****

FOR i=l TO NT
FOR j=l TO NT
sum(i)=O
NEXT j
NEXT i
SUMT=O
FOR i=l TO NT
FOR j=l TO NT
sum(i) =sum(i)+F(i,j)
SUMT=SUMT+sum(i)
NEXT j
NEXT i
PRINT ■ ************ ● ************ ● *****M

FOR i=l TO NT-1
PRINT ‘ SUM ‘;i;U= ‘;

PRINT USING “##.####’;sum(i)
NEXT i
i=NT
PRINT “SUM “;i;” = “;
PRINT USING “##.####”;sum(i)
PRINT ● ************ ● ************ ● *****u

222 :
REM ● ************** ● ************** ● ************** ● *********

REM END OF SHAPE FACTOR SECTION
REM ● **************** ***************** ***************** ● **

REM ● *************** ● *************** ● ************** *******

REM ● *************** **************** *************** *******

REM COEFFICIENTS MATRIX CALCULATIONS SECTION
REM ● ************** *************** ● ************** ● ********

FOR i=l TO NT
FOR j=l TO NT
KD=l
IF i=j THEN 400
KD=o
400 :
A(i,j)=K D-(1 -E(i) )* F(i,j)
NEXT j
NEXT i
REM ● ************** *************** *************** ● ***

REM coefficient matrix output
REM ● ************* ● ************* ● ************* *******

FOR i=l TO NT
FOR j=l TO NT-1
PRINT USING “#.###’;A(i,j);
PRINT SPC(l);
NEXT j
PRINT USING “#.###”;A(i,NT)
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PRINT
NEXT i
333:
REM ● ************** ● ************** ● ************** ● ****

REM BEGINNING OF TEMPERATURE
REM ● ************** ● ************** ● ************** ● ****

REM ● ************** ● ************** ● ************** ● ****

REM TEMPERATURE ARRAY INPUT SECTION
REM ● ************** ● ************** ● ************** ● ****

Tmean=Top(samp)
Tin=Top(samp)+Tdiff/2 :Tout=Top(samp) -Tdiff/2
PRINT Tin,Tout,Tmean
REM
REM Each element is assumed to be isothermal. “Angulartemperature
REM measurements for the hot cylindrical section and the frustum
REM section are averaged to 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(l.)=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.l5
NEXT n
REM ●******** OUTplJT THE TEMpERATIJRE DISTRIBUTION ●*******
FOR n=l TO NT
PRINT “T(”;n;’)= “;T(n)
NEXT n
REM *************** ● ************** *************** *****

REM CONSTANT ARRAY CALCULATIONSECTION
REM *************** ● ************** *************** *****

FOR n=l TO NT
C(n)= E(n)* S* T(n)A4
NEXT n
REM ● ************* ************** ************** ● *******

REM HEAT FLUX SOLUTIONS
REM ● *************** **************** ● *************** ● *

REM
REM Gaussian Elimination method is used to sofve for the heat output
REM of each surface, including the total heat lost from the receiver
REM through the aperture.
REM
REM ● ********** augmented matrix ● *”***********”********
FOR i=l TO NT
FOR j=l TO NT
G(i,j)=A(i, j)
NEXT j
G(i, NT+l)=C(i)
NEXT i
mm Gauss
REM ● ************* ● ************* ● ************* ● ********

REM OUTPUT OF HEAT LOSS THROUGH APERTURE AND HEAT
REM RADIATED FROM ALL OTHER ELEMENTS
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REM ● ************** ● ************** ● ************** ******

FOR i=l 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+5 TO NT
PRINT “frustum element’; SPC(5);q(i)
NEXT i
DATA ‘aperture ‘,’annulus’,’spacer ring”,’end plate’
REsrOFE
REM *************** ● ************** ● ************** ******

REM SUMMARY OUTPUT
REM ● ************** ● ************** ● ************** ******

PRINT ● ************ ************* ● ************ ● ************ ●

PRINT ■ SUMMARY OUTPUT”
PRINT U************ ● ************ ● ************ ● ************ u

PRINT SPC(2);’aperture”; TAB(l O);”operating”; TAB(20);’radiative”
PRINT SPC(2);"diameter" ;TAB(l O);"temperature' ;TAB(2O);"heat loss”
PRINT SPC(4);”[in]”;TAB( 13);”[°F]”;TAB( 23);”[Watts]”
PRINT SPC(4);
PRINT USING “###. #”;ra*200/2.54;
PRINT TAB(13);Tmean;
PRINT TAB(23);q(l )*pi*raA2
WRITE#l, ra*200/2.54, Tmean,q(l)*pi*raA2
BEEP
NEXT sarnp
FOR k=l TO 5
BEEP
NEXT k
CLOSE#l

shape:
FF=.5*( l+(h*h+rj *rj)/(ri*ri )- SQR((l +(h*h+rj*rj) /(ri*ri))A2-4
*(rj/ri)A2))
RETURN
Gauss

