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INTRODUCTION

An effeétive device for the collection of solar energy is
the so called parabolic-cylindrical solar collector. in this device,
a circular receiver tube, with a suitable.selective coating, is en-
closed by a concentric glass envelope and situated along the focal
'line of a parabolic trough reflector. The heat transfer processes
which occur in the annular épace between.the receiverhtube and the
glass envelope are important in determining the overall heat loss
from the receiver tube. 1In typical high temperature feceiver tube
designs the rafe of energy loss by combined thermal conduction and
Vﬁatural convection is of the same order of magnitude as that due to
;hermal radiation, and can amount to approximately 6% of the total
rate at which energy is absorbed by the solar &ollector. The
elimination of conduction aﬁd natural convection losses can signifi-
cantly improve the pérformance of a large collector field.

In this paper, several techniques useful for the reduction of
energy loss by therﬁal conduction and'natural,convectio? are considered.
he receiver configuration chosen for study is typiéal of those used
in the Solar Total Energy System at Sandia Laboratories. The receiver
tube has a "black chrome" selective coating and is 2.54 cm in outside
diameter. The inside diameter of the glass envelope is approximately
4.4 cm. Typical oberating temperatures of'the receiver tube and

glass envelope are approximately 573 K and 373 K, respectively.

2
CONDUCTION HEAT LOSS

Of the three modes of heat transfer, the most significant heat

loss savings for an annular receiver can be accomplished by limiting
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-.conduction losses. Convection losses are negligible soAlong as

the annular space is properly sized. Radiation losses, béing pri-

'amarily fixed by the receiver tubé selective surface properties,

are more difficult to reduce. Variations in electropiating parameters

to reducé-the receiver thermal emittance properties maylresulﬁ in

lower solar absorptivity and.perhaps poor durability properties.
Attempté to limit heat transfer through the annular'space will

be discussed in the following sections. Techniques studied include

- (1) evacuation of the annulﬁs gas, (2) oversizing the'annular-space,

-and (3) using gases other than air for the heat transfer medium.

“Effect of Vacuum

A review of the literature on vacuum technology indicates_that
the thermal conductivity of a gas is a function of thei mean free
path of the gas moleéules [1,2,3]. An expression reléting the mean

free path of a gas to the enclosure pressure and gas temperature is

A= 2.331 (10729 m/ps?, | (1)
wherevT, P, and § are given in deg K, mm Hg, and cm, respectively.
For a given gas,‘the relative magnitudes of the molecular mean free
path and the annulus gap determines whether the effective'heat'transfer
coefficient for thermal conduction is (1) independent of annulus
pressure, (2) a function of the annulus pfessure, or (3) negligible.
The governing equation for the effective heat transfer coefficient
2

for the annular space is [1}

k

k ‘a » - . A‘
ef  r.Ln(r_/r.) + bA(r;/r_~+1J : - (2)




where:

p o 2-a (18y - 10
a 8y + 8

The reduction of receiver tube heat loss by evacuation has been
analytically modeled and experimentally verified. Energy balances
were made on the receiver tube and glass surfaces and were incorporated
in a computer analysis. The analysis assumed steady state conditions
and utilized standard correlations for the effects of pressure,
wind, geometry, and temperature on the conduction and convection terms.

The Sandia Laboratorxies Phase IV-B receiver assembly design
was used for experimental verification. Heat input was provided
by a ChromaloxR resistance heater element centered inside the feceiver
tube. Heat supplied to the receiver assembly was controlled using
a standard resistor qnd voltmeter which were used to measure the.
électrical current and the voltage drop across the resistancé heater.
Receiver assembly temperatures were monitored using twenty-five
chromel-alumel thermocouples.

Annulus vacuums were monitored using a‘Pirani (thermocouple)
Gauge for pressures below 1.0 mm Hg and a Wallace and Tiernén
. Pressure Gauge and Manometer for the higher pressures. All vacuums
were maintained with a CEC Sampling Probe and Sargent-Welch single
stage vacuum pump.

