
IIII1",•
IIII1_11111'=411111',---6





Unlimited Release
UC-235

Wind Effects on Convective Heat Loss
From a Cavity Receiver for a Parabolic
Concentrating Solar Collector

Robert Y. Ma
Departmentof MechanicalEngineering
CaliforniaState Polytechnic University
Pomoma,CA 91768

Prepared by Sandia National LaboratoriesAlbuquerque, New Mexico 87185
and Livermore, California 94550 for the United States Department of Energy
under Contract DE-ACO4-76DP00789

Printed September 1993

D1STRII3UTION OF TI-IIS DOCUMENT IS UNLIMITED



Issuedby SandiaNationalLaboratories,operatedfortheUnitedStates
DepartmentofEnergybySandiaCorporation.
NOTICE: Thisreportwaspreparedasanaccountofworksponsoredby an
agencyoftheUnitedStatesGovernment.NeithertheUnitedStatesGovern-
ment norany agencythereof,norany oftheiremployees,norany oftheir
contractors,subcontractors,ortheiremployees,makesany warranty,express
orimplied,orassumesany legalliabilityorresponsibilityfortheaccuracy,
completeness,or usefulnessof any information,apparatus,product,or
processdisclosed,or representsthatitsusewould not infringeprivately
ownedrights.Referencehereintoanyspecificcommercialproduct,process,or
serviceby tradename, trademark,manufacturer,or otherwise,doesnot
necessarilyconstituteorimplyitsendorsement,recommendation,orfavoring
by the UnitedStatesGovernment,any agencythereofor any of their
contractorsorsubcontractors.The viewsand opinionsexpressedhereindo
notnecessarilystateorreflectthoseoftheUnitedStatesGovernment,any
agencythereoforanyoftheircontractors.

Printed in the United States oe America. This report has been reproduced
directly from the best available copy.

Available to DOE and DOE contractors from
Office of Scientific and Technical Information
PO Box 62
Oak Ridge, TN 37831

Prices available from {615) 576-8401, FTS 626-8401

Available to the public from
National Technical In.formation Service
US Department of Commerce
5285 Port Royal Rd
Springfield, VA 22161

NTIS price codes
Printed copy: A04
Microfiche copy: A01



SAND92-7293 Distribution

Unlimited Release Category UC-235
Printed September 1993

WIND EFFECTS ON CONVECTIVE HEAT LOSS
FROM A CAVITY RECEIVER FOR

A PARABOLIC CONCENTRATING SOLAR COI_,LECTOR

Robert Y. Ma

• Department of Mechanical Engineering
California State Polytechnic University

, Pomoma, California 91768

Tests were performed to determine the convective heat loss characteristics of a
cavity receiver for a parabolid dish concentrating solar collector for various tilt
angles and wind speeds of 0-24 mph. Natural (no wind) convective heat loss
from the receiver is the highest for a horizontal receiver orientation and
negligible with the reveler facing straight down. Convection from the receiver
is substantially increased by the presence of side-on wind for all receiver tilt
angles. For head-on wind, convective heat loss with the receiver facing straight
down is approximately the same as that for side-on wind. Overall it was found
that for wind speeds of 20-24 mph, convective heat loss from the receiver can
be as much as three times that occurring without wind.
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1.0 Introduction

One of the parameters which affects the overall system cMciency ot' parabolic-dish

concentrating solar energy systems is the efficiency of the receiver used. An understanding

of the various modes of heat transfer from the receiver is required in order to adequately

predict receiver efficiency. Radiation and conduction heat losses from the receiver can be

predicted reasonably well by analytical techniques; however, convection from the cavity is

much more complicated and, at present time, is not amenable to analytical predictions.

Wind effects and varying receiver orientation make it an even more difficult phenomenon to

predict analytically, Because of these reasons, convective heat loss from a cavity receiver
Ii,

is usually determined experimentally.

In the past few years, several test series have been conducted by the Mechanical

Engineering Department at California State Polytechnic University, Pomona, to determine

the convective heat loss characteristics of a cavity receiver fi_r a parabolic-dish

concentrating solar collector. The goal early in these test series was to determine natural

convective heat losses from the receiver for various, receiver tilt angles, temperatures, and

apertures sizes. Recently, however, test efforts have concentrated on the effects ot' wind

on convective heat loss from the cavity receiver. Wind speeds up to 24 mph (10.7 m/s)

from two directions have been tested in conjunction with various receiver tilt angles, from

aperture facing horizontally to aperture facing down.

This thesis presents and interprets the results from these latest tests, which are
focused on wind effects, Data from these tests are reduced to obtain convective heat loess

correlations for the different wind conditions, and an uncertainty analysis is pertbrmcd in

order to determine data reliability. An attempt is made to explain some of the physical
ql

phenomena underlying the convective transport for the various test conditions. Where

possible, test results are compared with results from past studies. The convective heat loss
,e

correlations developed should aid in the design process and serve as background for future
studies.



2.0 Experimental Setup

The cavity receiver tested is froma parabolic-dish concentrating scalarcollector from

the Shanandoah Project, located in Shanandoah, Georgia. The receiver, sh_wn in Figure

1, is a tube-wound type and is cylindrical in shape. One end of the receiver is a closed

conical frustum, and the other end consists of a cylindrical section with an 18.inch (46.cm)

diameter aperture. The maximum receiver internal diameter is 26 inches (66 cm) and the

internal length is 27 inches (69 cm). The receiver tubing is 0.5 inch (12.7 ram) outer

diameter and is made of stainless steel. The region outside the tubing is packed with

Kaowooi TM(Babcock and Wilcox) insulation and the entire assembly is covered with a

chrome-plated-steel shell. The receiver is mounted in a stand which permits 180 degrees of

rotation in 15" increments, from aperture-down (+90") to aperture-up (.90"), with 0" defined

as the aperture facing horizontally. (In these tests, only receiver tilt angles of 0 ° to +90"

were examined).

The tests were performed in a laboratory environment without solar insolation. The

basic methodology for determining receiver heat loss was to flow hot heat transfer fluid

(Syltherm ® 800, Dow Coming) through the receiver and calculate overall receiver heat loss

based on the measured temperature drop of the heat tra,lsfer fluid. The heat transfer fluid

was supplied from a flow loop containing pumps, electric heaters, and appropriate controls

and expansion volume. When wind was required, it was generated by a 4'x4'x14' wind

machine driven by a 4-ft diameter fan. The airstream was run through several

honeycombed screens to ensure that the air velocity was uniform at the receiver.

The primary test measurements were recorded on a digital data acquisition system.

At the receiver inlet and outlet, the heat transfer fluid temperature was measured with two

type-K immersion thermocouple probes, located at piping bends to provide good flow

mixing. One probe at ea_'_h location was connected directly to the cold-junction

compensation of the data acquisition system, providing a measurement of absolute fluid

temperature. The other two probes were connected together to obtain a direct measurement

of temperature difference between the receiver inlet and outlet. Volumetric flow of heat

transfer fluid to the receiver was measured by a turbine-type flow meter.





A more detailed description of the experimental apparatus is documented in Haddad

(1991). Earlier tests dealing with natural convective heat loss, for various receiver

temperatures, orientations, and aperture sizes, are described in McDonald (1992).

3.0 Test Matrix

The test results presented are from the two most recent receiver test series. The

majority of this thesis focuses on the first of the two series, which was conducted in order b

to determine receiver convective heat loss for different wind conditions and receiver tilt

angles. Head-on and side-on winds of 6, 8, and 20 mph (2.7, 3.6, and 8.9 m/s) were

tested in conjunction with receiver tilt angles of 0 °, 30 °, 60°, and 90°. Figure 2 illustrates

the wind-direction convention relative to the receiver. For this first test series, the no-wind

condition was tested every time a new wind speed and direction were tested, so that a total

of six no-wind test sets were conducted. In this way, the level of convective heat loss

without wind was fully established.

As the data from the first test series were being examined, it became clear that some

interesting and counter-intuitive convective heat loss results were occurring for the head-on

wind tests. Therefore, to confirm some of these results and to obtain a better

understanding, a second small test series was conducted for head-on winds only. The test

conditions for this second test series were chosen specifically to clear up the areas of

uncertainty from the first test series. Wind speeds of 15 and 24 mph (6.7 and 10.7 m/s)

were tested to better define the dependence of head-off wind convective heat loss upon

wind speed. For the 24-mph wind speed, data were collected for receiver tilt angles at 15°

increments, to better define the dependence of convective heat loss upon receiver tilt angle.

In addition, a smaller receiver aperture of 6 inches was also examined for a 24-mph wind,

in order to check if the same trends occur for a different aperture size. For this second test

series, ,convective heat loss tests for the no-wind condition were not performed.

4.0 Test Procedure

During testing at each wind condition, data were first collected with the aperture

facing down and plugged, both with and without wind. Then the various receiver tilt

angles were tested with the aperture open, again with and without wind. During each test,
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heat transfer fluid was passed through the receiver until the measured temperatures

stabilized. Then pertinent data, such as heat.transfer-fluid inlet and outlet temperatures,

inlet-to-outlet temperature difference, ambient temperature, and heat-transfer-fluid flow

rate, were recorded. The total receiver heat loss for each test was subsequently calculated

using the following equation:

qm,,a_= m q, (Tin"Tout) (1)

where qmcas-"total receiver heat loss rate calculated frommeasurements

m = measured heat-transfer-fluid mass flow rate

Cp= heat-transfer-fluid specific heat

Tin = measured heat-transfer-fluid temperature at inlet

Tout= measured heat-transfer-fluid temperature at outlet

The thermal properties of Syltherm ® 800 heat transfer fluid which are required for the

evaluation of Eq. (1) are given in Appendix A.

To allow for the comparison of heat losses from one test to another, all of the

measured heat losses were normalized linearly to a receiver temperature of 530°F and an

ambient temperature of 70°F, according to

qmeas(Tmc,norm"Tamb,norm )

qtotal = Tin, meas " Tamb, rheas (2)

where qtotal = normalized total heat loss rate

qmeas= total measured heat loss rate defined in Eq. (1)
T =rec, meas measured receiver temperature

(average temperature of the heat transfer fluid)

Tamb, meas = measured ambient temperature

Trec,norm= nominal or normal receiver temperature (530°F)

Tamb,norm= nominal or normal ambient temperature (70°F)



A nominal receiver temperature of 530°F was chosen because it represents the average

receiver temperature among the different tests and would therefore require the least amount

of normalization. This normalization procedure is justified since the deviation ot' the

measured temperatures from the nominal temperatures is small.

Conduction heat loss from the receiver was calculated as the total receiver heat loss

measured with the aperture plugged, minus the calculated amount of conduction through

the aperture plug. Radiation heat loss was calculated as the total receiver heat loss with the

' aperture open, at a receiver orientation of 90° and without wind, minus the conduction heat

loss without wind. According to Stine and McDonald (1988 and 1989), Koenig and

" Marvin (1981), and Kugath et al. (1979), natural convection from a cavity receiver at 90 °

tilt angle is essentially zero; therefore, the calculation of radiation heat loss in this manner is

justified. Finally, convective heat loss from the receiver was calculated by subtracting

radiation and conduction heat losses from the total receiver heat loss:

qconv = qtotal" qrad" qcond (3)

$.0 Background

5.1 Natural Convection Correlations

Because of the complex natural convection phenomena occurring in cavity

receivers, it is very difficult to analytically predict receiver natural convective heat loss.

Design correlations for estimating natural convective heat loss from cavity receivers are

usually derived experimentally.

- Koenig and Marvin (1981) performed one such experiment and developed the

following correlation for natural convection from cavity receivers:
i

_l-ul.= h_L = 0.52 P(0) L1'75(Gq Pr) 0.25
k ' (4)

q,:onv= h A1'(Tc.vity-To) (5)



where

P(0) = cos ._.20 when 0° s 0 s; 45"

P(0) = 0.707 cos 2,a 0 when 45° s; 0 s 90°

0 = receiver tilt angle

Ic = Rapcrture/Rcnvlty

L = f2 Rcavity

Oh. = g 13-(Tc"vt'_To)L3
v 2

Ar= exposed surface area of receiver heat transfer tubing

Tcavity= average temperature of heat transfer tubing

To = ambient temperature

13= coefficient of thermal expansion of air = 1/T

v = kinematic viscosity of air

where all fluid properties areevaluated at

Tprop= 11/ 16 Tcavity+ 3/16%

Note that the area used in Eq. (5) is the exposed area of the heat transfer tubing inside the
receiver.

