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Abstract: An experimerdl platform was designed and built for testitige thermal
performance of a water/steam cavity receiver. The experahplatform was utilized to
investigate the statp performance and operation characteristics of the receiver. The
electrical heatingnodewas chosen to simulate thenuniform distributon of heat flux on

the surface of absorber tubes inside the cafiitying stadup the temperatunese rate and

the mass flowate are consided ascontrol variables. A couple of staup curves under
different working pressures were finally obtainddhe results showed that the receiver
performed atrelatively low thermal efficiencies. The main reastor the low thermal
efficiency wasattributed to the kv steam mass flow ratevhich causes high proportioral

heat lossIn order to study the relatiship between thermal efficiency antass flow rate

a computationalmodel for evaluating the thermal performance of a cavity receiver was
built and verified.This model couplesthree aspects of heat transfére radiative heat
transfer inside the receivahe flow boiling heat transfer inside the absorber tubes and the
convection heat transfer arouride receiver. Thewater/steam cavityeceive of the
experimenal platform was studiechumerically The curve of thermal efficiencyersus
mass flow ratevasobtainedto show thathe thermal efficiency increases wititreasing
mass flow ratewithin a certain rangeand theincreaseis more remarkake at low mass

flow rates. The purpose ofhe presentstudywas to determinean appropriatemass flow
ratefor thereceiverof theexperimeral platformto ensure its efficient operation.
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1. Introduction

As problems okenergy shortage and environment polluticome more and more seripukean
and renewablenergy has beeof particular concerand studied all over thé/orld. Solarenergyis a
kind of nonpolluting renewable energy anthn beobtained for fregso ithas been used more and
more extensively. The utilization of solar energy fjower generatioms usuallyrealized byadopting
three primary technologies. Wang [1] reported that the tower type solar pesteiologyhas better
commercial prospects thdahose oftrough type and dish type solar powechnologiesn respect of
largescale power generatioithe equipment cost of tower type solar power system is much lower
thanthat of dish type andslightly higher thanthat of trough type andthe equipmet cost will be
further reducedn larger scale power generation. The equipmest ob tower type systesrmainly
consists of the cosfor the heliostat field andhe receiver and thecost ofthe receiveraccounts for
20% of the total equipment cost.

The ®lar receiver is a key component, which transforms ligiat heat ina tower type solar power
system.The performanceof a solar receiveis in direct relation to the efficiency tfe whole power
generation system. One possible configuration usually used in tower type solar power sysgeem is
cavity receiver because of its largefage areandlow thermal lossompared to an external receiver
There is usually an apertu@n the front surfaceof the cavity receiver, through which sunlight
concentrated b heliostat fieldprojects onto the surface inside the cavity. Meanwhile giistence
of the aperture causesnavoidableenergy losss including radiative heat loss and convective heat
loss somost studies on the thermal performa of solar cavity receivefocuson thermal efficiency
and thermal loss. Clausirjg] presented @ analytical model for estimatirthe convective heat loss of
a largeopencubical cavity receiver. The model was refined by including the aperture aremaand
latervalidated with experimental data [Behniaand Reize$4] have studied combined rad@i and
natural convection in a ceangular cavity filled witha non-participating fluid. One wall of the cavity is
an isothermal heat source while the opposite wall is allowed to transfer heat to the surroundings by
convection and radiation. The two end liwaare adiabatic. They found that external convection
weakens the internal circulatioand radiation strengthens the flow. Ramesh and Venkat§shiaave
led an experimental study on natural convection and surface radiation irfidlecagubical enabsure.

The result of this studghowsthat the heat transfer by convection and radiation between high emissive
walls is about twice akigh as that between low emissive onasdthe effect of radiation is less
significant. Taumoefolaet al.[6] conductedsome experimental stigson the natural convective heat
loss of the open cavity receiverby using electrical heating aa heat source. They found the
relationship between the natural convective heat loss and tieatiah angles which vary fo n®0°1
(cavity facing vertically upwardYo +90° (cavity facing straight down)They also carried out
numerical simulation of the convective heat loss with CFD. The numerical ressiisw good
agreement witlthe experimentatata A 2-D model was applieddy Sendhil Kumar and Reddy] to
investigate the natal convective heat loskom a modified open cavity receiver. Based othe
assumption of uniform solar flux distribution in the central plane of receiver, the convective heat loss
varnation with the nclination was estimated. They found that the convective heat loss rehehes
maximum value at OYcavity aperture facing sidewaysnd decreases monotonically withe
increasing inclination angle up to 90°(cavity aperture facing down)Le Quere et al. [8,9]
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experimentally and numerically investigated thermal driven laminar natural convection in an open
cubical cavity with isothermal sides, one of which faces the opening. Primitive variables and finite
difference expressions were adopted to solve thielgmtsof large temperature and density variations.
They found that the convective heat loss is strongly dependent on the cavity inclination and correlations
for each inclination were establish&kynoldset al.[10] used an experimental techniquarteedigate

