
SimulationandModelValidationofaParabolicTroughSolarCollectorforWaterHeating/Seung-Hee Euh 외

Journal of the Korean Solar Energy Society Vol. 33, No. 3, 2013 17

SimulationandModelValidationofaParabolicTrough

SolarCollectorforWaterHeating

Seung-HeeEuh*,DaeHyunKim**

(Submitdate:2013.2.18. Judgmentdate:2013.2.26. Publicationdecidedate:2013.6.3.)

Abstract：Theaimofthisstudyistoanalyzetheperformanceofaparabolictroughsolarcollector(PTC)forwater

heatingandtovalidatethemodelperformance.Thesimulatedmodelwascompared,calibratedandverifiedwith

theexperimentalresults.RMSE(Rootmeansquareerror)wasusedtocalibratetheconvectiveheattransfer

coefficientbetweentheabsorberpipeandtheambientairwhichwasthemainfactoraffectingtheheattransfer

associatedwiththePTC.Thecalibratedmodelwasbetterfittedwiththeexperimentalmodel.Themaximum,

minimumandmeandeviationbetweenthemeasuredandpredictedwatertemperaturesdifferedonly0.81°C,0.09°C

and0.31°Crespectivelyinthecalibratedmodel.RMSEvaluesweredecreasedfrom 0.5389to0.4910,0.0134to

0.0125andR-squaredwasincreasedfrom 0.9955to0.9956aftercalibration.Thetemperatureofwaterwas

increasedfrom 33.7°Cto48°Cin12hourtest.Thethermalefficiencyofthecollectorwascalculatedtobe55%.

Thecalibratedmodelshowedgoodagreementwiththeexperimentaldataformodelvalidation.
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Nomenclature

 :areoftheabsorberpipe[㎡]

 :areaofthestoragetankexposed

totheambientair,8[㎡]

 :areaoftheworkingfluid[㎡]

 :concentrationratio

 :specificheatoftheabsorberpipe

[ ℃ ]

 :specificheatoftheworkingfluid

[ ℃ ]

 :specificheatofthewaterinthe

storagetank[ ℃ ]

 :insidediameteroftheabsorber

pipe[m]

 :outsidediameteroftheabsorber

pipe[m]
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 :differencebetweenithestimated

andithmeasuredvalues

 :convectiveheattransfercoefficient

between theworking fluid and

theabsorberpipe[℃ ]

  :radiativecoefficientbetweenthe

absorberpipeandthesurroundings

[℃ ]

 :convectiveheattransfercoefficient

between theabsorberpipeand

theair[℃ ]

 :solarintensity[]

 :thermalconductivityoftheabsorber

pipe[   ]

 :lengthoftheabsorberpipe[m]

 :massofthewaterinthestorage

tank,200[]

 :flow rateoftheworkingfluid

[  ]

 :numberofdatapairs

u :Nusseltnumber

Pr :Prandtlnumber

 :Reynoldsnumber

 :absorberpipetemperature[℃]

 :airtemperature[℃]

 :watertemperatureinthestorage

tank[℃]

 :effectivesky(loweratmosphere)

temperature[℃]

 :workingfluidtemperature[℃]

 :time[seconds]

 :heatlosscoefficientofPTC

[℃ ]

 :overallheattransfercoefficientfrom

thestoragetanktotheambient

air[℃ ]

 :windspeed[ ]

 :reflectoraperture[m]

  :ithmeasuredvalue

 :distance[m]

  :ithmeasuredvalue

 :radiativereflectionfactor

 :emissivityoftheabsorberpipe,0.9

 :thermalefficiencyofthePTC

 :opticalefficiency,0.65

 :viscosityoftheworkingfluid

[  ]

 :densityoftheabsorberpipe

[ ]

 :densityoftheworkingfluid

[ ]

 :Stefan-Boltzmannconstant,

×  [   ]

 :absorptance-transmittanceproduct,0.9

1.Introduction

Burningfuelandcoalfortheheatingof

buildingshascausedsignificantenvironmental

pollutionandgreenhousegaseousemissions.

