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Experimental Investigation of
Natural Convection Heat Loss
From a Model Solar Concentrator
Cavity Receiver

Natural convection heat loss inevitably occurs in cavity-type receivers in high concen-
trating solar dishes, downward focusing systems and solar towers. In most applications, it
can contribute a significant fraction of total energy loss, and hence it is an important
determining factor in system performance. To investigate natural convection losses from
cavity type receivers, an electrically heated model receiver, was tested at inclinations
varying from—90 deg (cavity facing up) to 90 deg (cavity facing straight down), with test
temperatures ranging from 450 to 650 deg C. Ratios of the aperture diameter to cavity
diameter of 0.5, 0.6, 0.75, 0.85 and 1.0, were used. In addition to measurements of overall
heat loss, the Synthetic Schlieren technique was used to visualize the flow pattern out of
the cavity. Numerical modeling of the convection losses from the cavity was carried out
for positive angles with the commercial computational fluid dynamics software package,
Fluent 6.0. Good agreement was found between the numerical flow patterns at the aper-
ture region with the schlieren images and between measured and predicted values for heat
loss. Of the previously published work that has been reviewed, a model proposed by
Clausing, A. M., 1981, “An Analysis of Convective Losses from Cavity Solar Central
Receiver,” Sol. Energ27 (4) pp. 295-300 shows the closest prediction to both numerical
and experimental results for downward facing cavities despite its original use for bigger-

scale central receivers[DOI: 10.1115/1.1687403

Keywords: Natural Convection, Solar Cavity Receiver, Dish Concentrator.

cients inside the cavity, determined from standard semi-empirical
correlations and the energy transferred by the air through the ap-

nificantly reduce the efficiency and consequently the cost eﬁe%é&are due to buoyancy and wind effects. This model was later
tiveness. It is therefore vital to fully understand the nature of the fined and verified by the same autfi@l, with experimental

heat loss mechanisms. With paraboloidal dish cavity receivngSUItS from a 2.7 m square aperture receiver and good agreement
conduction and radia_tion can readily be determined a”alytical_y'CIaﬁsing[ﬂ conducted an experimental study on a 0.4 m cubic
however the complexity of the geometry, temperature and velocityiv, with a variety of side facing apertures. A cryogenic wind
fields, in and around the cavity makes it considerably harder {o el was used with temperatures ranging fret93 to 37 deg
determine the convection loss. _ C in order to reduce the effect of radiative heat transfer. Thin foil
‘The Australian National UniversityANU) has been involved heaters were used to heat each cavity side and the convective loss
with the investigation of solar thermal energy conversion usingas deduced from the cooling rate of each side after the heaters
paraboloidal dish concentrators for many years. Currently thgsre turned off. This study resulted in further development of the
team |s_work|ng with a 400 fconcentrator fitted with a mono- Clausing[3] model to include the effect of aperture area. The
tube boiler, cavity receiver for superheated steam production anﬁrﬁ)roved model showed good agreement with the experimental
20 n? concentrator that operates a cavity receiver lined with repta.
actor tubes for ammonia dissociation for energy stof@gje Harris [5] described an experimental study by Koenig & Mar-
This paper reports on investigation of the convection lossgf [6], which developed a correlation that explicitly includes pa-
from a small, electrically heated, laboratory simulation of a solagameters such as inclination angle and aperture size.
cavity receiver, which has been constructed to measure losses distine & McDonald[7] proposed a correlation based on experi-
rectly. Flow visualization using the Synthetic Schleiren techniqu@ental results from a single tube cylindrical-frustum shaped re-
has also been employed. The results from this system have thefer. The receiver had a length of 914 mm, an outer diameter of
been used in comparison with the predictions obtained fromga3 mm and an aperture diameter of 457 mm. Tests were carried
range of published models plus calculations with Computationglit with receiver inclinations between 0 and 90 deg with “Sylth-
Fluid Dynamics(CFD) using the “Fluent 6.0” software package. erm 800" heat transfer fluid pumped through the receiver to create
test temperatures of up to 315 deg C. The total heat loss was
g_etermined from the temperature drop of the heat transfer fluid

1 Introduction

1.1 Previous Work. There have been several previous in
vestigations of convection losses from cavity receivers. An an r0ss the receiver
lytical model of large cubical central receivers was proposed k?)? ;