the heat losses from the absorber cavity. The upper surface of the cavity is a flat plate absorber and th
lower surface is a glass window which allows solar radiation to enter the cavity. Theyaptacel

heat flow patterns ithe trapezoidal caty with a hot plate for flow visualization. The commercial
softwareFLUENT was employed to simulate heat transfethaefcavity. The flow patterns observed in

the experiments agreed fairly well with those predictatording tothe computational modeAn
experimental and numerical study on convective heat loss occurring in a downward facing cylindrical
opencavity receiver was carried out by Prakashal. [11]. The ratio ofthe aperture diameter tthe

cavity diameter is greater than one. Nusselt nundmerelations were proposed for calculating
convective heat loss under-mond conditionsPaitoonsurikarret al.[12] numerically investigated the
natural convective loss from four different open cavity receiver geometriesh wasvalidated with

the exerimental resultas theyfound that the numerical and experimental results agreedwtéall

each otherThey alsoput forward anew correlation for natural convection based on the numerical
simulation results ofhe threedifferent cavities abovelhe corelation proposed a new concept of an
ensemble cavity length scale for considering the combined effects of cavity geometry and inclination.
And the correlation proposed had high accuracy compared with other correl@mmghan and
Behnia [13] proposed amodel combined with natural convection, conduction and radiation heat
transfer in an opetop vertical cavity. They found that natural convection is the major mode of heat
transfer and radiation has a significant effect on thermal and flow fielasing a recirculéion zone

in the cavity.Bakeret al.[14] introducedthe CESA-1 opencavity receiver in detaih theirreport The
receiver controls, locations of analogic measurements, cold and warapstamd transient responses

to cloudinduced changewereall involved The duration of thetart-up time is important for plant
operation, sp in order to minimize the staup time, appropriate operating strategies were
implementedand followed during CESA receiver startip. Fanget al. [15] put forwarda combined
method for calculating the thermal performance of a solaen cavity receiver under windy
conditions. This method coupled the Monte Carlo method, the correlations didlbmg heat transfer

and the calculation dhe air flow field. They found that the air velocity reaches the maximum value
when the wind comes from the sidetbé receiver and the thermal loss also reaches a highest value
under the siden wind. The previous studieshave some shortcomings Firstly, most of the
computationalstudies just focused on the convective and radiative traasfer in a simple cavity
without considering the influence on the layout of absorber ti#®m=ondly, the boundary conditions
were all set to very simple ones, and the wall temperature or heatdks considered to be uniform.
However,mostreceives such as water/steam receivers or molten salt recenesscontain absorber
tubes forthe heat transfer fluidhatis receiving and transporting energjhe temperature and heat flux
distributions a@ usually very nowniform and determined by the solar irradiation conditions in the
aperture. Besides, the solar cavity receiver must-gpadnd shut dowrrequently because of the
noncontinuity of sunlight sothe study on parametgariatiors during startup of the cavity receiver

is significant.
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In this work a experimerdl platform was designed and built for testing the thermal performance of
a water/steam cavity receiver with absorber tubes. The rising curves of temperature, system pressure
massflow and heating power during starp processes under different operating pressures were
obtained and the starup thermal efficiency othe receiver was also calculatedue to the low mass
flow rate, he thermal efficiency appears too low during theady operation Based on the
computationalmodel proposed by Fargt al. [15], a hew omputationalmodel was established for
studying the relationship between the thermal efficiency andntees flow rate The receiveof the
experiment platform wathen numerically studied and the curve tbke thermal efficiency withthe
mass flow ratevasobtaned An appropriatenass flow ratevas finallydeterminedor the receiver to
ensure its efficient operation.