Stine and McDonald (1988) fimnd that for the cavity receiver described in this

thesis, natural convective heat loss is better predicted it' the constant in Eq. (4) is 0.78,

instead of 0.52, and if the full interior gex_metric surface area of the cavity is used (i.e., the

interior area cawered with heat transfer tubing should be consider_ planar). The resultant

equation is referred to in this report as the modified Koenig and Marvin correlation:

NOL = 0.78 P(0) IcTM (Grl. Pr)o,25 (6) .

Siebers and Kraabel (1984) reported the following correlation fi_r predicting

turbulent natural convection from central receiver cubical cavities, over the range of 10s s;

Grl. s 1012:

NUI.= 0.088 Gr]/_ (Tw)°18% (7)



where L = heigiit of the interiorof the cavity

To = ambient temperature,K or °R

Tw= average internalwall temperature, K or °R

This correlation was derived based on the results of a large 2.2-m cubical cavity experiment

performed by Kraabel (1983), and experiments of 0.2-m and 0.6-m cubical cavities

performed by LeQuere, Penot, and Mirenayat (1981). "iI_account for the eftizcts of

" receiver tilt angle and the addition of "lips" at both the top and the bottom of the receiver

aperture, a method using receiver area ratios is also described by Siebers and Kraabel

(1984). In Eq. (7), all fluid properties are evaluated at ambient temperature, and the area to

be used for heat transfer calculations is the full interior geometric surface area of the

receiver.

Stine and McDonald (1989) pert_rmed natural convective heat loss experiments on

the cavity receiver described in this report. Their cxperimenL,_included the effects of

different receiver temperatures, tilt angles, and aperture sizes. Using the Siebcrs and

Kraabel correlation [Eq. (7)] as a basis, the cft'ccts c)f different receiver temperatures,

orientations, and aperture sizes were included to obtain the following equation:

NUt.= 0.088 Or_/3 [Twl°''a (cos }12'47 d s
" [To! (L) (8)

where s -- 1.12- 0.982 (d/L)

d .--aperture diameter

L = receiver internal diameter at cylindrical region

• 0 = receiver tilt angle

• In this report, this correlation is referred to as the Stine-McDonald correlation. The heat

transl'er area to be used with Eq. (8) depends on whether solar insolation is present. For

off-sun testing, only the portion of the receiver interior geometric surlacc area covered with

heat transfer tubing should be used. For on-sun situations, the entire receiver interior

geometric surface area should be used.



It is worth noting that in all of the equations above which account for varying

receivertiltangle,naturalconvectiveheatloss fromthereceiverispredictedto be maximum

with the aperturefacinghorizontally(0° tiltanglc)andzero with the apcrturefacingdown
(90° tiltangle).

5.2 Forced Convection Correlations

No correlationsareavailable for predicting forced or mixedconvection fromcavity

receivers. Few experimental investigations have been performed in this area, with the

resultsbeingsomewhat contradictory.
o

Clausing (1981) performed simplified numerical experiments which calculated

convective heat losses in a largecentral cavity receiverbased on an energy balance of: (1)

the energytransferredfromthe hot receiverinteriorwalls to the air insidethe cavity and (2)

the energytransferacrossthe apertureby thecombined influencesof flow over theaperture

due to wind and the buoyancy.induced flow due to the cold externalair. The results of this
numericalworkshow that the influenceof wind at 18 mph or less is minimal. This finding

is in agreement with the experimental results of McMordie(1984) who examined wind

effects on convection fromcentralcavity receivers. McMordiefound that forwinds of 3 to

15 mph, wind-speed and wind-directioneffects were indistinguishable.

On the other hand, Kugath et al. (1979) measured the effects of a 10-mph windon

convective heat loss from a cavity receiver from the Shanandoah project (similar to the

receiver described in this report) and found convective heat loss to be highly dependent

upon receiver orientation. The highest convective heat loss was observed with the wind

blowing directly into the cavity, being as much as four times the level of natural

convection. They also found that for wind blowing from directly behind the receiver, total

convective heat losswas not much higher than pure natural convection.

An experimental investigation conducted by Faust et al. (1981)showed that a

noticeable increase in receiver convection occurred with a wind speed of only 2 mph. In

Faust's experiment, it was observed that winds parallel to the aperture plane result in the

highest convective heat loss. It wasexplained that with wind blowing in this direction, the

aperture lies in the separation region and issubjected to the suction pressureof theair flow.

10



On the other hand, winds perpendicular to the aperture plane were fi_und to reduce

convective heat loss because flow stagnation suppc_sedly decreases the pressure gradient

responsible for naturalconvection.

From the studies referred to above, it is apparent that no conclusions can be made

regarding fi_r¢cd or mixed convection from cavity receivers. Wind seems to have

noticeable effects in small cavity receivers for parabolic-dish solar collectors, but little el'l_.'t

in largercavity receivers for central r_eiver systems,
4

In the absence of a reliable correlatitm to predict fl_rcedconvection from cavity

• receivers, Siebers and Kraabel (!984) suggest that as a first approximation, fi_rced

convection from a flat plate the size of the aperture and at the receiver average temperature

be uscu.l. They also recommend that pure forced and natural convection from a cavity

receiver be simply added together to obtain the total convective heat loss. However, this

recommendation is based on engineering judgement since there is nt_directly applicable

information on the subject of mixed convection from cavities.

6.0 Analysis of Direct Measurements of Convection

This section discusses the experimental results from both the first and second test

series; however, because the majority of the results presented here were obtained from the

first test series, the discussions will locus on those results. In the remainder of this thesis,

all discussions refer to the first test series unless otherwise noted.

The detailed experimental results and data reduction for all of the tests from both

test series are given in spreadsheets in Appendix B, Raw experimental data, intermediate

. calculated values, and final heat loss results are included in these spreadsheets. A more

concise summary of receiver heat losses, due to convection, conduction and radiation, is

• given in Appendix C.

6.1 Convective Heat Loss Without Wind

Figure 3 presents receiver heat loss as a function of tilt angle for all six of the no-

wind test sere, The results are given lbr a nominal receiver temperature of 530°E Natural

11
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convectiveheatlossfromthereceiveristhehigherwiththereceiverfacinghorizontally(0°

receivcr tilt angle) andthe lowestwith the receiverfacingstraightdown(90° receivertilt

angle). Withthereceiverracingilorizontally,naturalconvectiveheat lossisapproximately

2 kW. With thereceiverracingstraightdown,naturalconvectiveheat loss is presumedto

bc zero. FromexaminingFigure3, it can h,-seenthat thescattero1'convectiveheat loss

dataateachreceivertilt angleis reasonablysmall(about5-10 percentstandarddeviation),

whichsu_csts thattheseexperimentalresultsarcquitercpcatahle.

Thesenaturalconvectiveheat lossresultsarequalitativciyin agreementwith the

, experimentalfindingsofStineandMcDonald (I9_18and 19{,19),Kugath(1979),K¢_nig

andMarvin(1981),andSiehcrsand Kraahcl(19H4).The decreasednaturalconvective

heatlossasther_eiveristilteddownwardisduetoalargerportion()fthercceivcrw)lumc

Icingintheso-call'_stagnantzone,whereconvectivecurrentsarcvirtuallynon.existent

andair temperatureis high,anda smaller I_)rlionbeing in theso.calledconvectivczone,

wheresignificantair currentsexist. This convectivebehavioris illustratedin Figure 4. it

hashcenobservedhy Sichcrsand Kraaicl (19H4)and Clausing(19{_1)that the interior

wdumeabovethehorizontalplanepa_singthroughtheuppermostportionoi' theapertureis

relativelystagnantandhigh.temperatureair.

The presumptionthatnaturalconvectiveheat lossis zerowith the rcccivcrfacing

straightdown was necessaryin order to sepuratcheat losscoml_)ncnL,_in data reduction

andissupport_Jby observationsmadeinthcpastby StincandMcDonald( !91,t8and 1999)

andKugath(1979). Recentflow visualizationexpcrimcntsat this facility, usingsmokc,

havealsoconfirmedthe lack of convectiveflow enteringor leavingthe cavity whcn it is

tiltedfacingdown. The lackof naturalconv_tion with thereceiveraperturefacingdown is

reasonableconsideringthattheentirer_eivcr internalvolumeis in theso-calledstagnant
II

zone.

t

Figurc 5 comparesthe expcrimentalresults from the six no-wind tcst .cts t()

predictionsobtainedusing thc Stinc-McDonaldcorrelation[Eq. (8)l and thc modified

K(_nig-Marvin correlatk)n [Eq. (6)]. The Stinc.McDonald correlation matches the

experimentaldatavery we!l, hut the modifiedKocnig-Marvincorrelationis asmuch as20

percentlow. It isemphasizedthatgreatcareshouldhe takento ensurethat thecorrectarc==

is usedwith theseheattransfercorrelations.Thecorrectureafor Eq. (6) is the full interior
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get,metric surface area of the receiver, whereas that for Eq. (8) is only the interior area

covered with heat transfer tubing (for off-sun testin._,,),

Figure 6 shows the average conductic)n, radiation, and convc_ztion heat losses for

the six no.wind test sets. While convective heat loss varies as a function o1' receiver tilt

angle, conduction and radiation heat losses are assumed t() be independent of tilt angle and

are 0.60 kW and 0.62 kW, respectively. Figure 7 shows the _rcentage of the total

receiver heat loss attributed t() the different heat loss modes. At O* receiver tilt angle,

natural ct)nvectitm represents about 63 percent c)f the total receiver heat loss, However, at

90 ° tilt angle, natural convection is negligible, and conduction and radiation heat loss

perc_ntagt_ are atxmt 50 percent each.

6.2 Convective Heat Lares With Wind

Cxmvective heat It_ssresults from the first test series E)rside-on and head.on winds

of 6, 8 and 20 mph (2.7, 3.6, and 8.9 m/s) are shown in Figures 8 and 9, respectively.

The average of the six nt_.wind test se_ is also shown in each of these figures for

reference. For 6. and 8.mph wind speeds, increases in convective heat loss due to wind

are truly moderate. The maximum conv_tive heat loss for an 8-mph side-on wind is about

35 percent higher than the maximum natural convective heat It)ss from the receiver. The

corrt_pt)nding increase h_r an 8-mph head-on wind is less than 10 percent. However,

wind effects at 20 mph are significant, with convective heat loss being as high as 2-3 times

the maximum level of natural convection from the receiver.

These ex_rimental resulL,_are in sharp contrast to the findings of McMordie (1984)

that wind eff_ts on conv_tive heat I(_ssfrom a cavity receiver are minimal compared to

natural convection, A plausible explanation for this discrepancy is that the maximum

Re2/Gr ratio is about 14 ft_r the test.,; described here, compared to Re2/Gr, l h)r
It

McMordie's experiments. It is reastmable that h_reed convection effecL,_are large in these

tests because Re2/Gr is sc_large. Nevertheless, Re2/Gr-I for McMordie's experiments is

large enough that forced convection sht_uld be comparable to natural convection.

By examining Figures 8 and 9, it is evident that the convective behavior of the

receiver is quite different for the different wind directic_ns tested. For side-on winds,
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Figure 8. Convective heat loss from receiver at 530°F for
side.on winds of various speeds.
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Figure 9. Convective heat loss fr_)m receiver at 530°F fl)r
head.on winds of various speeds.
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higher wind speedsresultin increasesin convectiveheat loss, above naturalconvection,
_, t t Swhich are invariantwith tilt angle. In addition,for all of the wind speed, examined,the

highest_mvectiveheatlossfor side-onwind occurswith the receiverfacing horizontally,

and the lowestoccurswith the receiverfacingdown. E_r head-on winds, however, the

amountof increasein convective heat loss variesas a function of receiver tilt angle.