. - .” Leibfried [8] carried out experimental studies that simulated
Clausing[1], based on the local convective heat transfer COEﬁSperation in[ l]Joth downward ?ocusing systems and parabloidal

Commibuted by the Sojar Division OfE A © " dish systems. This study used electrically heated spherical and
ontributed by the Solar Energy Division o MERICAN SOCIETY OF ME- : ; ; : :

CHANICAL ENGINEERSfor publication in the ASME QURNAL OF SOLAR ENERGY hemISphencal. receivers with a diameter of 40(.) mm' The aperture
ENGINEERING. Manuscript received by the ASME Solar Energy Division, August,for these receivers ranged from 60 to 195 mm in diameter and was

2003; final revision, December 2003. Associate Editor: A. Kribus. adjusted by adding insulated disks of different inner diameters.
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Particle Kaowrool The size of the aperture was altered by placing 5 mm thick cal-
board I insulation Sheet cium silicate washers with inner diameters ranging from 35 to
stal 59.5 mm.
fasng The model receiver is attached to the left of a trolley by a
Caldum hinged angle adjustment mechanism to enable testing at different
:i;;“e angles. There are 7 K-type thermocouples that measure the cavity
surface temperature, 8 on the exterior surface of the model, plus a
Heating further 8 measuring various temperatures within the model. These
codl thermocouples are logged with a Datataker 600. The temperature
Mild of the cavity is controlled by a self tuned Eurotherm 808 PID
steel temperature controller that regulates the power level to the heating
] .. ?ﬁ’iﬁ;ﬁ coil. A host computer, not shown in Fig. 2, acquires both the data
: ] ;00 \ from the temperature controller and the Datataker.
AR T S ste During operation, a time interval of approximately one hour is
I bracket required for the system to reach steady state. Temperatures are
3 470 NOTE: logged at 15 second intervals and the power level is logged at four
=280 Ditm ensions second intervals for a period of 20 minutes, to provide the data for
i a reliable steady state data point. A “Fluke 83" multimeter was

used to measure the supply voltad® ( and heater resistan¢g).

Fig. 1 Cross section sketch of model receiver These values in conjunction with the regulated power lepg) (
were used to determine the total heat loss rat¢ {rom the re-
ceiver using Eq(1):

They modified Clausing’$4] and Stine & McDonald’$7] models

to account for the different flow pattern while the cavity is facing V2

upwards. The two modified correlations were in good agreement q=p.=. )
with their experimental results. The Rayleigh numtRa) in the R

experiments was estimated to be betweehadrtd 10, indicating
that the flow regime within most of the boundary layer would b, ity receiver was visualized using the ‘Synthetic Schiieren’

laminar ; ; ; : :
o . . technique[9]. Schlieren techniques rely on the deflection of light
With all these studies the range of applicability beyond thg, s hassing through an optical medium in response to gradients

receiver geometry directly examined remains unclear and thefg-he refractive index field normal to the ray direction. The ray
fore caution should be used when using them for different geomjafiection increases with refractive index gradient, thus observa-
etries and operating conditions. tion of the deflection field reveals detail of the refractive index
(density structure in the medium.
2 Laboratory Measurement of Convection Losses In this study, the refractive index field is a function of tempera-
ture in the convective flow. The model receiver was positioned
2.1 Experimental Apparatus. An electrically heated ex- between a video camer@ohu 4910 Series High Performance
perimental simulation of a cavity receiver has been constructedrtmwnochrome CCD and a back-illuminated image screen, as
allow direct measurement of losses under laboratory conditioshown in Fig. 2. The image screen consisted of a series of fine
The details of the model receiver are shown in Fig. 1 and tiparallel lines aligned normal to the axis of the cavity receiver, so
arrangement in the laboratory in Fig. 2. The model receiver coas to detect temperature gradients in the direction of the cavity
sists of a mild steel tube cavity with a “Pyrontenax” mineralaxis. Maximum sensitivity was achieved by aligning the lines of
insulated electrical heater cable wound around it as a sourcetlo¢ camera CCD with the lines of the image screen. Thermal
heat input. The cavity interior surface has been painted with higltructures in the convective flow distort the pattern of parallel
temperature resistant black “Pyromark” 2500 paint. The steel tuthi@es recorded by the camera, and these structures become evident
is mounted in a framework of Calcium Silicate insulation boardipon comparing the distorted pattern with a reference pattern cap-
The entire structure is covered by a sheet metal casing and talled prior to heating the cavity. The comparigarpixel-by-pixel
internal spaces filled with “Kaowool” ceramic insulation material based subtractiorwas carried out using a PC, a frame-grabber
(Data Translation DT2862and the flow imaging software,
“Diglmage” [10].