2. Experimental Investigation on a Water/Steam Cavity Receiver
2.1.Experimen®Platform Desigrand Build

The system diagram othe experiment platform isshown in Figure 1. The waterat room
temperature is pumped out thfe water tank bya plunger pump and fed into Nd@. preheater. The
water is preheatei thetemperatur@bout 105C and then flows into the deaerator.

Figure 1. System diagram of the experiment platform
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After being deaeragd, the water is fed into No2 preheaterto be further heated ta higher
temperature. Then the water flows inteetcavity receiver, which is the major experimental testing
section. In the receiver, the water is heated into saturated water and steam by the boiling tubes and the
flows into the drumfor steamwater separation. The forced circulatiomde is employed.After
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separation, the saturated steam outflows from the drum deisdo a temperaturabove the target
temperaturein a superheater. Finally, the superheated steam out from the receiver flows into the
desuperheater to adjuss temperature to the riget state. The role played by the desuperheater is to
ensure the constant outlet temperaturgéhefsuperheated stearince the thermal performance of
cavity receivelis our researclobject the experiment platforrhasnot beenprovided with generating
equipments such as steam turlsa®d generatar The superheated steam out from the desuperheater
flows directly to the hot side of N@ preheater and Nd. preheater for energy recovery. Thée t
steamis cooled by the coolingecycle system and condessato cold water and finally goes back to
the water tank. The operating temperature range of the experiment platform iS@@ntd 400 C.
The operatingressure range is OMPa 5 MPa and the mass flomate range 180 kg/hi 100 kg/h.

The cavity receer shown inFigure 2a is the key component and the major experimental testing
section in this experimeémplatform. It is a lefright symmetricahexagonal prismvith aninclined top
face The back wall is 1.95 m high and 1.03 m wide. The widtthetwo side walls adjacent to the
back wall is 1.04 m, while the other two side walls are 0.67 m in width. All walls insid=ty are
covered with heainsulating material toreduce heat loss. There is an apertukeith a size of
1.2m x 0.8 m, on the frontsurfaceof the cavity and a door also covered with insulating material is
installed coveringon the apertureAfter finishing the experiment thdoor is tightly closed m the
aperture to seal the cavityr keepng it warminside

Figure 2. (a) Cavity geometry(b) Absorber tubes layoutl{Boiling tubes 2Superheated tubes
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Figure 2b shows the layout of biai) tubes and superheated tubes. The geometheoéceiver is
very similar tothat of CESA-1 receiver in Spain. According 8 a k e r odsscriptibrdefering to
CESA1, the higher heat flux will mainly appear on three back watoiling tubes ardaid out on
these walls and superheated tubes are installed in the center of the r&eoeethe electrical heating
energy is given to the absorber tubes in the experiment platform and there is no incident solar flux in
the aperture, very loosely packaibes can be laid inside the cavity. In a real solar cavity receiver, this
kind of layout will cause severe heat loss becawnsst ofthe backsurfaces arexposd to the incident
solar radiation The central boiling tubes have 15 passex the outer idmeter of every tube is
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20mm, including the3 mm thickness of the stainlesteel wall while the side boiling tubes and
superheated tubes have outer diansedérl4 mmincluding the2 mmthickness of thestainless steel

walls. The side boiling tubes ansuperheated tubes have 14 passes and 12 passes respectively.
Figure3 showsa schematigraph ofthereceiver. There is a drum above the receiver for steatar
separation. The volume tfedrum is 0.5 mand the weight is 750 kg.