Increasesin convectiveheat loss due to wind are minimal with the receiver facing

horizontally;however,with the receiverfacing down, convective heat loss increasesare

large.
t

. Figures10and11presenttheconvectiveheatlossresultsasa functionwind speed,

for side-onand head-onwinds, respectively. Camvectiveheat loss versus wind speed

appearsto bewell behavedfor side.onwinds,but ismoreerratic for head-onwinds. In an

attempt to obtain a better understanding of the effects of wind, naturalconvective heat loss

was subtracted from the total convective heat loss at each condition ( see Figures 12 and

15). The resultant curves, discussed in detail below, represent the increase in convective

hcat lossdueto thepresenceof wind, It is believedthat with the datapresentedin this

fashion,insightintothe forcedconvectionproblemmay be moreeasilyobtained.

6.2.1 Analysis of Forced Convection Due to Side.On Wind

Generallyspeaking,naturalconvectivecurrents flow inside the receiver from

bottomto top, in a vertical plane. For side-onwinds, forced convectivecurrentsarc

generallyinadirectionnormaltotheplaneof naturalconvectivecurrent,;. Becauseof this

orthogonalrelationshipbetweennaturalandforcedconvectivecurrents,it is reasonableto

hypothesizethatforcedconvectionfrom thereceiveris independentof naturalconvection.

In addition,pure forced convectionshould not changeat all as the receiver tilt angleIt

changes. Indeed,in theabsenceof gravity,side-onwindconvectiveheat losswould bethe

, same for any receiver tilt angle. The result of this hypothesis is that natural and forced

convection should be additive for side-on wind:

qconv overall = qnatural + qforced (9)

or
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boy©rail= hnatural+ hr,,_rced (10)

In addition, the forced convection componentshould be a function of wind speedonly.

Equations(9) and(10) are in agreementwith the recommendatitmgiven by Siebersand

Kraabel(1(_84)I'()rpredictingmixedconvectionfromcavity r_civers.

Figure 12 shows the increasein measuredconvectiveheat loss from the receiver

due to side-onwind. These experimentalresultsconfirm that the increasein convective

heat lossdueto side-onwind follows thesame trendregardlesso1'receivertilt angle, R)r a .,

20-mphside-onwind,theconvectiveheatlossincreasesfor thediflbrentreceivertilt angles

vary by only about3.percentstandarddeviation, Indeed, it appearsthat the increasein

convectiveheatlossdueto side.onwindis a functionof wind speedonly, andthat natural

and forcedconvectionareadditiveaccordingto Equations(0) and(1()) above.

A curve fit o1'the datashown in Figure 12 gives the pure forced convectionheat

transfercoefficient asa functionof windspeedfor side-onwind:

hr._,j = O,1967 VIH4,_ (I I)

where hfurccd = forced convection heat transfer cocl'ficicnt, W/(m2.K)

V = side-on wind velocity, m/s

This equation is based on the lull interior gta)metric surface area of the receiver, which is

1.472 mL Cx)mparison of this curve-fit t() the experimental data from all of the side-on

wind tests is shown in Figure 13. It can be seen that the experimental data are represent_

very well by this single curve-fit.
li

It is interesting to note that the exponent ot'1.849 in the velocity term of Eq. (11) is

much larger than that usually associated with convective heat transfer. For example, for

_urbuicnt heat transfer from a t]at plate, the Nusselt number relatitmship is

Nut,= hkL=0.037 Rel_'8 Orx/_
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with thehL'llttrlln._l_rco,-fl'ieienli_in B pmp_)rti_m_lltL_veh_eityrinsedt(_ the O,Ml)(_wer.

TheCXl_menl()I' I.H4g in Eq. (II) is el.ser l(_th_,tn(_rntiillyllss¢1(/hltedwith Nhe.rslres.'_,

R)r example, l'()rturbulent l'h)w(wer, Rut phlte, ,_heilrl'_r_:eis Pr.l)(_rli(_m|!t_ vel()_.ity

raisedt(_the i,14l'X)wer,The l_letthltt the heilt lrmlsierct)cl'l'i¢iL,nt ill I_I, ( I I) v_riL:s_lh_ut

theslime as F_r_he_irl_)rcesugge,_t.,_thaltthe determining i_..:t_rl_)rhe81tlr_insl_:r[r(_mthe

cavity rally_ theability td"wind to trHn_ler m_s_andenergy _..,r_ssthe _q_'rturevi. fluid

_hear,nt)tthenhility t)Fthe r_.'ceivcrw_111_to lr_n._l_renergy tt_ the _,ir in,_idethL'cavity.

Thi,_arBumentis¢o|'ISi.,_tuntwith theirBivenby Cluusing(I_I),

A.,_previt_u_lymentit)ned,Sie_rs and Kr_.lh,:l (I uS4) re_:.mmendedlh_|l in the

. ah,,_enee_t'a rcliahlec()rrch_titmI'_r prcdk'tingF_)reede_mvectiw.'he_lth_ssI'rt_m_ ¢_|vity

receiver,thehe_ti_ss From_ I1_lplatethesi_e_1'the receiver_|perlure_md_t the receiver

averagetcmFenlturchc t_cd, R)ll(_wingthis r¢c_)mmcnd_li_n,F.q. (12) w_ls u_ed t(_

pr_icl receivert'()rcec(mwcti_)n, The reNu!t_|nth_.'uth_sscurve is Nh_wnin Figure 1.t,

N{,)teth_|t|_1, (12) matche_the exwrimentul d_lt__|dequ_lt_.,lyI_r I_w wind sl_eed_,hal

gm_,_lyundcrpredictsc()r,veetiv_heatI_._sat wind,_|)e_.'d,,,_lh_veI() ml)h, It is_hvi_ustheft

thecurve()f F,q,(12) i_n_t representative()t'thecxperiment_ld:lt_,mid th_tttheeurve.l'il_1'

Eq,( I l) is_ I'_:tturm_tch.

A.,__ _id_.'-n()te(_ne()nvcetivehe,it l()ss due t() Nide._nwind, let us ex_iminethe.'

pcrcent_ige()I'_()t_lreceiverhe,itl()ss_tlrihut_dt() conveeli(m,¢(_nduc'li_)n,_mdr_idi_ti_)n,l_r

a 2().mphsid¢..(mwind. "T'he.Nedllli, arcsh(_wnin Figure 14. !{ c==nhe s_,cnlhtli liar_12().

mphside-()nwind.¢¢)nvcctivehc=_tlossiN()vcr'7._percent¢)1'the t(_t_,lre¢_:ivcrhe==t!,)NsI'_r

all r_civcr lilt ang!cs.This is insharp¢()ntrastt() then().windc()nditi(,_(Figure 7) where

naturalconvccti()na_()unL,_l'()r63 percent()f the tt)tal receiverhe=itI()ss=11()° tilt _=ngleand

isnegligibleat _()° tilt angle,

4

6.2.2 Annly_Is or Forced Convection Due to liead.On Wind
41

('_)mparist)n()!' Figures _ and _ sh(_ws theft rcc_:iver c()nvective he_t l()ss

charactcristic.Nare very diflbrcnt l'(_rhcud-()n_mdsidc-t)nwinds, F(v side-t)l')winds, the

heat losscurvesas a l'uneti()nreceiver tilt angle are sh_p_.'dthe.'s_imercg_rdlcss()I' wind

sl_..'cd.However. l'()rhe_d-()nwinds,thehe,it h)ss_.'urvcsversusrc¢_.:iv_'rtilt _ngh:d(_n()t
all f()li()wthesametrend.
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Figure 1_ ,ht_wn the incrc.._ in conv_tivc heat h). due t_) head-on wind,

Dtffcr©ntreceivertilt anlil,_ r_ult indifferentcurv_ as, functi(m()rwindspeed, With the

a_rlure faclnli d()wn (_)o tilt antic), the incrcncd c_)nvcctivcheat h_ duc tc_wind

increa_s rapidly with wind nl_._d, At receivertilt an_lcn_)r ._()oand N)°, increased

conv_tivc heat i(m duet() wind arcsimilart('Jeach(_thcr, AI a receivertilt anl_lcc)l"()o,

increasedc()nv_:tiveheatIoM ducm windinverysmall,cvcnI'()rhitih.._d wind. Thc_:

rc#ult,sh(_wthat, in ljeneral,windclTccmdtmini._hasthe receiverintiltedupwardI'rom_)o

" tilt ani_lct_)0° tiltaflBIc.

_a_ the cemv_tivu heat I(_ r_ults from thc_ hcad.(m wind tcnh*_l_=havc

much differently than th_._ f()r side.on winds°a nccs_nd_m,ll test scricKc()nsistinl__f
_veral additionalhead..s)nwind t_ts wan c()nductcdtt_cs_nrirmthe rcsult.,_and alst) t¢_

providea betterunder_tandinl_()f the phen_)mena,in th_,_cadditi_naltests,the primary

¢_hj_tivcwas t_)validatetheconv_tivc heath_ trends, b_)thvcr_u_ wind spucd and

receivertilt anlile. 11)verifythe dc_ndcncc ()rc(_nvcctivcheall(_s Ul_mwind_pecd,test_

were c(_nduct_Jat windSl_udn_f I._ and24 mph,whichwcrc wind ._l_cdnn_)tprcvis_u._ly

examin_J. 11,verify thedcl_ndcncc()f c(mv_tive heat I_,_ ui_n receivertilt anl_Ic,the

24-mphtestswcrc c¢)nductcdf(+rreceivertilt ,nilles rr_m()0t_,g()°at I._" incrcmcnt,_,

instead¢)rthe .t0° increment.',prcvi(_uslyexamined, Addilitmaltestswcrc als¢)ct)nductcd

with a 24.mph wind usinl_a 6.inch awrturc, inntcad(_1'the netminaiI_.inch al_rturc, in

¢)rdcrt(_determineif thesametrcndnt_cur i'¢)radirrcrcntap.'rturcst=c,

The r,_ultsfromth_ thr_ additk)naltest_ts arcsh¢)wnin Fiilurc 16, al(_n_with
the r=ulL,_ from head-onwind t_ from the t'ir_t test _ri'_. The r_u!ts l'mm the

additi()nalte._l.,_arc sh¢)wnasboldlin_ whereasthe¢)ritlinalhcad-()ntent rcsulL,_arcNh(_wn

asplain lin_. By examiningthi_ riiiurc, it can h¢_ccn tha!the rc;._u]t_I'r()mtheaddili()nal

tcsL,_l'(_!lt)wthesametrendsa.,,the¢)ril_inaltentdata, Thecurvaturt's(_fall()f thecurv_ arc
41

he@tireat_0° r_ivcr tiltantic and[x)_itivcat600tiltani]lc, ']'hetrendin h_,_ts_n in the

24.mph, I_.inch.apcrturccurve,wheredataareplt)ttedat 1._oincrements,The c()nsistcncy

of theseadditi¢)naldata to the ()ri_inaldata sul_lcnt.,_that the measuredc(mvcctivcheat

h)ss_ f()r head-onwindsarc rcprc.,cntativc¢)rthe physicalphcn(mzcnaandarc n()t I_r¢)_

cxpcrimcntalerror,
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For head-on winds, it is a more difficult problem to separate natural and forced

convection components. The natural and forced components are aiding since the total

convective heat loss is greater than natural convection alone, but the forced and natural

components are probably not additive. However, a correlation of the form

_loverall = hnalural + hforocd (13)

is a convenient form for a design correlation, especially considering the modest level of

understanding that currently exists. With the assumption that natural and forced

components are additive, a curve-fit of the increased convective heat loss due to head-on
wind is

hforced= f(01) V 1.401 (14) :

where

/(0) = 0.1634 + 0.7498 sin 0 - 0.5026 sin 20 + 0.3278 sin 30

hforced = forced convection heat transfer c_)efficient, W/(mZ.K)

V = head-on wind velocity, m/s

0 = receiver tilt angle

Comparison of this correlation to the experimental data is given in Figures 17 and 18. The

agreement between the predicted and experimental values is considered fair. This equation

and Eq. (11) for side-on wind represent a relatively accurate correlation of wind effects on

convective heat loss from the cavity receiver tested. They are not intended to be general

equations for predicting convective heat loss from all cavity receivers since they are based

on a limited number of data points. When more heat loss data become available, the

correlations can be revised for broader application.
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7.0 Analysis of Measured Air Teml_ratures and Average Internal tleat
Transfer Coefficients

7.1 Measured Air 'l_mperatures Inside Receiver

During each of the tests Imm the first test series, teml}erature measurements were

made at various Iocaticms _n the receiver in h(_pe that they would provide useful

infi_rmati()nfor the intcrpretati()n()t'c(mveetivc heal h)ss results. The h_cati(msat which the

temperature measurements were made are sh(_wn in Figure 19. A total _)1' 26

. thermocouples were used, m(_stof which were I()cated in representative forward and aft

planes in the receiver. Twelve thermoeouples were I_eated in each plane, with three each

being located at clock angles t_l' 12, 3, 6, and 9. At each eh_ek-angle h_eatitm, three

thermoeouples were installed: one on the receiver tinter surl'aee, tree c_n the heat transfer

tubing facing the interit_rof the cavity, and one in the cavity airspace I in. (2,5 era) l'mm

the heat transfer tuhing. Two thermoe_mples were I_)catedat the receiver aft end.