2.1.1 Flow Visualization. The convective flow outside the

2.2 Determination of the Energy Balance. The experi-

T angaraliiei mental arrangement provides a direct measurement of overall
cordraller thermal losses from the cavity. Since it is convection lags {,)

that is of interest, conductiorgg,ng and radiation ,,q) contri-
butions need to be accounted for in the energy balance, according
to Eq. (2):

Ocorw =Yt~ Ycond™ Grad - (2

2.2.1 Conduction Loss Measuremento determine the con-
duction heat loss measurements of loss were made with the cavity
inverted and with an insulated plug in the aperture. The internal
and external temperatures of the plug were measured and used to
b determine the plug conduction loss. Heat loss through the insu-
Spaiuy lated case will be determined by the thermal resistance of the
insulation material and the natural convection process on the outer
surface acting in series. The thermal resistance due to natural con-
Fig. 2 Experimental setup vection would in principle be angle dependant however it is much
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Fig. 3 Cavity division for radiation calculation and thermo-
couple location

smaller than the resistance due to the insulation material. It

therefore assumed that conduction is the same for all inclination

ang_le_s. . . . Fig. 4 Schematic diagram of flow configuration: (a) receiver
F|n|te Element analySIS Of the Conductlon problem US|n@cation in the domain’ (b) receiver close up

STRAND 7 release 1.03 has also been carried out. Agreement to

within 10% was found and the difference attributed to the uncer-

tainty in the actual effective conductivity of the insulation

material. should be about twenty times the diameter of the receiver to

_ ) o achieve this.
2.2.2 Radiation Loss Calculation.Radiation loss has been .. . . ) . .
determined analytically with the network method described bGrld dependency was investigated and the final grids used consist

Holman[11], where the surface is assumed to be gray and radéc- approxmatel_y 2<105 hexahedral cells. The cells are very
tion is uniformly diffuse. Figure 3 shows the cavity divided into Gsmall in t_he region inside the cavity and _nea_rby the receiver but
sections and location of thermocouples A-G, measuring the Cav,%;rease in size gradu_ally toward the cylindrical enclosure wall.
surface temperature, which is used to determine the net radiat gure 5 shows the grid pattern used.
from each section. 3.2 Modeling Equations. The flow and heat transfer simu-
The radiation energy balance for a section is given by(BR. Iation is based on the simultaneous solution of the system of equa-
1 tions describing the conservation of mass, momentum, energy and
:m (1*8i)2 Fiij+8iEb_) (3) turbulent transport property. The Spalart-Allmaras one-equation
i(L—8gj i#i !

turbulent model recommended by Spaldr] is employed.
where Jis the radiosity, [ is the fraction of radiant energy leav- The steady-state governing equations are solved in Fluent using
ing surface i and reaching surfacesj, is the surface emissivity

a coupled solver, which means that temperature and flow fields are
and g is the black body emissive power.

coupled with each other and are solved simultaneously. All
Having set up an equation for each surface, the set of 6 equ‘,ﬂigf,\]@perature-dependent properties of air are evaluated at local tem-
is then solved simultaneously to calculate the radiosities. The

grature by using the least-square fit equations derived from ther-
radiation transfer rate for a surface i is given by E4):

Ji

modynamic data compilations taken from Holmdd].

s A 3.3 Boundary Conditions. An isothermal boundary condi-
gi=——(E, —J)) (4) tion was applied to the cavity wall, whereas the outer walls of the
1-e¢ ' receivers were assumed to be adiabatic. The cavity wall tempera-

where A is the area of the surface. The radiation loss through tfi¢res used were the average experimental temperatures for the
aperture is then obtained from the sum of individual radiatiogylindrical section and the end plate.
losses. The wall temperature of the entire cylindrical enclosure was set
Emissivity for the “Pyromark” painted cavity surface was ob-t0 an ambient temperature of 27 deg C. Normal velocity and nor-
tained from McDonald12]. It ranges from 0.87 for a cavity tem- mal gradients of all flow variables were set to zero across the
perature of 450 deg to 0.88 for a cavity temperature of 650 deg \®rtical plane of symmetry. The inclination of the cavity as shown
With the high emissivity of the paint, the uncertainty in the radia? Fig. 4b) was simulated by redirecting the gravity vector to the
tion loss calculation is mainly due to the uncertainty in the experglesired direction. The gravitational constant was specified to the
mental temperature measurements. standard value of 9.80665 rf/s