Figure 3. Cavityrecaver. (1-drum 2door 3boiling tubes 4superheated tubgs

The electrical heatinmmodewas chosen tsupply energy for the absorber tubkksan provide high
heat flux and convenient power control. On the basBaser[ 1 4] a n[#5] résalts, gbdtA8%
of the netenergy is absorbed by the central boiling panel afd B each sid®ne This net energy
ignores the radiative and convective heat loss,istiteonly energy transferred frothe tubes tothe
fluid. Hence, in order to simulate the saemnditiors, the electrical heating power fahe centra
boiling panel is twice akigh as that for each sidenein the present studyAccording to this heating
power distribution, the mass flosate distribution of three boiling panels was designedaskg/h for
the central panel and 150 kg/h feachsideone This kind of designcanensure thathe boiling tubes
have approximatéy the sameoutlet quality.It should be noticed thahésemass flow rate are the
recirculating flow rates. It meansnly part ofthe liquid is heated into steam arbde majority is
recirculatedin the boiling tubes.The steamwater circulation ratio is abousi 10 under steady
operating conditiond. n  F §L.B] gedearch, thdistribution of surface heat flux on the boiling tubes
appearsasnonuniform. The middle part of each boiling panel getgeaterheat flux and thgreaest
value appears ithe middle part ofthe central boiling panel. There are two reastorghis digribution
of thesurface heat flux. One thatthe solar energy concentrated in the apeitingghly norruniform.
The other isthat the receiver geometry is usualiy an irregular shape. In order to simulate this
nontuniform heat flux distributionpne absorber tubés divided into severadections which areneated
separatdy. The electrical heating way fame ofheating sectiomof the absorber tubes is shown in
Figure4. The middle otheheating section is connected to one pole of the power sugpytwo ends
of the heating section are both connected to the other @yethis electrical heatingnethodthe
electrical insulation between the heating section and other connectecgant® guaranteedhe
other section®f this tube are also heatéd the same wayso the ends of the tubes are also heated
although this is not shown inFigure 4. The heatingis simply being done by resistance in the
tubes themselves.
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Figure 4. Electricalheating way for every heating section
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The experimena platform aims to test the thermal performancehafwater/steam cavity receiver
during stadup processes. The temperatuise rate is considered asmain control variable. Since
there areno authoritative criteridor the temperaturgse rate ofthe cavity receiver, the stastip criteria
for boilers are referenced. According to thextbook Principles ofBoilers written by Fan[16], the
average tempaturerise rate of the drurmas recommendedhall not exceed 1.5C /min, while the
average temperaturése rate of the superheated steanalsbe less than 2.€ /min during starup
processes The steanmassflow rate is an auxiliary control variable, which increases linearly with the
startup time determined byhe temperaturerise rate Other variables, inading the variables
represenng the pressure in the drum and the heating power patk dependent variables. They are
determined byhetemperatureise rate andhe steam flowrate.

For calculating the thermal efficiency of receivéng temperature ah mass flowrate of the
feedwaterand steamat the inletand outlet the drum pressurend temperature, anthe electrical
heating powemustbe measuredso a data acquisition system is allocated for the measurement of
temperature, pressure, mass floae and heating poweait the key positions ofthe experimental
system. The thermal efficiency tfereceiver d, is defined as the ratio of the energy absorbethby
receiver Q, to the total electrical heating pow@:

Electrical

Q
h==t
Q. 1)
The energy absorbed liyereceiver Q;, can be described as follows:
. . dT

wherem andh represent the mass florate and the enthalpy respectivelhe subscrigi, o andw
represent the inlet of receiver, the outlet of receiver and water (in the receiver), respectively. The first
two terms on the right dtquation(2) represent the energy taken away by fluid flowing in and out of
the receiver, including the energy brought twe feedwater and the energy taken away thg
superheated steam. In order to maintain the liquid level in the drum at a constahttheigtass flow

rate oftheinlet should besqual to hatof the outlet. The third term represents the energy absorbed by
water in the receiver due to temperature rising during-gfagrocesss The total electrical heating
powerQ, can be expressed fdlows:
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n
Q.= al Vil 3)
whereV and| respectively represent the voltage and current of each heating sectioniegondsents
the number othe heating sectionsin the experimentsa low lever AC voltages appliedfor the
absorler tubes. A couple of current transformeaseinstalledto collectthe current measured by AC
ammeters. The electric potential differenc® measuredusing AC voltmeters. The current
transformers, ammeters and voltmeters all have the measuremesibe#05% and high stability.

2.2. Experimerdl Resultsand Discussion

A couple of experiments were conducted to study the thermal performatieereteiver during

startup processes under different target pressiiigsre5 shows five startip curves under thearget
pressure of 2.6 MPa.

Figure 5. Startup curves under operating presspre2.6 MPa
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The starup curves of 4.2 MPa and 5.1Rsl are shown in Figurésand?.

Figure 6. Startup curves under operating presspre4.2 MPa
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Figure 7. Startup curves under operating presspre 5.1 MPa
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The five stadup curvesrepresendrum temperature, steam temperature, pressure, heating power
and mass flowate rising with the staup time. Among the five curves, the drum temperatueeraite
and the 'eam temperature egate are control variables. The maximum temperatuesate is lised
in Tablel.