Measured receiver temperatures t'mm all o1"the tests are tabulated in Appendi,_ I).

Of particular interest are the air temperature measurements Ix'cause they give special in,,lgl_,

into some ¢_t"the lluid and ctmvective heat transp¢_rtphem_mena ¢_ecurring for the dilTerent

test eonditiems. The next several sectiems will discuss in detail these air temperalure

measurements. In all of" the air temperature ph_ts presented beh_w, a vertical e¢_¢_rdinate

system is use_J as the independent variable because it was deemed me,st appr¢_priate

c,x)nsideringthe fact that without wind, natural convective elTccts result in temperature

gradients in this direction. A vertical location of zero ec_rrespondsm the,h¢)rizontalplane

passingthrough the top of the receiveraperture. This cc_ordinatesystem is illustrated in

Figure 20.

. 7.1.1 No.Wind Tests

Figures 21 through 24 show measured receiver air temperature versus vertical

location within the receiver l'_)rall of the n¢_-windtests. The dependency ¢)1"air temperature

to vertical location inside the receiver, and the existence o1' a stagnant zone within the

receiver, are clearly shown. With the receiver facing h_riz(mtally (()° tilt angle), air

temperatures are (rely about 175°F at the bottom of the receiver, due m natural c(mvective

35



36



37



('U!) J,_^!_,_l _ttl U!Ut)!lt:,_()']II:_!IJ,_A

38



('u!) a,_^!,_,_O_l,_qlu! uo!l_,_ol le,_!U_A

39



40



4{



currentssupplying c_x_loutsideair into the cavity, A,,_the air is heat_, it ri_es and
_uomu_ h(_ttcra_itabsorh_moreheat from the h_l receiverinternalsurface. Above the

topof the81_rtur_.plane(ab_wcy=O),th_air isthehottest_¢au,_c it isstai_nanlsince it has

nowheretou,_citi_(i.c., it i._in the_tagnantlone).

AI 30_'till angle, the temp,:ratureditTercncc_twecn the h_llom and t,)p of the

receiveris largerthan at ()*'tilt angle _cau_ the tcmt)eraturesin thestagnant zone are

higher. 1'hetcm!x:raturesarcIcesthan20()°Fat the I_ttom of the receiver,hut arcgreater

than5(IO°Fat the lop, The higher tcm_ratures in the topr_rtion o1'the receiveris m¢_t

likelyducto theFactthtltat thisreceiverlilt angle,thestagnantzone is largerthanatO° tilt

angle, The largerstagnantloneis _lievcd to r_ult in les_mixinghelwecnthe relatively

c,_lcr air in theconvcclivezc_ncandthehotterair insidethestagnant_onc,thusresultingin

a higher.temperaturestagnantzone.

Ai _! ° tilt angle,the presenceoi' the _tagn.nlzone i._verynoticcahle. Five inch_

b,clowthe planepa_:._ingthroughthe lop oi' the a_rturc, air lemperalurc.,_arc Ics_ than

3(IO"E However,at all or theverticalI,_ali,msal_wc the a_rturc plane,temperaturesarc

generallyabove5(_)"E This highlighl_theverystrongverticaltemperaturegradientsin the

vicinity o1'thea_rture plane,On theotherhand,it showsthatthe teml_raturcsin thehulk

of the_tagnant/,onearc.,essentiallycon.,_tant,

At _)" tilt angle, temperatureseverywhere in the receiver arc 5(X)"F or al'_we,

_cau_c theentirecavity is in the so-calledstagnant/.one, Similar t(_the rc_ulL,_at 60° tilt

angle, air tem_ralurcs within the stagn_mtzone arcessentially conslant, Although no

measurement._wcrcn|adcneartheap=-rtureplane,it isreas¢)nahlct¢_expectthutvery large

vcrtic_l teml_raturegradientswouldexist there.
ii

7.1,2 Stde-on Wind Tests
ii

Measured,Jr tempcralurc_I'¢_rthe _idc.on wind te_ts arc ,_hownin Figurc_ 25

through2!_, Thesetemperaturesarc quitediftcrcnt Ihan thoseI'(_rthe n(_-windcondition,

At_ reviver tiltangleo1'O°, theverticaltemperaturew=riationcausedhynaturalconvective

ctTcctsis all hut elimin,tcd hy the presenceof sidc.¢_nwind, The cfl_cct_ot' wind arc

greatest Forhigher wind speeds,hut =irestill significant at =ill wind speeds, For this

,,)4.
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receiver tilt angle, it seems that the presence of side-on wind results in lower air

temperatures at vertical locations the same as the aperture. This suggests that side-on wind

causes forced convective currents in the mid-section of the receiver. It is interesting to note

that although the temperatures in the receiver mid-section are lower than those occurring

without wind, the temperatures in the top and bottom portions of the receiver arc generally

higher for side-on winds than for no wind at all. This is thought to be a result of forced

convective currents within the receiver mid-section actually impeding the natural convective

currents normally present in the lower and top portions of the receiveL
ii,

. At 30° tilt angle, the effects o1"wind are noticeable, hut are harder to interpret duc to

the more complicated receiver-orientation/wind-directicm geometric relationship, l_wer

temperatures in the receiver vertical mid-section can bc seen, but are not as distinct as those

occurring for 0° tilt angle. For lower wind speeds, the air temperatures arc not too far from

those occurring without wind. Vertical temperature gradients can be seen and it appears

that stagnant zones are being Jbrmed near the top of the receiver. Hc)wever, for 2()-mph

wind, air temperatures virtually everywhere in the receiver arc much lower than those

occurring without wind.

At 60 ° tilt angle, the extent to which the air temperatures are lower than those

without wind is dependent upon wind speed. For a 6-mph wind, temperatures in the top

10 inches of the receiver arc 480-530°E indicating that the air in that region is stagnant. At

the same time, air temperatures nearer to the aperture plane arc much lower, indicating that

forced convective currents are present. For a 20-mph wind, forced ccmvcctive currents are

present everywhere in the cavity, as is evident by the low air temperatures and the lack of

any distinct vertical temperature gradients.

,o

At 90° tilt angle, the effects of wind are obvious. At wind speeds of 6 and 8 mph,

, wind effects are only seen near the aperture. Air temperatures slightly above the aperture

plane are about 100°F less than the temperatures in the stagnant zone. However, iora 20-

mph wind, air temperatures are low everywhere in the receiver, which indicates that higher-

speed wind induces strong air circulation everywhere in the receiver.
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7.1.3 Head-on Wind Tests

Measured air temperatures t'rom the head-on wind tests are shown in Figures 29

through 32. For a receiver tilt angle of 90°, air temperatures are fairly similar to those for

side-on winds. This is reasonable considering that head-on and side-on winds are

essentially the same tk_rthis receiver tilt angle. The only significant difference in the air

temperatures for the two wind directicms is that it appears as though low-speed head-on

wind has a larger effect in reducing air tcmperatures near the aperture plane. This effect
l

may be caused by the fact thal the receiver mount acts as a flow obstruction for side-on

wind, but not for head-on wind.

For receiver tilt angles of 30° and 60°, the effects of wind are again dependent upon

wind speed. It can be seen that the effects of low-speed winds arc only moderate, with

vertical temperature gradients still apparent. For a wind speed of 20 mph, however, air

temperatures arc much lower than those occurring without wind, and no distinct

temperature gradient can be seen.

For a receiver tilt angle of 0°, the air temperatures arc very similar to those occurring

without wind. This is probably due to the fact that wind blowing directly into the aperture

of the receiver, although creating a high pressure region near the aperture, does not create

any asymmetrical flow which seems to be the most efficient for transporting air into and out

of the receiver. In addition, this type of head-on flow does not appear to induce significant

air currents inside the cavity. These reasons are a likely explanation for why head-on wind

convective heat loss at 0° tilt angle is not much higher than that occurring without wind.

7.2 Average Air Temperatures and Internal Heat Transfer Coefficients

']2)gain additional insight into receiver fl_rced convection, it is useful to examine

average air temperatures within the cavity and to calculate an average internal heat transfer

coefficient for each of the tests. These average internal heat transfer coefficients are based

on the difference between the receiver inner wall temperature and the average air

temperature inside the rzceiver. As such, they are only tbr the purpose of analyzing the

convective heat loss phenomena and should not to bc used for design purposes. The

averagc air temperature is a straight numerical average of all temperature measurements in
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the receiver cavity airspace. It is neither an area-average nt_r a vt_lume-avcrage because the

area or volume assoeialed with a particular thernlt,et,uple measuremenl is undefined,

However, the calculated average lemperalure is et_nsidered represenialive since the

thermt_eouplesarespacedt'airly evenly,

Theaverageinternal heal transt'erct_elTieienlis bastxlt_nthe receiverconvectiveheal

loss and the difference belween the average inner-wall temperature and average air

temperature inside the cavity'.

qtJOI1V

h_,vginlcrn_,i= A ('l_,v_i_ " 'l_,v_,,ir) (15)
where

ha w internal = average internalheattransferet_cMeieni

q_.,onv= receiver convective heat loss rate

A = lull interior geometric surface area of receiver

'lavg i.s,= average Inner-surlacc temperature t'ronl measurements

Taw8 air = average cavity air temperature from measurements

In a broad sense, the average air temperature inside the cavity is an indication of"

how well fresh air is replenished inside the receiver. The average internal heat transfer

coefficient is an indieation of how well heat is transferred I'r_,mthe receiver inner surfaces

to the air inside the receiver, i.e., the exlcnl t_l'air circulali_n inside lhe receiver.

7.2.1 No.Wind Tests

Figure 33 shows the average air temperature inside the receiver plotted against

receiver tilt angle for all six of the no.wind test sets. The temperatures from the six sets
m

agree very well with one another, indicating that the repeatahility of the no-wind tests is

. good, As the receiver is tilted downward (as tilt angle increases), the average air

temperature inside the receiver increases. This trend is consistent with the hypothesis that a

stagnant zone exists inside the receiver, incrt:asing in size as the receiver is tilted

downward, The increase in receiver average air temperalure ct_rrcsp_mds 1oa decrease in

the temperature dil't_rential between the receiver inner wall and the average air temperature,

i.e., the driving potential for convective heat transfer decreases.
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Figure34 shc)wsthe average internalhe,it transl'crcc_t'lTicientsi_)r tht' nc_-wind

te.,,iL_,Theheattranst'crc(wllicicnts are=q_im_xim_ztelyc(_nstafllliar=illreceivertilt angles,

exceptli)r a tilt angle()t'qiY',where n==turalc(_nvectivcheattransi'cris prt,._umahlyequal t(_

zcr(_, The high v_=lue()1"heat tr=msl'er¢¢_el'l'i¢ient==th()*' tilt angle liar (_nc(_1'the tONIsets

ap_ars t(_he an()mal(_us,due t(_ the t+actthat as ¢()nvcctivc ht,.+=lI(_ss==ndteml)er==ture

dil'l'creneehectu'nesmall, the qu(_ticnl t_l+ these values bet',_mcssensitive t(_ data

unccrtainti_'_.