3 Numerical Analysis

The CFD Software Package, Fluent §1B] was employed in
the 3D simulation of the natural convection through the aperture
of the cavity receiver.

3.1 Problem Formulation. Figure 4 schematically repre-
sents the formulated flow configuration. In reality, the receiver is
surrounded by an infinite atmosphere with a limiting temperature
equal to ambient air temperature. In the CFD analysis, this needs
to be approximated by placing the receiver in a sufficiently large
enclosure with walls at ambient temperature. The geometry of this
arrangement is illustrated in Fig. 4. Note that, due to the sym-
metrical flow geometry with respect to the middle vertical plane,
the computational extent comprises only one half of the physical
domain shown in Fig. 4.

The size of the enclosure was increased until it had an insig-
nificant effect on fluid and heat flows in the vicinity of the re-
ceiver. It was found that the diameter of the cylindrical enclosure Fig. 5 Typical computational grid
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Fig. 6 Experimental heat loss with Tc

open cavity

Inclination (Degree)

=445 deg C and fully

4 Results and Discussions

Inclination (Degree)

Fig. 7 Convection heat loss from a fully open cylindrical

cavity

mid plane is superimposed on these images with the dotted line

representing the cavity and a dash marking the center of the

4.1 Experimental Results. Figure 6 presents the results ofaperture.
heat loss measurements for the model receiver operating at a sétigure 9a) is an instantaneous image while Figbpis an
point temperature of 450 deg C. The average experimental cavityerage image over one minute. The comparison shows that the
temperatures (J were 445 deg C for the cylindrical section andplume is steady as it leaves the cavity and becomes unstable
420 deg C for the end plate. At 90 deg inclination the variation iabove the model receiver. It is important to note that the flow is
temperature from the fror{eperturé to the back of the cavity is three dimensional and the schlieren images only provide qualita-
10 deg C and at 0 deg inclination the variation between the toptive images of the flow pattern.
the bottom of the cavity is 20 deg C. Radiation losses were cal-Figure 10 shows instantaneous Schlieren, numerical tempera-
culated to be constant at 53:8.1 W and the effect of variation in ture and velocity profiles of the symmetric plane of the model at
temperature within the cavity due to inclination is within the unreceiver angles of 0 deg, 30 deg and 60 deg. The Schlieren images
certainty of=3.1 W. Conduction losses were measured to be coshow regions of highest temperature gradient as the brightest.
stant at 70.46.1 W and measurements of overall “conductiorComparison with the numerically calculated temperature distribu-
loss” were made over a range of angles and no angle dependetices shows good qualitative agreement. It should be noted
could be resolved within the error bars of the measurements. Tiheugh, that the CFD calculation is predicting the time average
maximum convection loss occurs a5 deg when it represents distribution rather than instantaneous. It can be seen from the 0
50.1% of the total heat loss. As is expected, the minimum convec-
tion loss occurs when the receiver is pointing vertically downward
(90 deg inclinatiol, and comprises 4.8% of the total heat loss.

In this orientation, the high temperature buoyant air remains 150
stagnant within the cavity. As the receiver inclination is reduced
from —45 deg to—90 deg(facing vertically upwaryl the convec-
tion loss also reduces which is mainly due to the impediment of
the outflow from the cavity by the inflow. 120 F

Convection loss for three cavity temperatures is compared %

Fig. 7. They all show a similar dependence on inclination as th{ ]
described for the convection loss in Fig. 6. It is also evident th&

the losses increase with higher cavity temperatures throughout all gp
inclinations as expected. It is worth noting, that the convectio® .
losses although at a minimum, are not zero at 90 deg inclinatioé,