Table 1.Maximum rising rate ofhe control variables during staup process

Drum temperature Steam temperature  Steam flow risin
PressureMPa P b g

rising rate/C -min rising rate/T -min rate/kg-h?
2.6 0.99 1.21 11.52
4.2 0.77 1.77 37.24
51 0.72 1.79 30.58

The steam flowrate increases linearly with the stap time andthe rateis an auxiliary control
variable.Since experimental variables are uguabrd to control, thesteamflow rate increasemuch
more slowlyboth at the beginning and at the end of stgytin the experimentsTherefore, the flow
rate in Figires5i 7 only linearly increases from some time after the start of-gpatb some time
before the end of staup. It takes 4.6 h, 3.5 h and 5.0 h, respectively, to finish the wholeugtart
process under three different target pressurben the drum pressure and temperature, steam outlet
temperature, heating power and mass flow rate taeles For the sake of aey, the values of
temperature and mass floweisate usedas control variables are selecte@ry conservatively in the
experimentssothe starup time is a little longer than that a realsolar cavity receiver whichsually
takes1i 2 hours to finish the statp processlf higher temperature and mass flow rising rate
selectedthe stadup timeof our cavity receivewould be minimized.

The thermal efficiency othe receiver during statip can becalculatedby using themethod
introduced in Section 2.1 drshown inFigure 8. As can beseenin Figure 8, the overall thermal
efficiency of the receiver is rather low. The thermal efficiency is only abo56ven in steady
operation under the pressure condition of 2.6 MPe thermal efficiencies of 4.2 MPa and 5.1 MPa
appearslightly higher, but still very low,and are only about 680 and 706 after gart-up. As was
mentioned the geometry ofhe receiver isvery similar tothat of CESA-1 receiver in Spain, but the
formerhasmuc h | ower t her mal[l4krépbri tleeithermal gfficiencynof BEESAK e r O <
receiver can reach about%®@uring steady operatiorvhich is shown inFigure 9. The low thermal
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efficiencyis attributed tahe mismatching ofhe receiver geometrgndthe steammass flow rateln

the pesentstudy the mass flow rateis only 9 kg/hi 100 kg/h when the operating pressure and
temperature are stable. Due to the loass flow ratethe correspondingenergy &asorbed by the
receiver is alsdow, thereby tle heat losgepresentgqjuite a high proportion of the total energy.
Because the maximumass flow ratef the experiment platform is 100 kg/h, the thermal efficiency of
thereceiver with thanass flow ratenorethan 100 kg/h cannot lsudiedexpermentaly.

100

100

Figure 8. Thermal efficiency of receiver during staup process
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Figure 9. Thermal efficiency of CESA.
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3. Numerical Investigation on a Water/Steam Cavity Receiver

In order to obtaira detaikedrelationship between the thermal efficiency andrtass flow ratethe
receiver shown irFigure 2 was studiechumerically Based on thearnputationaimodel proposed by
Fang et al. [15] for evaluating the thermal @&ffency of saturated steamavity receiver, a new
computationaimodel with the heat transfef superheated tubes was establish€d.ensure efficient
operation of theavity receiver, drther studiesreexpected tde conduced after the validation othe
computationaimode| to acquirethe curve of thermal efficiencyersusmass flow ratdor determining
anappropriatenass flow ratéor the given receiver.

3.1.Computaional Model

Fanget al.[15] proposed a combined method for calculatimgthermal efficiency of a solar cavity
receiver. This method can be divided into three aspects: ti@ateoon of temperature and heat flux
inside the receiver with the Monte Carlo method, the calculation of convective heat transfer inside the
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absorber tubes and the calculation of air flow field around the recdifierthermal efficiency is
finally obtaned by coupling these three aspects with an iterative scheme.

The Monte Carlo method is used to calculate the wall temperature and the surface heat flux inside
the receiverThis methodor radiationis introduced in detail ithe textbook by Modesfl7], andits
basic thoughtis that the radiative heat transfer process bandividedinto three sukprocesses:
emission, reflection and absorption. Every-pubcess haa probability of occurrence. The receiver is
divided into many surface units. Let evenyitiemit a certain quantity of light rays and every light ray
is tracked and judgely considering whether it is absorbed or reflected by the interface or it escapes
from the receiver. Therefore, the radiative heat transfer faifrcan be computed bytadistical
analysis.RD; is the ratio of the number of light ragisatunitj gains from unit to the number of light
rays emitted by unit Then the temperature and heat flux of surface units caalbelatedby solving
the energy equations expresssRD;. If the light ray escapes from the receiver through the aperture,
it is considered as the radiative heat Jagsthe radiative heat loss cafsobe obtained by using the
Monte Carlo methodNo incident solar flwbut only the electrical heatingnergywas suppliedo the
absorber tubes in ¢hpresenstudy, sathe temperaturavas seto the ambient state in the aperture of
the cavity receiver when calculating with the Monte Carlo methodhould be noticed that the
radiative heat transfer fact®D; only needs to be calculated once before iteration.