The resultssh(_wnin Figures33 and 34 imply thai hetwcen ()" andh()° tilt ==nglc,
q,

natur_Jiec)nvectiveheat It_sstlecr¢=iscswith inereiisinglilt =inglehcc=lu_cthe stagn=|nlz(_ne

within the recveivcrhecc_meslarger==nilthe==vcragc=_irtemperatureinerc=tses,n¢_thL'_Ciltl_C()I"

adecreaseintheabilily_I'heatt(_be Iransfcrrcdl'r()mlhc receiverinnerwall i,_theair inside
thereceiver,

7.2.2 Side.on Wind Tests

Figure35 shc_wsthe averageair temperatureinside the receiverversusreceivertilt

angle Ibr sidc-(_nwinds, increasedwind speedgenerally resultsin decreasedaverageair

temperature. Ft_rwind speeds_t'('_ and 8 mph, the.dependency_1'air temperaturet_

receivertilt anglestill exists, ']'his indicatesthath_w.spcedwinds arc n¢_tstr¢_ngent_ugh1¢1

twere(_metheexistence¢_l'thestagnantz¢_ne_=ndvertical tcmper;=turegradients. Ih_wever,

with a 2()-mphwind,theaverageair tcmp¢:ratureisindcpendt'.nt¢_1'receivertilt _=nglc,which

indicates that a stagnant z(_nen¢_I(_ngcrexists.

Nt_Iethat the average air temperatures _t low wind speeds and at a receiver tilt angle

()1'0u are actually higher than that _ccurring witht_ut wind. This is ¢_nsistcnt with the

(_bscrvati(m made in the previ(_us sccti(m that at this receiver tilt angle, sidc-_n winds

actually impede air ¢irculati_m in the bott(_mand t_p p_rti_ms t_l' the receiver, thus resulting

in relatively high air temperatures at th_se I_cati_ms.

Figure 36 sh(_ws the average internal heat transfer c,_cl'l'ieients !'_rthe sitle-,m wind

tests. The heat transt'cr coelTicicnts increase as wind speed increases and =_sthe receiver is

tilted upward (t'mm 90 ° t¢_0°). The increascd heat transfer c¢_el'l'icicnt as wind speed
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increase,is a result of morevigorousair circulation within the receiveraNthe wind speed

increases.The increasedheattransfercoefficientasthe receiveristiltedupward iN

somewhatsurprisingsinceitwasshown previouslythattheaverageinternalhealtr,nsl_r

coefficientwithoutwindisessentiallyinvariantwithtiltangle,and becauseone would

exactforcedconvectionductoside.onwindtoalsohcinv,rianlwithtiltangle.

?.2.3 Head.on Wind _sts

. Figure37 showntheaverageairtemperaturesforallofthehead.onwind tests,

Similar to side.onwinds,higherwindspeedsresultin loweraverageair temperatures,For
• receivertilt anglesfrom0° to60°, theaverageairtemperatureincrc..,¢sfor all wind speeds,

becauseofstagnantzoneeffects.However,goingfrom600to9()°tiltangle,theaverageair

temperatureinsidether_eiver decrease,,=,This showsthat wind blowing parallel to the

apertureplaneis relativelyeffectiveinreplenishingtheairinsidethereceiver.

Theaverageinternalheattransfercemfficientsfor thehead-onwind testsareshown

in Figure 38. Heat transfer c(_:fficients increase slightly aNthe receiver is tilted upward

from90"to300tiltangle.However,as thereceiverapproaches0°tiltangle(windblowing

directlyintother_iver),theheattransfercoefficientsdecrease,es_ciallyat20.mphwin6

speed.Thisshows thatwindblowingdirectlyintothereceiveraperturedoesnotcausc

strongconvectivecurrenLswithin the r_eiver, which explainswhy convectiveheat lossis

solow for thisreceiver.tilt.anglewind.directioncomhinalion,

7.3 HYlx)theslzedFlow PatternsIn and Around the Receiver

The air temperature measurements and calculated internal heat transfercocfficicnls

. have provided insight into the physical nature of c(mvcctivc flow inside and ncar the

r_eiver.Basedon theseresultsand overallconvectiveheati¢_sscs,itispossihlcto

' hyl'x_thcsizcflowpatternsfearseveral,d'thedifl'crcnlwind condili¢_nsand receivertill

=ingles,

For the no-wind condition, the Ilow patterns I'()r the dilTcrcnl receiver lilt angles

[esledareshown in Figure ?,q, Thesc fh_w pallernsarc c_nsistcnlwith pasl experimental

findings t'_r natural c(mvcclion lr_ml cavity receivers. AI ()" tilt angle (rcceivcr facing
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horizontally), natural convective currents occupy most of the receiver, with air temperature

being lowest at the bottom and hotter as it rises and picks up heat. The hottest air is in the

stagnant zone above the top of the receiver aperture since the air there has nowhere to

escape. As the receiver is tilted downward, the stagnant zone becomes larger, which

results in an overall increase in receiver average air temperature, With the aperture facing

straight down, the entire cavity is a stagnant zone, resulting in the highest receiver average

air temperature. It is the increase in the size of the stagnant zone and the resultant increase

in average air temperature that causes natural convective heat loss to decrease as the receiver
is tilted downward,

Presence of wind significantly alters the flow patterns within the receiver.

Although many of the conditions tested result in very complex flow patterns, it is possible

to hypothesize flow patterns for several of the less complicated conditions. Figure 40

shows hypothesized flow patterns for several head-on and side-on wind conditions.

At a receiver tilt angle of 0°, a head-on wind does not alter internal air temperatures

very much from that resulting from natural convection. It seems that wind blowing directly

into the aperture does not induce significant air currents inside the receiver, nor does it

augment air flow into and out of the receiver through the aperture. /ks a result, convective

heat loss for this receiver.tilt-angle/wind-direction condition is relatively low.

Pbr a receiver tilted partially downward, but not straight down, the effects of head-

on wind appear to be dependent upon wind speed. Low.speed head-on wind appears to

result in air circulation mainly in the lower portion of the receiver, while higher-speed wind

results in air circulation throughout a larger portion of the receiver. This circulation within

the receiver is thought to be a result of a shear forces at the aperture duc to the tangentialo

component of wind velocity.

0,

At a receiver tilt angle of 90 °, head-on and side-on winds arc essentially the same.

The wind velocity is parallel to the receiver aperture. At low wind speeds, the effects of

wind are only felt in the lower portion of the receiver. Air temperatures in the lower

portion of the receiver are much lower than those occur, ing without wind. However,

temperatures in the top portion of the receiver are high, being about the same as thosc

occurring without wind; i.e., momentum transport due to low-speed wind is not strong
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enough to overcomebuoyancyforces.However, at high wind spt'cds, wind effects are fell

everywhere in the receiver. The effects of high-speed wind are so strong that vertical

temperature gradients due to buoyancy forces are completely eliminated.

For side.on wind at other than 90° tilt angle, receiver tlow patterns art: similar to

those shown for 90" tilt angle. However, the presence of additional natural convectivc

currents, oriented orthogonally to wind-induced currents, decreases the extent of the

stagnant zone and results in higher overall convective heat I{_ss.

8.0 Reliability of Test Results
g,

The reliability of the results from these tests is dependent uptm the accuracy of the

measurements taken during the test and the algorithms used in data reduction. Accurate

measurements of temperature difference between the heat-transfer-fluid inlet and outlet, and

of the heat.transfer-fluid flow rate, are important because overall receiver heat loss is

proportional to these quantities. With respect to the algorithms used in data reduction, each

additional step that is required to derive the final convective heat loss value induces more

uncertainty, This is because each component used in the data reduction algorithm has

associated uncertainties, and these uncertainties are propagated and magnified with each

additional mathematical step. The uncertainty in temperature measurements and an overall

uncertainty analysis are presented in the next two sections.

8.1 Uncertainty in Temperature Measurements

The accuracy of temperature-difference measurements is important since total

receiver heat loss is proportional to it. In the measurement of convection heat loss h_r these

tests, temperature difference was measured two different ways. First, two junctions of a

thermocouple were place at the receiver inlet and outlet to obtain a direct temperature-

difference measurement. Second, temperature difference was obtained indirectly by

measuring absolute temperatures at the receiver inlet and outlet, and then calculating the
difference.

Figure 41 shows the comparison of temperature dilTcrenccs measured directly and

indirectly, tor all of the testy conducted. It can be sccn that these two methods for
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measuring temperature difference agree t¢_within ±1.4°E excerpt t¢_rtw¢_data points. This

comparison indicates that the tw¢_methods agree well with one an¢_ther;ht_wever, it dt)cs

not say anything about thermoct_tJple accuracy. Nevertheless, in data reduction, a

temperature-difference uncertainty ot'±l,4°F was used because it was tL'lt that the direct

temperature.difference measurements were at least gt_od t¢_within thi_,_value. This is

thought to he acceptable since each junction ¢_l'a thern]ocouple for a direct temperature-
dif' ........ 's'"ferencc measurement shouldhave essentially the same ch,,ractcr{.tlcs, thereby

minimizing temperature-difference uncertainties. The assumed teml_erature-dit'l'erence

" uncertainty of ±I.4°F corresponds to absolute temperature uncertainty in each of the

thermocouple junctions of ±I°E

For situations where absolute temperature measurements were required, an

uncertainty of ±2°F was used, However, this level t_t'uncertainty has very little effect on

the overall uncertainty of the test results because the only parameters that depend on

absolute temperature are heat.transfer-fluid thermal properties and thermocouple

characteristics (e.g., Seeheck coefficient), and these parameters are only weak functions of

temperature. (The thermal properties of Syltherm® 800 heat transtcr fluid are given in

Appendix A, and the thermoelectric characteristics of type-K thermoctmples are given in

Appendix E.)

8.2 Overall Uncertainty Analysis

A complete uncertainty analysis was perft_rmed so that the confidence level of these

experimental data could he assessed. The analysis takes into account uncertainties in

measured temperatures, heat-transfer-fluid |low rate, and rnatcrial thermal properties. It

also accounts for the propagation of uncertainty resulting from data n_anipulatitmduring the

separation of conduction, radiation, and convection heat loss ¢¢_mp¢mcnts. The individual

parameter uncertainties used to perform the analysis arc given bcl¢_w. The details of the

uncertainty analysis procedure are given in Appendix I. lat_ulatcd uncertainty analysis

results are given in Appendix C, and error bars for receiver convective heat I¢_ssesare also

shown in Figures 8 and 9.
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Direct Measurement of _:!,4°F
Temperature Difference

Absolute 'lizmperature ±2°F

Heat.Transfer-Fluid ±0.5% {ff nleter reading
Flow Rate

Heat.Transfer.Fluid ± 1% of value
Specific Heat

Heat.Transfer.Fluid ± 1% of value
_znsity

Figure 42 illustrates some typical results from the uncertainty analysis, For no

wind, heat loss uncertainties are about 0.1 kW for conduction, 0,15 kW for radiation, and

0.21.0.22 kW fi_rconvection. The uncertainties are similar for the 20-mph side-on wind

conditian, except those for convective heat loss arc slightly higher at 0,23-0,25 kW, The

0,1 kW uncertainty in conduction heat loss, shown fi_rboth conditions, is essentially equal

to the uncertaintyin overall receiver heat loss with the apertureplugged. The radiationheat

loss uncertainties are higher than those for conduction because the calculation of radiation

heat loss requires one additional step. Convective heat loss uncertainties are even higher

because its calculation rtuquiresyet another step,

Aithc_ughconvective heat loss uncertainties do not vary much with receiver tilt

angle, the uncertainty percentages vary greatly. At the highest convective heat loss

condition, the uncertainty is only about 4 percent of the total convective heat loss, On the

other hand, the uncertainty percentage can approach infinity as the heat loss level

approaches zero. Fortunately, at low heat loss levels, the accuracy of the experimental

results has little effect on overall system efficiency,

At this point, it is worthwhile to discuss the effects of uncertainties in temperature

difference and heat-transfer.fluid flow rate, specific heat, and density. Overall receiver heat

loss uncertainty is a result of uncertainties in material properties and in measured

parameters, It is quantified by Eq. (F4) in Appendix F and repeated here as follows:
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l

wq_,.. = 2,25 x 10.4 qmc..2 + 2.0 qme..2 2
(&T)2 , (16)

where qmc.s= total receiver heat loss rate derived from measurements

Wqmc..= uncertainty in total receiver heat loss rate

AT = temperature difference between the heat.transfer-fluid inlet and outlet

The first term on the right-hand side of Eq. (i6) is the due to uncertainties in heat-transfer.