Solarwaterheatingtechnologyiseco-friendly

andcanbeusedforreductionofgreenhouse

gasesandenvironmentpollution[1].Solar

waterheatingtechnologyhasbeenfrequently

applied forbuilding heating and cooling

purposes,domesticwaterheating,seawater

desalination,drying ofbiomaterials,and
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industrialpurposes[2].

Solarcollectorisusuallyusedforwater

heating.Ittransfersthesolarenergyinto

thermalenergy.Parabolictroughsolarcollector

(PTC)technologyisthemostviableand

advancedofthesolarthermaltechnologies

[3,4].Itcanbeusedeffectivelyandefficiently

forindustrialpurposes.PTCwasemployed

frequentlyforsolarsteam production[5-7],

forpowergeneration[8,9],orfordesalination

[10-12]becauseitischeaperandprocessheat

applicationupto400°Ccouldbeeasilyobtained

[4].MathematicalanalysisofthePTCwas

performed[13-16]andefficiencyevaluation

was conducted as well[6,8,17,18].

Mathematicalequationcanbesimulatedfor

theperformance,designandoptimizationof

thermalprocesses[19].Thesimulationcan

besuccessfullyusedforlongtermperformance

predictionofPTCoperation[20].

PTChasbeensuccessfullyemployedfor

waterheating system and simulation is

being used for its model validation.

Researchconductedby[21]hasshownthat

temperatureofwaterinstoragetankcould

beincreasedfrom 35°Cto73.84°Cwithin

16hrsattheaveragebeamradiationof699

 .Theexperimentaltestingoflocally

fabricated PTC with simple tracking

mechanismsinArabia[22]hasshown40%

collection efficiency.Similarly,experiment

performedby[23],forperformanceanalysis

ofPTC waterheatingsystem hadshown

55% collector efficiency.Kalogirou [20]

concludedthattherewasonly7%variationin

experimentalandsimulatedresults.Therefore,

simulation can be effective method for

modelvalidationofPTC.Inthisresearch,

thesimulatedresultwascompared,calibrated

andverifiedwiththeexperimentaldataand

calibrationoftheconvectiveheattransfer

coefficientbetweentheabsorberpipeand

theambientairwhichwasthemainfactor

affectingtheheattransferassociatedwith

thePTCwasperformedforbettermodelfit.

2.MathematicalModels

Thesystem forsimulatingPTCisgiven

inFig.1.Thesystem boundaryofthePTC

Fig.1Systematicofparabolictroughcollector.

istheabsorberpipe,workingfluidandthe

storagetank.Thecollectorconsistsofthe

cylindrical parabolic reflector and the

absorberpipe.Theabsorberpipeiscentered

alongthereflector’sfocalline.Thetemperatures

oftheabsorberpipeareassumedtobe

uniform.Thetemperaturegradientsthrough

thethicknessofthewallsoftheabsorber
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areassumedtobenegligible.Theworking

fluidisassumedtobecompletelyfilledin

theliquidphase.Themassflowrateofthe

workingfluidisconsideredtobeconstant

andtheheattransferfromtheabsorberpipe

totheworkingfluidisofconvectivenature.

Undertheassumptionsstatedaboveand

withthefinitecontrolvolumesaroundthe

absorberpipe,theenergybalancesforthe

absorberpipe,theworkingfluidandthe

storagetankcanbewrittenasfollows:

Absorberpipe[15]
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ThermalefficiencyofPTC

PTC isinherently moreefficientata

giventemperaturethanflatplatecollector

sincetheareafrom whichheatislostis

smallerthan theaperturearea.Thermal

efficiencyofthePTCisdefinedas:

 ×


(4)

3.ExperimentalMethods

ThelabscalePTC wasfabricatedand

installedontheroofofthreestorybuilding

located in Chuncheon, Korea. System

consistsofparabolictroughsolarcollector,

theabsorberpipe,theworkingfluidandthe

storage tank.System specifications are

showninTable1.Ethyleneglycolwasused

as a working fluid.Working fluid was

circulatedfrom thestoragetank passing

throughtheabsorberpipeandthenbackto

thestoragetank by apump.Thesolar

energyabsorbedbytheabsorberpipewas

transmittedtotheworking fluidthrough

convection.Then,heatedfluidwaspassed

throughaheatexchangertransferringheat

tothewaterinthestoragetank.Accordingly,

cyclecontinuedandwaterinthestorage
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tankwasheated.Suntackingsystem was

installedaswelltoobtainthemaximum

solarenergy.Andtheconcentrationratio

wascalculatedasfollows:


   

 
(5)

Parameters Value

Lengthofreflector 1.33m

Widthofreflector 1.33m

Diameterofabsorberpipe
outside63.5mm

inside59.5mm

Rim angle 90°

focallength 782mm

Concentrationratio 21

Storagetankcapacity 200kg

Workingfluid Ethyleneglycol

Workingfluidflow rate 5lpm

Absorberpipematerial stainlesssteel

Table1.SpecificationsofthePTC

Thetemperatureofwaterinthestorage

tank was measured periodically by the

thermocouplesmountedinsideofthestorage

tank.Theinitialtemperatureofwaterinthe

tankwas33.7°C.Experimentwasperformed

on09/14/2010andthedatacollectedwere

usedforthesimulationofthemodel.Matlab

v.7.0.4(Mathworks,Inc)wasusedtosolve

theenergybalancemodelequations.The

solarradiation,wind speed,ambientair

temperature,and relative humidity were

recordedintheWeatherStations(Watch

Dog 2000Series,spectrum Technologies,

Inc.Plainfield,IL,USA).Alltheparameters

weremeasuredasafunctionoftime.

4.ResultsandDiscussion

Experimentalresultswerecomparedwith

predictedvaluesunderthesamemeteorological

conditions and PTC characteristics.The

predictedandmeasuredtemperatureofthe

waterinthestoragetankisshowninFig.

2.Thetemperatureofwaterinthestorage

tankwasincreasedfrom32.7°Cto48°Cin

12hourtest.Theaveragesolarradiation

was539Wm
-2
whichpeakedupto934

Wm
-2
between12and1PM.Thethermal

efficiencyofthecollectorwas55%.Boththe

predictedandmeasuredtemperaturesfollowed

thesametrend (Fig.2).Thetemperature

deviationsinmaximum,minimumandmean

valueswere1°C,0.1°Cand0.39°Crespectively

asshowninTable2.

Fig.2Comparisonofpredictedandmeasuredwater

temperatureinthestoragetankfrom theuncalibrated

model.
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Predicted

(°C)

Measured

(°C)

Deviation

(°C)

Minimum 33.4 33.5 0.1

Maximum 48 49 1

Mean 40.89 41.28 0.39

Range 14.85 15.5 0.65

Table2.Derivationofmeasuredandpredicted

temperaturewiththeuncalibratedmodel

4.1Calibrationofmodel

Differentstatisticalindicatorshavebeen

usedtoevaluatemodels.Statisticalparameters

suchasrootmeansquareerror(RMSE)and

R-squaredforthemodelevaluationwere

discussedin[24,26].

    







(5)

Theresultsarebetterwithlowervalues

ofRMSE1.Incaseofcumulativeerrors,

RMSE1couldbeincreasedwhichistheone

ofthemajordemerits.Tocopewithproblem,[24,

26]employed relative rootmean square

normalizeddeviation.

   



 








(6)

Accordingly, the third indicators

R-squaredisastatisticalmeasureofhow

wellapredictedlineapproximatesmeasured

data.

 





        

 




 



 
 










(7)

R-squaredvalueequalto1impliesthat

modelprovides perfectprediction and 0

impliesthatthereisnorelationshipbetween

measuredandpredictedvalues.

Radiativereflection factor(orradiative

interception factor)oftheabsorberpipe

whichistheratiooftheradiativereflectivity

totheabsorbedsolarradiationfrom the

materialspecificationwas0.9±2%.Theactual

value ofradiative reflection factor was

takenas0.9onthebasisoflowerRMSE

valueasshowninFig.3.

Fig.3SensitivityofRMSEtoradiatitvereflectionfactor.