Early experimental work involved maintaining a fixed receiver
assembly heat loss while varying the annulu§ presdure. Variations
in receiver tube coating properties necessitated bracketing the

expérimental data with analytical results calculated for receiver



tube emissivities of 0.2 and 0.3 at 589 K, with the emissivities
decreasing linearly with temperature to 0.15 at 373 K. (For
receiver tube temperatures above 589 K, the emissivity data were
-extrapolated.) The receiver tube temperature is seen to be indepen-
dent of annulus vacuum for pressures above 1 mm Hg in Figure 1.

This is also implied in Figure 2, which provides heat loss data

as a function of annulus pressure. Significant heat loss reductions

.0of nearly 50% are seen to result if vacuums below 0.0l mm Hg can

be maintained. Similar work has been reported by Ortabasi (4] for
-a tubular flat plate collector. ifferences in geometry between'the
two designs result in considerably different vacuum requiremenfs

for significant conduction heat loss reduction.

’

- Effect of Annulus Gap Sizing

Optimum sizing of the annular space for operation at atmespheric
pressure requires that the energy transfefred across the gap be by
thermal conduction and radiation heat transfer. Incorrect sizing
could result in enhanced convective'energy tfanéport which would
increase the net heat loss. Wo;k to be discussed concerning-natural
convection has indicated that the effects of natural convection will
be suppressed as long as the Rayleigh number is maintained below
a value of 1000. |

Figure 2 indicates that theAPhase IV-B receiver sizing has not
been optimized, since a heat loss reduction occurs .when the annulus
pressure is reduced below atmospheric pressure. By decreasing the

pressure, the Rayleigh number is reduced below 1000 through lowering
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the aﬁnulus gas density. Based on these trends, the computer model
was utilized to vary the gap spacing for a fixed receiver tube

radius and temperature. From data presented in Reference [5], the
effective conduction coefficient used for a particular spacing was

generated using the following correlation:

kg = k for Np_ < 1000, . (3)
k e = 0.1558k n2-2667 o N > 1000,

Ra Ra

where N,_ is the Rayleigh number

Ra

- J. | |
Npa = .PBLTAT/va . (4)

The analysis indicated that.the heat loss is minimized for an
annular space of 0.81 cm. For the same test conditions, the Phase
IV-B gap of 0.92 cm results in a Rayleigh number of 1550. Despite
the discrepancy in sizing, it was found that oversizing the gap
results in minimal increased heat loss compared to that obtained for
reducing the gap size to maintain the Rayleigh number below 1000.
This results from the fact that the insulating effect of the gas,
due to both thc low gas thermal‘conductivity and the gap space, is
not optimized for undersized annﬁiar spacings.

Further investigation intorvaryiné the annular space £6 reduce

~ heat loss resulted in the data summarized in Figure 3. By

maintaining annulus pressures below 200-300 mm Hg and oversizing the
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gap, héat loss savings of between 15 and 30 W/m may be obtained over
that lost by a receiver design sized to eliminate convection heat
transfer at atmospheric pressure. Since the reduction of heat

loss by 30 W/m for the'“correctly" sized annular space necessitates
using vacuums below 0.1 mm Hg, it can be noted that oversizing may

allow for energy loss savings without requiring hard vacuum systems.
\ ! .

Effect Of Gases Other Than Air

Utilization of gases other than air in the receiver annulus
should reduce the conduction heat loss so long as (1) the gas thermal
conductivity is less than that of air and (2) the effective Rayleigh
nunmber is similar to that of air for a given: geometry. Calculations
were performed for argon and carbon dioxide. Although carbon dioxide
has a lower thermal conductivity than air, (0.031 W/m-K compared
'té 0.048 W/m-K at 4?7k), its other physical propertieé'necessitate
small gap spacings to minimize natural convection heat loss. The
insulating effect of the lower thermal conductivity is thus lost
because the éonduction gap must be reduced. |

For a given receiver tube operating temperéture, heat loss
sa?ings of 25 to 30 W/m may be realized by replacing air with argon-
Such savings are comparahle to oversizing the annulus and maintaining
a partial vacuum of 100-300 mm Hg. The advantage gained using argon
gas to reduce the heat loss overléhe'aforementioned technigue
is that, due to the similarity in sizing the:gap for éir or”argon,

a complete loss of argon and replacement with air will still minimize
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the héat loss. As can be seen from Figure 3, an inérease in
heat loss will result in the event of loss of vacuum for the over-
sized geometry. |