Subcooled watedeliveredto boiling tubes idheated into saturated state ahdndergoes @hase
transition.Then he saturated steais changd into superheated steam in superheated tubes. dwe fl
during this processs consideredto fall into three regionssinglephase flow region, including
supercooled liquid singlphase regiorand superheatesteam singlgohase regionsubcoded boiling
flow region andsaturated boiling flow region. Among them the subcooled boiling flow region can be
subdivided into three regions according to the mechanidmeat transfemamely,partial boiling flow
region, fully devebped boiling flow region andsignificant void flow region. Fanget al. [15]
introduced these flow regions in detail. The calculation of convective heat transfer inside the absorber
tubes anbe conducted by selectirgpropriate heat transfer correlations aehtification criteria for
eachflow region. The correlations recommended by Kandl{i&;19 and the identification criteria
suggested by Hset al.[20] were used in the calculatioAs long as the inlet conditions of absorber
tubes and heat flux on the surface of tubes are known, the convective heat transfer coefficient and the
wall temperature of tubes can be calculated.

The existence of aperture causes indispensable radiativiobgeand natural convective heat loss
of the receiver. The natural convective heat loss between the receiver and the air is gained by
calculating the air flow field around the receiver. The commercial softWat4#ENT is chosen to
calculate the natural coastive heat transfer. The standaetlturbulent model is selected and the
SIMPLEalgorithm is employed. Gravity term is considered in the calculafioge the air pressure in
the system varies lite in the whole fluid domairbeingnearly equal to ktm, the physical properties
of air is setto vary only with temperature. The piecewitimear functionis employedor calculatng
the density, specific heat, thermal conductivity and viscosity. The walleoéceiver are considered
adiabatic and nalip velocity boundary conditions are gded. The boundary layer elemeargalso
created. There aax rowsof boundary layer elements in the present work. The heigiedirst row
is 1/5 of the length afhe grid on the boundary and the increasing ratio between every two rows is 1.3.
The speed of far field is set to @.the conditions of air flow in the far field and the wall temperature
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of cavity and absorber tubes are known, the natural convective heat loss between the receiver and th
air can be calculated. In the present model, whemumber of cells imeases to 1,250,307, the result
indicates that the mesh converges.

The parameters requiréol calculating thehree aspects introduced above are interrelatechainel
of theseaspect canbe solved alone. When calculating the wathperature of cavity and the heat flux
on the surface of absorber tubes with the Monte Carlo method, the wall temperature of absorber tube:
and the natural convective heat loss must be known. When calculating the wall temperature of
absorber tubes by setewy appropriate heat transfer correlations, the heat flux on the surface of
absorber tubes must be used. Besides, when calculating the natural convective hetidosseabver
with FLUENT, the wall temperature of cavity and absorber tubes must benkr®av an iterative
scheme is needed by coupling these three aspects.

The calculation method raised by Fagtgal. [15] canbe used taalculatethe net energyhat the
solar cavity receiver gains and other thermal performance parameters under the cohdrterding
the boundary heat sourcee(, solar energy distribution in the aperturlt)is contrary n the present
work, that boundary heat source.d., electrical heating energgeliveredto the absorber tubes
calculated by giving the net energgquired by the receiver. Théoee, some adjustment is made for
the model to adapt to the present calculation. Before iterative calculation, the radiative heat transfer
factorRD; and the net energy required by the receiver must be calculated first.