—a—Rexp=1

—s—Rexp=0.85
—a—Rexp=0.75
—»—Rexp=0.60
—s—Rexp=0.50

as suggested by some models. £ i
Figure 8 shows the effect of varying the “exposure ratiots 4 1
(Rexp)» Which is the ratio of aperture diameter to cavity diameter. ]

Overall convection loss is obviously higher for a larger exposure
ratio (ie larger aperture for the same sized cayifiyhe inclination

for which maximum convection loss occurs increases as the ex-
posure ratio decreases, which was also observed by LeilyBied

80 -60 -30 0 30 60 a0
, : , Inclination (Degree)
4.2 Synthetic Schlieren Images and Numerical Results

Schlieren images of the 0 deg angle are shown in Fig. 9. Fpig. 8 Convection heat loss for various exposure ratios with
reference, a schematic outline of the cavity cross section at the=445 deg C
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the lower part of the cavity where it is heated. The air reaches the
back wall and flows up upward until it encounters the upper cavity
wall. The air then flows back along it and finally exits the cavity.
A relatively stagnant core is observed in the middle of the cavity.
The hot plume of air coming out from the upper half of the aper-
ture flows directly upward without attachment to the frontal part
of the receiver. The plume spreads out with decreasing velocity
due to both the viscous effect and reduction of induced buoyancy
force caused by cooling of the plume. The flow patterns when
tilted at angles of 30 deg and 60 deg are quite similar but with the
addition of a stagnant zone and local circulation in the upper part
of the tilted cavity due to the stable stratification of temperature.
Figure 11a)—(f) shows a close up of the aperture region pre-
sented in Fig. 1&)—(f). These images show the fraction of the
aperture that the outflow occupies, which can be compared with
the numerical aperture normal velocity profiles of Figgl4(i).
Fig. 9 Schlieren images at a receiver angle of 0 deg, with Tc The outflow area represented by the area above the line of zero
=445 deg C and and fully open cavity:  (a) instantaneous (b) Velocity is in good agreement with the Schlieren images and nu-
average merical temperature profiles of Figs.(&l—(f). With 0 deg and 30
deg the outflow occupies less than half of the aperture while with
60 deg the outflow area increases to about half the aperture, which
rimarily caused by the augmentation of the stagnation zone
ide the cavity.

ey 4

and 30 deg schlieren images that flow becomes turbulent abt%s
the front edge of the model while with the 60 deg angle it is

relatively steady. 4.3 Comparison Between Previous Studies, Numerical and

The Slmllal’lty between temperature and VeIOCity profiles of Fi%xperimenta| Results. The experimenta”y measured convec-
10(d)—(i) indicates the strong coupling between momentum anfe heat loss for positive angles is plotted in Fig. 12 together with
energy in natural convection. In each figure the color represeffg results from the CFD calculations and the values calculated
the relative magnitude and so cannot compare to those in otiijm correlations presented by the various authors discussed in
figures. It is evident that the predicted flow pattern is in agreemeséction 1.1.
with what is intuitively expected. At an angle of 0 deg, the cold air |t js apparent that the CFD calculation is in good agreement at
enters the cavity at the lower half of the aperture and flows aloggand 90 deg inclinations while it overestimates at intermediate
angles. The use of the Spalart-Allmaras turbulent viscosity model
could be one reason for an overestimation, since the Rayleigh
numbers encountered are less than, Mhereas several authors
suggest that the transition to turbulent flow occurs as high &s 10
It should be noted that although the cavity wall boundary condi-
tion was simplified to a constant temperature, the actual tempera-
ture distribution was also modeled for O deg inclination and the
difference between the models is 0.2%.

Although all the correlations plotted together with the results of
the present investigation show qualitatively the same dependence
of heat loss on angle, there is a significant spread in magnitude.
The Koenig & Marvin mode[6] and Stine & McDonald model
[7] predict the heat losses with the greatest deviation from the
present results and those predicted by other models. This might be
due to the fact that both were derived from the results obtained
with actual receivers whose length scales were much greater than
that of the model receiver. However, the Clausing mofddl
shows the best agreement with the present result despite the fact
that it was primarily derived for application to large central re-
ceiver systems. The modified Clausing and Stine & McDonald
models proposed by Leibfrie8] are comparable to each other
and relatively close to the present results but not as close as the
original Clausing one.