fluid flow rate, specific heat, and density, and increases as receiver heat loss increases,

The second term on the right.hand side is due to uncertainty in the measured temperature

difference between the receiver inlet and outlet, and is approximately proportional to the

heat.transfer-fluid flow rate. In these tests, the heat.transfer-fluid flow rate was held nearly

constant, so that the uncertainty due m the s_ond term on the right (temperature

uncertainty) is essentially constant, At low heat loss rates, most of the uncertainty in

overall receiver heat loss was hmnd to be due to uncertainty in temperature difference,

However, at higher heat loss levels, the effects of uncertainty in flow rate and fluid material

properties become comparable to that due to temperature ditTeren_,

It is interesting to note that given a particular receiver heat loss level and the

parameter uncertainties used in this analysis, that the overall heat loss uncertainty can be

reduced by reducing the heat-transfer-fluid flow rate. ';'his is because the temperature

difference term (the second term on the right) is equal to 2.0 (Opel,)2. This method appears

as though it could be used to reduce heat loss uncertainties without costs, However, at

some point, the advantage of reducing heat loss uncertainty would be overshadowed by the

disadvantage c_i'a nero.isothermal receiver, because low iluid llc_w rates would result in

largetemperature dilTcrences between the receiver inlet and outlet.

9.0 {!omparis.n .f Analytical Predleti.ns t. Exl_rtmental Results

In order to increase coal ideate, it is desirable tt_ compare the experimental data and

analyses wherever possible. Therefore, an el'fort was made to predict radiation and

conduction heat losses by using a combination of computer modeling and hand
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_mputations, A discussionof these analyses and the comparisonor predicted to

experimentalresultsaregivenin thenexttwosections,

9.i Radiation Heat l_m

_) predictradiationheallossfromthereceiver,a computermodelwas generated

usingPATR._ (PDA Engineering)whichisa modelgeneratorforfinitc.difi',:rcnccand

finite.elementanalysis,Thisthermalnetworkisshown inFigure43, The radiation

" analysiswas basedon a,'_electricalanalogy,whichincorporatessurfaceresistancesducto

gray surface, share resistancesassociatedwith theability oI'one surt'aceto "scc" other

surfaces,andradiositynodes,

A programcall_VFAC (PDA Engineering)was usedto setup thedet_|ilcd

radiationnetworkforthecomputermodelby calculatingshapefactorsand shapeand

surfaceresistances,and by definingradiosityn¢_Jes,A setof algehruicequationsis

obtainedbysettingthesummationof hcal rate intoeachradiositynodeequal to zero, The

generalmatrixformulationfor thesetof algebraicequationsis ' ,.,=lows:

N

J_- (1 • ei) i=_F=_j Jj = _, Ehl (1"7)

whcrc J : surt'accradiosity

F = radiationshapefactor

F_= totalblackbodycmissivepower

_"= surfaceemissivity

The r,diationnclworkwas subsequentlys()IvcdusingP:l'herm=11.which isthe PDA

thcrm_|lanalysiscomputercode,

Intheanalysis,thereceiverintcrni|lsurl'accswere_|ssumedt,_hcgrlly(emissivity

whichisconstant,i,e.,independentoI'tcmpcra|ureandwavelength),An emissivityof(),9

was usedforthereceivertubingareasinceitwas paintedwithPyromarkpaint,An
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emissivity(_I*(),._was usedl'_)rtheehr(mle.plalL'd.steL'lsurlm.'L,s_itlh_.,h)rw_mrd_ind_iilends

()I'thereceiverluhingarea.

F_rthe_?,()°Fn_mirlalreceiverwmperi|lurL,inihi.,s_:tests,!heprcdiclcdrmlialitm

heath_sstmm Ihe reeciw:r is t).74kW, which is slighlly higher lh_tnthe I).62 kW _hl;lined

cx_rimentally, S()me(_1'this deviaticmmay hedue l¢_the chr()me.phlled-sle¢lp,_rlion(_1'

the receiver,fi_rwardandaft o1'theheattransl;Jrluhing, hL'ingi,wvcrin len!per=llurethanthe

averagetemr_ratureell'theheattransferlluid.

. Figure 44 shows measured receiver innerwall teml)eraturcs which =iretypic=il,_!'the

temperatures from tcsL,_used to)calculate radialiL)nheat I¢)ss. A line is drawn in lhis ligurc

it) representtheaveragehcat.transl'er.fluidtemperaturet'_rthiscase. Recall Ihai the actual

averagetemff..'ralurcof theheal transfertluid is slightly ditTercnlih_=nthe ntmiinal receiver

Icmpcratureof _3()"F t'_rwhich radiationheal It+ssis given.The datasht_wnin Figure 44

show thai iheaverageheat-transfer.fluidlemperalureis an=!cceplahlcrepresentatiemtfl' the

tcm_ralures ¢_curring,_nihe heal.transtbr.luhingsurftlces _al receiver f_rw=lrd and alt

plan_,_).Th,_'measuredlemperalureson thesurt'ace_1'theh¢_l lr=mst'_:rluhing rang_:l'mm

5.160F t¢__46°E compared io the hcal-transt_r+tluid average temperature ol+ ._41°E

Ht_wever,the lem_rature (_t"lhe chrt_mc.plalcd.steelareaal'l¢_t'theheal tr!mslbrtuhing is

somewhal lower in temperature:al ._()9'_EMoreewer,it is highly likely th=ilthe ehr¢_me-

plated-sial are==rearwardot' the heal transl'erluhing is _=ls¢_I¢_wcrin temperatureth=mthe

averagetemperalurL',_t Ihe heal Iranst_.rfluid; however, lhe aclu==ltemperaturesin this

regionarcunknownsincen¢_lemperaturenle=_suremenL'_weretakenthere.

In lighto!' th_receiver tcml_raturcsshown in Figure44, Ihc rudiati¢mheal loss was

pr'cdictedwith the albremcnliemedcomputer thermalmodel usinga receiveraft.section

temp,cr_!tur¢o1'5(lO°Fandanestimaledtemperalureo1'3()()°Fin the area I'_rward¢_1'thehmfl

. transfertubing. The5()()°Ftemperaturein thei|l'lsc..cti_mtakesinto acct"_unlthe:fact thal the

.3(1 1., 541 "l'h_:r¢.'sullnnl1red=cledr_ldi_liemheal, , _ ' _ °" °i.',n()rmalizedreceivertemp_:raltr(:is m_t :)' " ,

lossis().71kW, whichiscl(_scrtt_,hutstillahoutI_percent;lh_we,theexp(:rimcntal

value.
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It is interesting to note that a first-order prcdicticm c_t'radiaticm heat transfer from the

receiver can be obtainedby using the aperture area and an elTcctive aperture emissivity.

The effective emissivity for the cavity receiver tested is 0.94 hased on the isothermal

radiation model, 0.91 basedon the non-isothermal radiatkm m¢_dcl,and 0.79 basedon the

experimental results. Thus, it appearsthat a relatively ecmservativewllue of radiaticmheat

losscan he obtained by simply using the emissivity of the receiver tuhing of 0.9. 3b he

more conservative,an upper bound for radiation heat losscan he ohtained hy simply using

an effective emissivity of 1.0. Predicted radiation heat loss curves using theseeffeetive

emissivities areshown in Figure 45.

• Another interesting fact to note is that the receiver cavity has radiation characteristics

that are similar to that of a hohlraum, which is a large cavity with a very small ¢_pening

through which radiative heat is transmitted. The unique characteristic of a hohlraum is that

the amount of radiation transmitted through the small helle is independent of the emissivity

of the interior surfaces. Using the computer radiaticm model, it was l'¢mndthat a 50 percent

reduction in the emissivity _f the interior surfaces of the receiver only decreased radiation

heat loss by about 10 percent. Thus, an effort to reduce radiation heat loss from the

receiver by lowering the emissivity of the cavity surfaces would probably not he

productive.

9.2 Conduction Heat Loss

In order to analytically predict conduction heat loss from the receiver, a combination

of finite-element heat-transfer modeling and hand computation was perfc_rmed. The

axisymmetric finite-element model was the same basic model as that used fc_rcalculating

radiation heat loss (Figure 43) and only accounts for conduction heat loss through the

receiver-wall insulation. In this model, the receiver inner surface was constrained at 57,0°E

and the receiver outer surface was constrained at 85°F for the 20-mph wind condition and

115°F for the no-wind condition. These outer surface temperatures were chc_scn based on

actual average outer-surface temperature measurements given in Apwndix D.

The hand computation tc×_kinto account heat conduction through the receiver tubing

support structure, which consists of forward and aft supports at *hree circumferential

locations, and a receiver forward-end structure. These structures arc depicted in Figure 46.
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The inner and _)uter ' " "surlace lemperaluresusedin thesec()mputationsare the sameas those

usedin the e()mputcrmodel.

The lahle below summarizesthe am()unt ()t"conduelit)n heat losspredicted through

each conduction path, Valuesare given for the caseof no wind and l'c)ra 2()-mphwind,

The only dilTcrencc betwccn these two cases is the small ditTcrencc in receiver outer surface

temperature.

Conduction Heat l_)ssc."'sThrough Various Reccivcr ConductJ("')n Paths

C()nduction Path Estimated ct_nJuction Hcai I,(_S_ .........

Nt) Wind 2(),mph Wind

---- 1111113 iii - i i iiiiiii i - " i L L_ " ......... __ --

Receiver lrtsulation O.217 3(1.3 (I.232 30.3

Aft l_bing Supporl (1.()14 2.0 (1,()15 2.11
(_)tal of 3 Locatiorts)

Forward l_hing Support ().()1() 1,4 ().()11 1.4
(q2)talo1"3 Locations)

Rta:civcrFhrward,endStructure ().474 66.3 0,508 66.3

qbtal 0.715 I(X) 0.766 I(X)

About 66 percent of the conduction hcat loss from thc receiver is attributed t() conduction

through thc receiver forward-end structurc (scc Figure 46). Another 30 perccnt is duc to

conduction through the receiver insulation. Surprisingly, conduction through the forward

and aft tubing supports is very small, being less than 4 percent of the total conduction heat

loss.

The conduction heat losses found experimentally arc gcncrally lower than thc

predicted values. Experimental conduction heat loss is 0.6()kW average for the no-wind

cc)ndition and 0.66 kW lot 20-mph side-_m wind ct_nditicm. Howcvcr, expcrimcntal

conduction heat loss from the 20-mph head- 0rindtest is 1.09 kW, which is much higher

than thc predicted values above. It is believed that the 1.09 kW cxpcrimcntal conduction

heat loss is anomalously high, since it is higher than all of the other mcasured conduction
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heath_sscsfrom the first testseries,which arcin therange¢_t"0.5-0.7kW. in general,

analytical eonducticm heat I¢_ssesare 15-2() percent higher than experimental values.

A plausible cxpianation for the difference between the measured and estimated

conductic_nheat It_ssvalues (except for the i.()t_kW for the 2()-mph head-on wind) is that

the actual difference in temperature between the inner and c_utersurfaces t_fthe receiver at

the fc_rward-end structure is probably less than the value used in the e_mduclion amllysis.