For the water/steam cavity receivef the experiment platform, the electrical heating energy is
partly dissipated due to convective and radiative heat loss and the rest is absorbed by tubes to heat tt
subcooled wateinto superheated steam. Thisst part of energy is the net energy required by the
receiver. The subcooled water is heated into saturated liquid and steam in boilinghtuimesh,
represent the specific enthalpytbe saturated liquid and stewa m, and m, respectively represent the
outletsaturatediquid mass flowrate andhe saturatedsteam mass flowate.It should be noticed here
thatonly part of liquid is heated into steam and most igealatedin the boiling tubesEquation(4)
expresses the energy required by the boiling tubes

Qo=(M h M B (M M+ (4)

whereh; represents the inlet specific enthalpysabcooled water

The saturated steamvhich mass flow rate ish, outflows from the drum ands heaéd into
superheated steam superheated tubek,,, and h, are respectively the specific enthalpy of outlet
superheated steam and inlet saturated stddma.energy required bysuperheated tubes can be
described as follosr

qup = n} 3( Qup hz) (5)
Thus, the net energy required by the receiver is the s@p,@ndQsyp
Qnet = Qbo -'qup (6)

Figure10 shows the flow chart for calculatitige thermal performance tie cavity receiver. The
calculation steps shown dhe right side of the figure eveput forward by Fan@t al.[15]. It consists
of two loops: the convective heat loss is calculated in the outer loop, and the wall tempechthee a
heat fluxare calculatedoy coupling the Monte Carlo method and the heat transfer inside the tubes in
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the inner loop. Because the electrical heating energy can hardly be caldiratdgt by giving the net
energy required by the receiver, a neerative loop which nests the two former ones is aduked
shown on the left side ¢figure10. Thevalue ofheating energy is assumed in the calculation at first,
and then the net energy gained by the receiver can be obtained by adopting the calcydatmmtbie
right side offFigure10. According to the comparison between the net ertbegyhe receiver gains and

the onethatthe receiver requires, the heating endegito the absorber tubes will be properly adjusted
for recalculating the net energyiged by the receiver. The details of the whole calculation process are
described as follows:

1.

o

10.

11.

The radiative heat transfer factBD;, the net energQy, and Qsyp required byboiling tubes
and superheated tubes are calculated first. They are not involireditaration loops.

Assume an initial electrical heating pow€, of absorber tubes. Ag is similar to the
experimental condition, a half of electrical heating power is provided for central boiling tubes
and a quarter is for each side one.

According b the proportion distribution of heating power in the experiment, the electrical
heating power for each surface unit of absorber tubes is calculated.

Set an initial convective heat 108g ossfor each surface unit dfereceiver.

Assume an initial wallemperaturd; for each surface unit of absorber tubes.

Take the convective heat loss thk receiver, the heating power and the wall temperature of
absorber tubes asettboundary conditions. dshe Monte Carlanethod tocalculatethe wall
temperature ofhe cavity, the radiative heat loss tife receiver and the heat fluy of every
surface unit on the tubes transferiatb working fluid inside In this step, the radiative heat
transfer factoRD; is used.

Based on the correlations of flow heat transthe inlet conditions of absorber tubes and the
heat flux on the surface of tubes calculated by Step (6), a new wall tempétaifitebes

is gained.

CompareT; with T, . If the difference between theteo values is larger than a given allowable
error(J then go to Step (6) and replace the valueith T, before repeating the calculation. The
process above shall be repeatitidthe difference betweeR andT, is smaller thart) The wall
temperature ofhe cavity and tubes, the radiative heat losshefreceiver and the heat flux of
the tubes will convergein the condition that theonvective heat loss and electrical heating
powerare assumed

After the wall temperature dhe cavity and tubes convergthe calculation of air flow field
around the cavity can be conducted &inga new convective heat 10§,

CompareQoss With Q.- If the difference between the two values is larger than a given
allowabk error/ , then replace the valu@: jossWith Qg,,oss and go to Step (5) to recalculate the
convective heat loss ahe receiver. Keep iteratingill the difference betweeRoss and

Q. 1ossiS SMaller thary .

After the convergeceof convective heat loss, the wall temperaturéhefcavity and tubes, the
radiative heat loss dhereceiver and the heat flux dfe tubes arecalculatedn the condition
that the heting poweris assumedSo the energy gained by boiling tuli@sand superheated

tubesQ.

sup

can beobtainedrom the following expression.
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Qlljo(sup) =a as (7)
where§ represets theareaof surface unit on absorber tubes.
12. CompareQyo With Q,, and Qsyp With Q, . If the difference is larger than a given allowable
error/ , then adjust heating pow€p, and goto Step (3) to recalculate. Do iteration until the
difference is smaller than . The real heating powaeuill be gainedfinally.