All of the correlations examined predict zero natural convective
loss at 90 deg angle. This is physically implausible and indeed
both the experimental measurements and CFD calculation from
this study indicate that this is not the case.

Two correlations(Modified Stine and Modified Clausinghat
span both negative and positive angles are compared with experi-
mental results with Ry,=1in Fig. 13 and B,;=0.75 in Fig. 14. In
both Figs. 13 and 14 the modified Stine correlation shows the
correct qualitative behavior over the full range of inclination, but
predicts higher losses than the experimental results. On the other

(c) 60° hand the modified Clausing correlation in Fig. 13 shows a con-

) stant convection loss at negative angles and in Fig. 14 the convec-
Fig. 10 Flow images for Tc =445 deg C and fully open cavity: tion loss is almost constant betweef75 deg and-15 deg. This
(a)-(c) Schlieren images, (d)-(f) numerical temperature contour behavior is neither logical nor consistent with the experimental
plots, (g)-(7) numerical velocity contour plots data and suggests a fundamental shortcoming in the formulation
Journal of Solar Energy Engineering MAY 2004, Vol. 126 / 5

PROOF COPY 016402SLE



PROOF COPY 016402SLE

(dio? (ot

(i 30° OEM (Hy 30"

(e 6n® (H&n" M e’

Fig. 11 Aperture region flow images for Tc =445 deg C and fully open cavity:
(a)-(c) Schlieren images, (d)-(f) numerical temperature contour plots, (9)-() ap-
erture normal velocity profiles

180 160
160 Koenig & Marvin
----- Stine_& McDonald
140 + — Modified Clausing 120 F-— =
g —— Modified Stine g '
120 - —oa— Numerical 1 Yy
b2 ——o—— Experiment b
SR ™ N[ Clausing 9 i
5 5 60|
T 807 ke T
= >
£ B0 S , ,
& C ol —— Modified Stine
40 . . W
————— Modified Clausing =
20 ——a——Experiment 1
1]
0 0 . t t t . -
0 20 40 60 80 100 -50 -B0 -30 0 K1 60 a0
Inclination (Degree) Inclination (Degree)
Fig. 12 Comparison of natural convection heat loss for Tc Fig. 13 Comparison of natural convection heat loss with Tc
=445 deg C and cavity fully open =445deg C and fully open cavity
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120 to be incorrect.
Experimentally, repeating the exercise for a cavity size closer to
that of real receivers, would give even greater confidence on the

100 validity of the predictions from CFD calculations. It is important
to note that although operating conditions for real receivers tend

g to have some wind effects, it is only natural convection that is
@ 80 examined in this study.
3 Nomenclature
S B0
E= A = area, M o _
@ E, = black body emissive power of surface i, W/m
E ANF F; = fraction of radiant energy leaving surface i and reach-
O i ing surface j

— Modified Stine

g = gravitational acceleration, nf/s
2D | ——m——- Mod Clausing

J = radiosity of surface i, W/m

——a—— Experiment L = length, m
] p. = power level
0 . L . ' L ! * * * g = heat flow rate, W
-90 -B0 -30 1] J &0 ga R = resistance()

L Ra = Raleigh numbergB(T,— T..)L%/va

Inclination (Degree) Rexp = €Xposure ratie- aperture diameter/cavity diameter
= temperature, deg C, K

= voltage,V

Fig. 14 Comparison of natural convection heat with Tc \1/-
a = thermal diffusivity, nf/s
B
&

=445 deg C and Rexp =0.75

= coefficient of thermal expansion, 1/K

) . ) = emissivity
of the correlation. The main reason for this appears to be how the , — yinematic viscosity, fis
characteristic length is defin¢fl]. Part of the characteristic length )
is the streaming length, .. which is defined as the distance along>uPScripts
the central section of the cavity wall from the lowest part of the ¢ = cavity
cavity, to the beginning of the stagnant zdménere the horizontal cond = conduction
line drawn from the upper lip of the aperture meets the cavityconv = convection
wall). The cavity geometry in Fig. 13 has no stagnant zone at rad = radiation
angles betweer-90 deg and 0 deg and thereforgi& constant in s = stagnant zone
this region. Another variable used with this correlation is the stag- t = total
nant zone area, which is the cavity wall area that lies within the
stagnant zondzone above the horizontal line drawn from theReferences
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