The temperature difference used in the analysis was based on avcrage inner and t_uter wall
m,

temperatures derived from actual measured temperatures. In these measurements, aim_st

all of the thcrmocouples on the interior surface (_1'the receiver were cm the hot heat transferr,

tubing. In additicm, the outer surface thermocc_uples wcrc lt_catcd where here is 3 inches

of Kaowc_ol insulation in the receiver wail. The high ecmductivc resistance provided by

this insulation is a major reason why measured outer surface temperatures are nc_tmuch

higher than the ambient air temperature. For the h_rward-end structure area, however, the

inner surface temperature is probably ic_werthan 530°E since it is somewhat removed from

the heat transfer tubing, and the outer surface temperature is probably slightly higher than

that measured on the receiver wall, because of the higher thermal conductivity of steel.

If it is assumed that the inner surface of the forward structure is at 3()O°E as was

done in the radiaticm analysis, the estimated levels cffconducti¢m thrc_ughthe forward-end

structure would then bc 0.21 kW and 0.25 kW for the no-wind and 20-mph wind

conditions, respectively. The corresponding total ccmduction heat loss levels would then

be 0.45 kW and 0.51 kW, respectively, which are about 25 percent lower the measured

camduction heat loss values. The actual inner surface temperature at the receiver forward

end, during the tests in which conduction heat loss was measured, was probably less than

530°F, but not as low as 300°F since the aperture was plugged during these tests.

A morc representdtivc conduction analysis might bc obtained by modeling the

convective and radiative bc_undaryconditions on the inner and outer surfaces ot' the receiver

forward-end structure. In this way the inner and outer surface temperatures are obtained

analytically. However, the determination of local boundary conditions on the interior of the

forward-end structure would 2nvoive some uncertainties.
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A possible explanation the high conduction heat loss value for the 20-mph head.on

wind is that air leakage may have (_eeurred through the receiver .j¢fintare_ls. In filet, during

some of the receiver tests in which smc_kevisualization was used, a snlall amount of smoke

was seen escaping through .jcfints in the receiver walls, indicating that at least some air

leakage ¢_ccurred. However, it is imp¢_ssibleto predict quantitatively the heal loss due t¢_

this air leakage. In future testing using this receiver, an et'f¢_rtsh¢mld he made to seal the

receiver asbestasp¢_ssible.

10.0 Conclusions

The convective heat I¢_sscharacteristics ot' a cavity receiver fl_r a parabolic-dish

concentrating solar collector have been determined experiment_llly for the no-wind

condition, side-on winds of up to 20 mph, and head-¢_nwinds ¢_t"up t¢_24 mph, Nalural

eonveetiveheat loss from the receiver was ftmnd to be thehighest with the receiver aperture

facing hc_rizontallyandnegligible with the aperturefacing straight down,

For side-on wind, convective heat loss is also the highest with the aperture i'aeing

horizontally and decreases _ the receiver is tilted downward, but the magnitudes are much

higher than those resulting t'rc_mnatural convection. F¢_rhead-¢_n wind, convective heat

loss is generally lower than those for side-on wind. Head-era wind blowing directly into

the receiver aperture does not increase convection significantly above natural convection.

This is believed to be a result of this type ot"l_ow inducing little convective current in the

receiver, and generating little convective tra_slx_rt into and out c_l"the receiver. Overall, the

effects of wind on convective heat loss from the receiver are the grcates! for wind blowing

parallel to the aperture and the smallest for wind blowing directly into the aperture. It was

found that for wind speeds of 20-24 mph, the total convective heat loss from the re,ceiver

can be as much as three times the maximum level of natural eonveetion.

It was found that the total convective heat loss could be expressed as a sum o1'the

natural and fc_rcedconvection. For side-on wind, a curve-fit is presented in Eq. (l l) for

determining the forced conwction heat transfer coefficient as a function of wind speed

only. For head-on wind, a curve-fit is presented in Eq. (14) t'¢_rdetermining the forced

eonvecticm heat transfer coefficient as a function of both wind speed and ree,',ver tilt angle.
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The results ¢_1'the uncertainty an_tlysis indicate theire¢_nveetiveheat I¢_ssuneert_linties

are between (),21-(1,2/_kW, Allh¢_ugh e¢_nw'.ctiveheat I_,_,_uneerl_linly ¢_nlyv_lries slightly

from test t_ test, uncertainty as a percentage ¢_1c_nveetive heat h_ssvaries greatly. At the

highesl e_nveetive heat h_sslevel, the uncertainly pereent_|ge is_nly ablaut fl_ur percent, hut

fl_r k_w heat h_ssnttes, uncertailily percentage _ppmaehes in l'inity, F(_rtt|n_lt_:ly,at I(_w he,it

i_ss rates, the accuracy ¢_1'tile measurements is n_t critical. The small uncertainty

percentages t'¢_rthe higher heat I(_ss rates ass¢_ei_ltedwith the ditTerenl wind e_nditiems

indicate g¢_¢_dd_ttareliahility.

Air temperature me_lsurements made inside the receiver prc)vided uset'ul insight int(_

' the receiver e(_nveetive phenomena, These measurements e(mfirm the presence ()t' lhe

stagnant z_ne fl_r the m_.wind e_ndition and clearly indie_te the extent t_ which head-_n

and side-_)n winds aft'eel e_nveetive fl_w wilhin the receiver. Analyses were _1,_

perf_rmed t_ predict radiati_n and e_ndueti_)n heal i_)ssesl'mm the receiver fl_r e_mparison

to measured values, Measured and am|lytieai n_di_ti_n heal l_,_s levels agree to within

_h_ut 1_ percent. Measured and am|lyrical mnduetk_n he_l h_sslevels _gree to within I_-

25 percent,

The eorreh_ti¢)nspresented in this rep¢_rttbr predicting l¢_reedmnveetive heat l¢_ss

_re only t'_r this particular receiver. It is desirable t¢_have a e¢_rrelati¢_nwhieh takes int¢)

_eeount dilTerent receiver ge¢)metries, temperatures, and aperture sizes. It is therelbre

reeommended that future tesling he perfl_rmed first on this receiver, with different aperture

sizes and temperatures, then with different receiver ge_melries. With a e¢_mpilation of data

from future receiver testing perfl_rmed at this _)r any ¢)ther facility, the curve-fits presented

in this thesis can be refined and modified t_ be more ge_en_l.
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IJst or Symbols

A full intcric)rgc(mlctrit'surlm'_art'a(_!_rcct'ivcr

AI t'xposcdsurlhcc=zr¢'aof receiverheal tr=msfcrtubing in Eq.(5)

% hc=lt-tr=lnMer-lluidspecific hmzt

d aperlurcdiameter

F_ totalblackb()dyemissivcp()wer

F racti_tlicmshtipet'act_)r

gravitationalacccierati(m

Grl Grashof number= gL_ATI.Vv_

h e()nvuclivche_l!Iranslcrc_)el'tk'icnt

h,,_ inlcrn.I averageinternalheat Ir=tnslcr ¢(_et'l'icicnl

hl.r..:,:d healtr_nstcrc()el'l'icienltierli_r¢cdctmvccli(m

hn=,tur.I heal tranM'cre(_l'l'ieienlfor n=,tur=ll¢onveeti()tl

h,,vcr_dl (wcrall heattranstcrcoet'l'icicntt',)rmixed¢()l'lvectit)n

J radiosity

k thermal conductivity

Ic R_q_rturc/Rt:_vity

L characteristic length
m he_t!.lranst'cr-fluidmass flow rate

Nul Nusselt number = hlA

P(0) constant in Eq. (4)

Pr Prandtl number

q_,nd c()nducti()nheat loss rate

qcc)nv convective heat loss rate

q c()nv overall overall convective heat loss rate for mixed convection

qfi)rccd convective heat I(_ssrate due to ft)rced convection

qrne,s t¢_talrtuceiverheat I(_ssrate derived t'r(_mmeasurements
i

qn_,tund convective heal loss n=tcdue t() natural e()nvceti(m

qplug_c,J total heat i¢_ssrate with the aperture plugged

qn_d radiation heat loss rate

qtotal normalized t(m_lheat l()_srate

O heal-transt'cr-i'luid v()lume flow rate

R;_perturc radius (_f"aperture

84



R.:,.,.=y radiusof receivercavity
Ra! Raylcighnumber= (}rl Pr

Re Rcyn_ddsnumber= ViJv

T.mh.m_,_ measuredambienttemlx.rature

T.mh. norm nominalor nodal amhicnltc:mwraturt'= 7()'F

'l',v_ t_ avcragt_inner-surfacetvmpt'raiurct'rcm_mc=_urt'm¢nL,,

Tavg.it averageair tcmwraturc wiihincavil)_from mva_urcmcnL'_

Tr_. mc,_ measuredreceivericmlx:ralur¢

. (averagetcm_ralur¢ o1'heattranslbri]uid)

']'r,:_..norm nominal()rnormalr_civcr tcmwraturc = ._3()°F

" "l_.vity meantemperatureo1"huattran_tcrtut_mgin i!q. (._)
T=n hcat-transler.lluidinlet tcmlx'raturc

1',, ambienttcmpcralurL"

T_,ut huat-lransfcr.lluidoutlettcnl_raturc

'l'pr,,I, Icmwraturcatwhich l]uid pr,_purticsart' evaluatedin Eq,(4)

T. avurag¢receiverinternalwall Icmpcraturu

V wind velocity

w cx[',,,:rimcntaluncertainty

c¢)ctTicientof thermalexpansionof air = I/I'

&1' T.-I'_,, 'l'c.vily'T_,,or Tin:l'oul

surfaceemissivity

v kincmalicviscosity

P h_lt-transfcr-fluid dcr,sity

(t reviver lilt angle (0° L,_hori_mtal)
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Appendix A

Material Properties
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Figure A i S_cltlc heat (Jr _yltherm ® iioO heat transfer tl.id,

Temperature,°C

-SO
0,60

2400 ...... ........... ..... - -_,,_.....

• 2200 --- ................

............ O,SO

0,4S

1800 j

1

............... 0,30
•t00 0 100 200 300 400 SO0 600 700 800

Temperature, °F Btu Ib °F

., EnghshUnits BtuIb F, F
Heat Capacily 0 3690 , 2,267. i0' • T

Sl UlliIs: Jkg *'C, C
Heat Capacity 1575 , 1,708 • T



IIIII"" IIII1'_
IIIIINIIII1_illil_





Figure A2. Density of Syltherm ® 800 heat transfer fluid.
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Figure A3. Thermal conductivity of Kaowool insulation.
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Appendix B

Data Analysis Spreadsheets
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Appendix C

Tabulated Summary of Receiver Heat Loss Results
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TABLE CI. Summary of Conduction, Radiation, and Convection Heat
Losses from the Receiver at 530°F for the No.Wind Tests (6 Sets
Corresponding to 6 Wind-Condition Sets) from the First Test Series

- Test Set/ Heat l_x)ss Uncertainty ..................Uncertainty..................
...... Heal l._x)ssMode (kW) (kW) percentagc ................