Modelcalibration original calibrated

convectiveheattransfer
coefficientbetweenthe
absorberpipeandthe
ambientair()

   

Table3.Calibratedmodelcoefficient
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Theuncalibratedmodelpredictionsdepend

upontheassumedvalueforconvectiveheat

transfercoefficientbetween theabsorber

pipeandtheair.Mathematicaltermsfor

long waveradiation and convectiveheat

transferbetweentheworkingfluidandthe

absorberpipedonotdependontheweather

conditions,especiallywindspeed,sothat

theyaregivenconstantbasedonthetime.

Therefore,calibrationwasperformedusing

the convective heattransfer coefficients

betweentheabsorberpipeandtheairby

minimizingRMSEvalues.Thefinalcalibrated

valueisgiveninTable3andcomparisonof

predictedandmeasuredwatertemperature

in thestorage tank from the calibrated

modelisrepresentedinFig.4.

Fig.4Comparisonofpredictedandmeasuredwater

temperatureinthestoragetankfrom thecalibrated

model.

Statisticalindicators Original Calibrated

RMSE1 0.5388 0.4910

RMSE2 0.0134 0.0125

R-squared 0.9955 0.9956

Table4.Relativeerrorsbeforeandaftermodelcalibration

Afterthecalibration,themaximum,minimum

and mean temperaturedeviation between

the measured and predicted temperature

reducedfrom1°Cto0.81°C,0.1°Cto0.09°C

and0.39°Cto0.31°Crespectivelyasshown

inTable4.Also,therewasnoapparentbias

betweenthemeasuredandpredictedtemperature

asshowninFig.5.Inthecalibratedmodel,

RMSE1,RMSE2,andR-squaredvaluewas

improvedfrom 0.5389to0.4910,0.0134to

0.0125 and 0.9955 to 0.9956 respectively

representedinTable5.

Fig.5predictedandmeasuredwatertemperaturefromthe

uncalibratedandcalibratedmodel(Linesare1:1).

Measured
(°C)

Predicted
(°C)

Deviation
(°C)

Minimum 33.41 33.50 0.09

Maximum 48.19 49 0.81

Mean 40.97 41.28 0.31

Range 14.78 15.50 0.72

Table.5Derivationofmeasuredandpredictedtemperature

aftercalibration
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4.2Validationofcalibratedmodel

Thecalibratedmodelwastestedusingthe

separatedatasetcollectedon10/07/2010

usingthesamePTC.Fig.6showsthevalidation

datasetusedinthecalibratedmodel.

Fig.6Comparisonofpredictedandmeasuredwater

temperatureinthestoragetankfrom thecalibrated

modelformodelvalidation.

Statistical
indicators

Uncalibrated Calibrated

RMSE1 0.4732 0.4333

RMSE2 0.1300 0.0120

R-squared 0.9817 0.9918

Table.6Relativeerrorsbeforeandaftermodel

calibrationrunonthevalidationdataset

Fig.7Predictedandmeasuredwatertemperaturefrom

theuncalibratedandcalibratedmodelformodel

validationLinesare1:1.

ThestatisticalindicatorsRMSE1,RMSE2

valueswerereducedfrom 0.4732to0.4333

and0.13to0.012respectivelyandR-squared

valuewasincreasedfrom 0.9817to0.9818

aftercalibration.Thestatisticalerrorsare

shown in Table6.Also,therewas no

apparentbiasbetweenthemeasuredand

predictedtemperatureasshowninFig.7.

5.Conclusions

Inthepresentwork,theenergy balance

equationofPTCforwaterheatingwas

simulatedandcomparedwithexperimental

results.Thesimulatedandexperimental

resultswereingoodagreements.The

publishedvalueofheattransfercoefficient

betweentheabsorberpipeandtheair

wascalibratedbyminimizingtheroot

mean squareerror(RMSE)from the

predicted and measured temperature.

Calibratedmodelwasverifiedusingthe

independentexperimentaldataset.The

minimum andthemaximum deviations

betweenmeasuredandsimulatedvalues

werereducedfrom 0.29% to0.26% and

2.04%to1.65%respectivelyaftercalibration.

Theresultsshowedthatthedeveloped

calibratedmodelcouldpredictthePTC

systemperformancewithhigheraccuracy.

Thus,developedcalibratedmodelcan

besimulated and employed forthe

long term performance prediction of

parabolictroughcollectorforwaterheating

system.
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