13. When the electricaheatingpower converge the whole calculation is finished. The net energy

that the receiver requires can be provided by the heating power at present. The thermal
efficiency of receiveh can be calculated yquation(8).

aas
p=AL 22 8
h (8)

Figure 10. Flow chart for calculating the thermal perfaance of cavity receiver
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The calculation of radiative heat transfer factakes quite a long time, since the radiative heat
transfer takes place between any two units. When the Monte Carlo method is employed to calculate
RD;, the number ofight raysemitted by every uniis very importantA propernumber oflight rays
canensure the accuracy of results and the leastdingalculation Another timeconsumingaskis the
calculation of convective heat transfer. If the initial temperature is set tieeb@mbient temperature
and the initial velocity is set to be zero, it will neausands oiterations to obtain the converged
results. The wall temperatureand the heat flux are calculated by solving theadiation energy
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equations. Because the coeffict matrix ofequations is a strictly diagonally dominant matrixgan
meetthe convergence condition of Gatfssidel iteration. The calculation of air flow field around the
cavity employs the second order upwind schemtechis absolutely convergent.

3.2. NumericalResultsand Discussion

The thermal performance dhe water/steam cavity receiver shown kigure 2 during steady
operation wastudiednumericallyin the presenstudy To verify the reliability ofthe computational
model, the thermal penfmance of the receiverunderthree experimental condns introduced in
Section 2 were simulated.The mass flow ratds independent of the pressure emery experimental
condition The mmparisorof experimental and numerical results is showRigurell and Table. A
good agreement can be found between the experimental datiacandanerical data, especially when
the operating pressure is higbince the heat insulation parts of #eriment platfornwere treated
well and the measurement was accuréte experimental results asegnificant and can be used as
reference values for the numerical studiéss reasonable that the thermal efficiency errors between
the numerical and experimental results reacb1d.1%. The good agreement demonstratekigh
reliability of the computation model.

Figure 11. Comparison of experimental and numerical results
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Table 2. Comparison of experimental and numerical results

Mass flow rate, Experimental Numerical
PressurgMPa kg/h efficiencyo efficiencyb Etror/ %
2.6 53 56.4 63.5 111
4.2 99 68.0 73.3 7.2
5.1 86 67.3 71.5 5.9

After verifying the reliability of the computationalmodel, the relationship between thermal
efficiency and mass flow rate was studied. Under the pressure of 5.1 MBttlamdteam tenmgrature
of 400 €, the curve of thermal efficiencywersusmass flow rate was obtainemsshown in Figure 12.
The mass flow rate varies fron8 kg/h t0250 kg/h and thénverted trianglen Figure 12 represes
the experimental point. As can be found in Figure 12, the result indicates that the thermal efficiency
increasesvhen the mass flow rate changes froBkg/h to 250 kg/hlt increases more remarkably
whenthe mass flow rate is low. When the mass flaters less than 10/h, the thermal efficiency
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is lower than 7%6, while the large mass flow rate which is more than RQ0h can cause high
thermal efficiencyover 85%. The natural convective heat loss is abfmur times more than the
radiative healpss. It is the main component of heat ladsch canalsobe observed from Figure 12.

Figure 12. Curve of thermal efficiency witmass flow rate
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The reason fothethermal efficiencyincreag with mass flow ratenaybe explained as belowhe
change bmass flow rateloes notaffectmuchthe temperature of absorber tulvesen tle mass flow
rate varies from 3 kg/h t0250 kg/h sothe absolute value dfieat loss othe receiver alsashowsno
obviousincrease On the other handhé increasing mass flomate can lead t@ relatively large
increa® of the net energy gained biye receiver sothe thermal efficiency ofhe receiver increases
accordingly Figure 13 is the distribution othe outer wall temperature of absorber tubes when the
mass flow ratas respectively 53 kg/h and 250 kg/h. As can be seehigare 13, the outer wall
temperatee ofthetubes onlyincreasedy 8 € although the mass flow rate increasmsaboutfive-fold.

Figure 13. Distribution ofthe outer wall temperature of absorberésgb

Figuresl4 and15 illustratethe air temperature fie andtheair velocity fidd around the receiver on
the central vertical sectipmespectively The air temperature gradually increases from the bottom to
the top inside the receiver. The low temgiare air flows into the receiver from the bottom aperture
and then is heated hige walls and absorber tube&s the density becomes lowéhe heated aiflows