6-mph Side-on Set
- Conduction 0.619 ().105 17.0
- Radiation 0.598 0.150 25.1 '
- Convection: 0° tilt angle 2.132 ().218 10.2

30° 1.395 0.216 15.5
60° 0.406 0.212 5 2.2
90° 0.000 - -

8-mph Side-on Set
- Conduction 0.656 O.105 16°0
- Radiation 0.580 O.148 25.5
- Convection: 0° tiltangle 2.089 0.216 10.3

_)o 1.384 0.213 15.4
60° 0.422 0.2 lO 49.8
90° 0.000 - -

20-rnph Sidc-on Set
- Conduction 0.613 0.105 17.1
- Radiation 0.603 0.149 24.7
- Convection: 0° tilt angle 2.188 0.218 10.0

_)o 1.487 0.215 14.5
60° 0.471 0.212 45.0
9O° 0.000 - -

......
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TABLE CI. Summary of Conduction, Radiation, and Convection Ileat
Losses fn)m the Receiver at 530°F for the No.Wind Tests {6 Sets
Corresponding to 6 Wind.Condition Sets) from the First Test Series
(continued)

Test Condition/ ' Heat l_ss Uno_rtainty Un_nainly
. Heat Loss M¢_de' (kW) .......... (kW) _ Pt,rcentagq.......J , ,i J. ,,,.,,

6-mph Head-on Set
• - Conduction 0.584 (I.1116 18.2

- Radiation 0.609 0.152 25.1)
- Cxmvection: 0° tiltangle 1.930 0.220 I 1.4

30° 1.253 0.2 !7 17.3
60° 0.374 0.214 57.2
90° 0.000 . -

8-mph Head-on Set
. Conduction 0.536 ().105 19.t,p
- Radiation 0,654 0.152 23.2
- Convection: 0° tilt angle 1.996 0.220 11.0

30° 1.360 0.219 16.1
60° 0.417 (),216 51.8
90° 0.000 - -

20-mphHead-onSet
- Conduction 0.595 0.106 17,8
- Radiation 0.649 0,151 23,3

• 0.,.,.2 11.4- Cxmvection 0° tilt angle 1.945 _"
300 1.219 0.217 17.8
60° 0.396 0.215 54.3
90° 0.000 - -
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TABI.E C2. Summnry of (.nductiqn, Rndintion, and Convection Heat
LAmes rrtDm the R_iver at $30_F for Side.On Wind 1'e.st_ I_Dm the Firwt
Test Series

T_st Conditi(m/ Ileal l,__s_ - ' tlnccr,_inty Llneert,inty .....
.... Ih.!_tt[n_'_M_JC............... (kW) ..... (kW) ...............P_r_n|,gc

s

fi-m,ph Side.On Wind
- C_mdu¢lion (),591 (),l()f_ 17.9
- Radiation 0.598 (),15() 25. I
-Convcciion: (I° lili _n_h: 2,407 I).221) 9. I

3(P l .l,llb2 l),218 l I, 7
_;_ 1.01(I (),215 21,3
q)_ 0,415 (),213 51,3

8om,Ph Side.On Wind
- Conduction ().f121 (),105 16.9
- Radiation ().58() ().148 25.5
.C_mv¢cli_m: 0° lillimgle 2.707 0.219 7.9

_)o 2,159 0.216 i0,0
_)o 1_277 0.212 llb,fi
_)° (),t_3¢_ (),211 33.2

20.mphSide-On Wind
- Conduction 0.¢_55 (), 105 I0.0
- Raditltion 0.003 (),149 24.7
.Convection: 0° tillangle 0.304 0,247 3,9

_)° 5.462 ().239 4.4
_)o 4,661 0,233 5.0
_)o 4,479 0.233 5.2

. ...... .....h...... ............................. .......

t
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TABI.E (3, Hummnr_ iW (ondurlhn, Rndinli.n, and (+.n_eelhm Ilenl
lame_ fntm the Rmtver nl A30++Fflw Ilend.()n Wind iHt_ _,m the Ftnt
Teml Herte
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TABI,E (_4, Sure,r) _ (._ hm n_ (,_m_km Ilul IJ_._ _Jm ihe

I _,mph |_ml.O, Wiml
, (ilmlui_lliin (nil i,,.imj) l))li,,"i ILI)?4 K:!
• ( itnduili_ I1(_ilh lilt) llill ILfi?! M_Y,
, {'ittlii'cl!ili (i_'iih win_ii

Ir Ilti tlnlk _h.l:l ti0_iit ?0h

4.mllh Ii¢_°(). Wiml
lN.iig_hdill tllli,rtur¢)
o(:iiltdiil Iii n (rti! ii_) ti,_l 1 i! 1i!4 tl a
, Ciilhit!lii_n lllilh wind) 1!_4:1 ii i I I ! .D
° (illl_i{iilirl (_,iih ll, irtd)

Ir llll iln!i 4,4?_ i!,_4_ _,4

lit n,312 ii,2_ l,l
4,!*_ h°14_ !to_I 4,1
_r i.hilu il, 'i _ Ill

?,.tl,, ,_,!I,1 ii, _4,! 4,i
ir hJi7:l II0_!_ 4+ll

bl:mph lh:'lid.()n Wind
*,inch diit, lllx'riur¢)
. (!luldut'iiiin (nit wi_) li,h?Q ii,it'#? 1I,J

4# t t •. ( 4nduition (wiih wind) ii,_l ti, t)?i! I I_,I
. ('ilnvl, l,liiin (_iih ivind)

(I*'tilt _nlilk' 1,647 ii, I Ih 7,1t
.<_I'+ I,h2tl li, I I "# ?,_ .o
Nr il,'#'#2 it,111 14,4
if ti,ti_.t ii, I 1,_ 12,I
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Thermoelectric Characteristic. of
Type.K Thermocouples
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Appendix F

Uncertainty Analysis Procedure

This appendix summarizes the uncertainty analysis procedure used to

pr()duce the err()r bars shown in Figures 8 and 9 and the tab.lated values in

Tables (,I.C4 in Appendix C.

I. Uncertainty in Deriving Total iteat Loss Rate frc)m Exl_rimental
Measurements

"lbtal receiverheat lossrate is derived from measurementsusing

qm_:,._= OpcpAT (F I)

where qnl,:._= total receiver heat loss rate calculated from measurements, Btu/min

O = hcat-transfcr.fiuid wHume flow rate, ftn/min

p = heat-transi'cr-fluid density, Ibm/t'ta

Or,=heat-transfer-fluid specific heat, Btu/(Ibm'°F)

AT = heat transfer fluid temperature drop from receiver inlet to outlet, °F

The uncertainty in the total heat loss rate is calculated using the following formula from

Holman (1984):

,1

_.._:(o_,..wo)_,l°_°_'o_w4_,l_m_'_ _4_,l_''_• w_,)_'_ (F2)

where the partial derivatives, derived from Eq, (FI), are

aq mcas - aqme.,__ aqmcas
flqmc:,._= pcpAT ....... - QcpAT ...... - QpAT = Opcp

aO af) 0% _AT

andthe uncertainties of the individual parameters are

w o = 0.0()5 O

Wcp = 0.()1 Cp
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wj, = ().()1p

W^l = 1,414"F (based,m individuallhurm,_e¢,upl¢uncertalnl),_1I°F)

Suhstiluling Ihr p.rlial derivalivesand individu.I paramelcr unccrl.iniics inl¢_I!.q. (1:2)

gives

i
m

wq,,,.,.= ((),O()50per,AT_+ (().(ll OpcpAT)2. ({).()1O{,q,A 11 .+(I,414 O{,cp_ 2 (F3)

Then. bysubstitutingEq. (FI) into l-q, (F3), theunecrtairltyin themeasuredt,_taiheal I,_ss
- rateis

1

w_,,, = 2.25 x 10"'tqmi:=,,_'? + 2,1)qm_:;.."2
(^ff (14)

()r interms(_1"uncertaintypercentage

w_,,, = 2.25 x I11.`=+ 2,11 I6,

(^'r)

!1. Error Introduced In Normalizing 'fi)tal Heat lain Rate

Since the receiver and air temperatures varied l'r,)mlesi it,lest, il iS desirahle t,_

normalize the total heat loss to nominal receiver and air temperatures so that data

manipulation (:tinhe performed and reprt.,._entativceomparis,ms can he drawn. The overall

heat loss rate is normalized using

' qmeas(Tree:,norm" Tamh, n,,rm)

qt.tal = Tree,mc,,_"T_lmh,me.,.,, (1::6)

where qt.t.t = normalized total heat loss rate

qmca,,= total heat loss rate calculated from measurements using Eq. (El)
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(a_t, ra_¢ tvml_'ralurv ol ihv hval Irsm_lCr Iluld)

T_mb_m_e_= flleastJrvd arnhivnt k'nlj_'ralurL'

'1'_,_.n,,rm= n_)rnirl.I t_r rt_r111;tlrvc¢iw.*_rIvmlg'r_llur¢

T_mlh n_,rn__ n_'Jfllill.I (_r n_rmal |if111_i¢lilh.,llllH.'riliLlrV

F_r lhv_v C_lWllnlcnl_. !hv nc,llillai rvr¢,ivvr tcmI_.riltur¢ i_ _ !()_|: 8,ridIh¢ nominal amhicnl

tcnll_'raluh: i_ ?(r_! :, _ thai l_q. (|:fl) I_.¢om¢_

460 qmt,_.,

q.,t.t _ Tr_.,._me.,, " T,,m_,,m,_,,.. (FT) *

Now, ihv unccri.inl), in Ih¢ n(_rmali_cd I,q.l heal lossrtllc i_ ¢alcuh.vd u_ing

(|:8)

i wh_:r_:the.'partial derivatives, derived I'rom|!,q, (FT), arc

_q.,t._ = 460
#qm_.'.r', Tr_:_:.mca_"Tamh, mca,

r%.i.l = -46() qm,_._

/tq,o,,I = 460 qm_..,_

andthe individualunc_:rtainliesare

Wqm,:;.,dul'ined by Eq, (F4)

WTr,:,:,m,::,,,= 1,414°F (basc:don individual thcrmocouple uncertainty o1'=2°F)

WTam_, m,:;_s= ±2°F

Substituting the partial dc:rivativc:sand individual unc¢rtainti_:,sint¢_Eq, (FS) results in
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III. IL!neertatnt._tn Ileal I,t_q ('cmllmnent_

A. IlneeMatnt.v in Cimduethm Iteat laws Rate

' The,¢;mdu¢lionh_.'alI(_sral¢is¢_IL'.lak'da_lhc!c_i_llhL'alh_:,,_tillL'',vllhlh¢.l_'rl,a'

plu_.'dminuslh¢L'ak'ulatedambient_d'heal¢ondu¢ledlhr_ii_hlh_,al_..rlur¢:

qnmd= qplul_¢d° q,,F,crlur,' (|; I())

where q,md= ¢onducli_mheal I()ssral¢

qphl_r.d= Iolal heallossra,: wilh Ihr' aperl_r_,plugged
') , ,

The unc_:rl.inlyin hc¢onduc|i_mhealI()s_rate_sthenc'alcula,,,du_ing

1

wherethe p,rlial durivalivcs()l"Eq, (F I()) arc

/_qcond= I _q_,,nd = -1
/tqplug_cd _qap_r_ur_:

The uncertainty in the¢()nducti()nheal lossrate is then

I
- (FI2)

wherc:thcindividuai ', ' '."uncerta_nt=esarc:thosefor theaperture.plugged¢as_:and[ht_am()unl,_l'

healc()ncluc_:dlhr(_u/ghtheaperture,respectively,
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H. I!nrt, rlntni_, tn Rndinlhm II,_nt lain Rnle

Thv imlmli_qifly,ith_ t.lvi._viilcuh.cdJt_lhchq.lliv_lh_,,t_.vh. 81_ir'rv,:vivvr

iill itllgle,wilh_tul wimi tlnd wilh Ihv iq_,rlulv _i_,i1,nlimt_ Ihv clmd|tvlilln he,ll Iim_rifle
wilhitiil wirt¢i:

whurc ¢l,_.i= r,di,iiofl hv!ll lom_rlilv

qiq_.,_ hfliil hL'iilI(IN,_flllL' ill t/()_'_fill !!l!gk', wilhiiIil wirld81rldwiih lhv iI_fiUfL' ItIH:ll

qL_,,d,m_,_md_ clmduvliOllhi,illh_ rllk'wilhoul

F,dh_wingIht.h.mv pr__zdur_'' ' t,_Ihi_lu._wlI_r dvlvrminingunvcrl.inly in Ih__mdu_''l,',_.

('. Ilneert,inly in C.nvectlve Ileal I,_,.,, Rnl_

"rh{_c_mvcclivehelil l{_ssriltu INcilicuhlludhy ,_uhlr,cllnB c_mduvlionlindrlidialion
h_llll(_ssrlih.'_l'mmlh_ l(_lillhi,ill loNNrlllt':

q_'.n_° q,.,,,I " qm_l" q_.,n_ (FI.'I) ,

F,_liowingthe:s_n_.,pr¢..,cdurc,s Ihl_lused for determiningunccrl,inly in the ¢(mduclion

h¢lll lossr=llc,theeqLilililmfor lh_ unccrlliinl),in the¢onvccliw: hclll io_Nrlilu is iis i_(dl()w.,+:

= W_ _ W_ I
w_.,,., _,.., + w_,. + _,_.,'"_ (FI_)
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