;z$$$$$$$$$$$$$ $$$$$$$$$$$$$$$ $$$$$$$$$$$$$$$ $$$$$$$$$$$$$$
REM GAUSSIAN ELIMINATION METHOD

:R$$$$$$$$$$$$$ $$$$$$$$$$$$$$$ $$$$$$$$$$$$$$$ $$$$$$$$$$$$$$
REM
REM ● **’*”******** Check Augmented Matrix Form ***’**********
REM
REM For the Gaussian elimination method to work the A(I,1 ) element
REM of the augmented matrix can not have a value of one. If A(l ,1) is
REM equal to one then rows of the matrix will be shifted until a non-
REM zero value is in element A(l,l).
Flag=O
IF G(l,1 )<>0 THEN Elimination
Flag= Flag+l
FOR j=l TO NT+l
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M(j)= G(l,j)
NEXT j
FOR i=l TO NT-1
FOR j=l TO NT+l
G(i,j)=G(i+l,j)
NEXT j
NEXT i
FOR j=l TO NT+l
C3~F4~j)=M(j)

GOTO 444
REM ● ********”** PRINT CYCLE ****************

FOR M=l TO NT
FOR.n=l TO NT
PRINT G(M,n);SPC(5);
NEXT n
PRINT G(M,NT+l)
NEXT M
REM ● ************** ● ************** *************** ******

444 :
GOTOGaES
Elimination:
REM “*”***’**’***’ Gaussian Elimination ● *******************

FOR k=l TO NT
ss=G(k, k)
FOR j=l TO NT+l
G(k,~)=G(k,j)/ss
NEXT j
FOR i=k+l TO NT
ss=G(i,k)
FOR j=l TO NT+l
G(i,j)=G(i,j)-ss* G(k,j)
NEXT j
NEXT i
NEXT k
REM
FOR k=l TO NT-1
FOR i=l TO NT-k
ss=G(i, NT-k+l)
FOR j=l TO NT+l
G(i,j)=G(i,j)-ss* G(NT-k+l,j)
NEXT j
NEXT i
NEXT k
GOTO 555
REM ************ PRINT CYCLE ●***************

FOR M=l TO NT
FOR n=l TO NT
PRINT G(M,n);SPC(5);
NEXT n
PRINT G(M,NT+l)
NEXT M
REM **************** ● *************** ● *********
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555 :
FOR i=l TO NT
q(i)= G(i, NT+l)
NEXT i
IF Flag=O GOTO 600
FOR k=l TO Flag
qq=q(NT)
FOR i=2 TO NT
q(i)= q(i-1)
NEXT i
;((l)=;q

600 :
RHUIW
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Appendix 16: Flow Meter Factory Calibration Specif~ations
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Appendix 17: Flow Meters Voltage Output
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Appendix 18 Calibrated Thermocouple Probe Specification

.

I

I
I

C/lLIBRATIO~ REPORT

CU5TOMER: ~Ll FWWIA POLYTECHSTATE REPORT NO: ‘70609592
U-4IVERS I TY FOi.N!)ATI CN

J3FCH EMU. PFPT T<ST ITEM: K(&-18G

3801 h’ TEktPLE AVENUE TEST OATE: JW 9, 1987

PIWNA CA 91768

pURCH#SE ORDER No: CPF6602~2

OMEGR ENGINE ERI!$L certifies that the above iteq has been calibrated
hnd that its csl~bration 1S certif~ecj @S traceable to the U.S.

National Bureau of Standards. Traceability of these measurements
is oerivea from the included NBS test numbers.

Nominal Actual Test Indicated
Probe KJ9. Tescierature Temperature TeI!tDerature 0eviati3~

1 300 DEG F 300.06 300.56 .50
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1 700 701.0 699.09 1.91
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I
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Appendix 19: Radiometer Calibration Specifications
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Appendix 20: Pyromark@’Paint Specifications
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Appendix 20: Pyromark@Paint Spedications
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Appendix 22: Saran Wrap@Specifications

Light Transmission
Characteristics
SARANWRAP films otfer good
resistance to sunlighl under
glass. Such properties as tensile
strength, elongation, flexibility,
and impermeability to water
vapor and gases decrease only
slightly. Outdoor exposure to
direct sunlight, however, is not
recommended. Figure 2 below
shows typical light transmission
vatues for SARAN WRAP films.

FDA and
USDA Status
SARANWRAP films, when LJsed
unmodified and according to
good manufacturing practices —
when used Ior food contact ap-
plications — can comply with the
U.S. Food, Drug and Cosmetic
Act as amended.

Many of these films also have
been accepted by the U.S.
Department of Agriculture for
packaging of meat and meat

Figure 2 — Ught Transmlsslon vs Wave Len th for

~:;~;’”’” ‘M’3, p-
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o — . I
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Wave Length, kliflimicrons Wm.1
~,1

food products. and poullry and
poultry products, prepared in
Federally inspected plants.

Government regulations are sub-
ject to change, While it is the
resprmsibility of users of SARAN
WRAP 10 check the suitability of
their intended use with regulatory
agencies, resources of The Oow
Chemical Company are available
to assist customers with pertinent
data end other information.

Shrink
Characteristics

SARANWRAPplastic Iilms be-
come highly oriented during
manufacture. This orientation
makes the fiim susceptible to
shrinkage on exposure to ele-
vated temperatures — a property
very desirable “mapplications
such as overwraps. Further, by
control of the shrink-inducing
temperature, the film user can
control the degree of sh~nkage
obtained,

f% use in laminates where shrink
is undesirable, preshrunk SARAN
WRAP 18L film is available, oif-
femnces in the shrinkage rates
of 18L and other films are shown
in Figures 3 and 4.
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