In summary, reduction of the conduction heat loss in the
annular space can be accomplished through (1) evacuation, (2) over-
sizing the annular space while maintaining thé Rayleigh number below
1000 (partial vacuum) and (3) use of gases with low thermal.conduc—.
tivities. Figure 4 is provided to show the relative heat loss
savings for each technique. Additional alternatives, such as
charging the annular space with argon and evacuating and/or over-
sizing the gab are shown. Of the optioné, it appears that evacuation
can best eliminate conduction heat loss,.alﬁhough the relative |
costs of each heat ioss reduction schemg'should be considered in

selecting the best option.

NATURAL CONVECTION IN AN ANNULUS

In the previous section, the classical experimental result for
natural convection heat transfer between hofizontal, concentric,
circular cylinders as originally presented by Kraussold [5], was
‘used in the analysis of the heat transfer process between the
receiver tube and glass envelope. Recently Kuehn and Goldstein

[6) have compiled a comprehensive review of the available
experimental results for natural éonvection heat transfer between
circular cylinders and proposed correlatingvequations using a
conduction bogndarleaycr model. It is evident from this review

that almost all the results available to date are, strictly speaking,
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xaéid ohly for horizontal, concentric, circular cylinders with uni-
form temperatures. Since the temperature distribution on a typical
rpg@iver tube is not uniform, it is important to determine the

effect of this variation on the overall heat transfer process.

Iuxthermore, it is also of importance to assess the effect of

egoentricity since it is difficult to maintain precise alignment
nckgween the receiver tube and envelope due to deflections caused

Y gravity and differential thermal expansion. The effects of

neawniform temperature distributions and eccentricity were studied

CMgmerically.

' Mamerical Method '

‘The partial differential equations which describe the heat

ransfer process are represented discretely thrbugh use of the

‘Galerkin form of the finite element method: a technique which has

heen described in detail by several authors, e. g., Zienkiewicz

M}, and will not be elaborated on here. The resulting methodology
has been incorporated, by Gartling [81, into a user-oriented,
ftmite element, computer progrém called NACHOS. AThis program makes
us2 of an isoparametric mesh generator té allow complex boundaries
t®> be modeled easily and accurately. The element library consists
cflian éight—node isoparametric quadrilateral and a six-node
iséparametric triangle. Within'éach element, the veloéity and
terf3erature are approximated quadratically and ghg pressure

approximated linearly.



The program is quite versatile and can be used for the analysis
of both free and forced convection heat transfer as well as for
isothermal flows. Both éteady state and transient analyses can be
performed. The flows must, however, be incompressible. Temperéture
dependent fluid properties can be easily incorporated into the analysis
at the option of the user. This latter .option was used in all

the calculations discussed in the remainder of this section.

Heat Transfer Between Concentric Cylinders

In order to demonstrate that the results of the numerical
anélysis are compatible with existing experimental results, an
- initial series of calculations was performed for horizontal, concen-
tric, circular cylinders with uniform temperétures. The temperatures
of the inner and outer cylinders were held constant at 583 K and .
333 K, respectively; These values were selected to cbrrespond_to
fﬁe average operating conditions expected for the existing Sandia'
Laboratories Solar Total Energy collector field. The radius of the
inner cylinder was held constant at 1.27 cm and the outer radius
allowed to vary from 2f24 cm to 4.32 cm, producing radius ratios in
the range 1.4 to 3.4. Rayleigh numbers ranging from approximately
300 to 97,000 were thus obtained with the Rayleigh number defined
in theiﬁsual way as given by (4).

Following the accepted standard, results of the aﬁalysis
are presented in Figure 5 as a plot of the heat lgss ratio versus
the Rayleigh number, where the heat loss ratio is defined to be

the ratio of the energy loss per unit length due to natural convection
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to that due to thermal conduction acting alone. In Figure 5,
the cross-hatched area indicates the region occupied by the
expefimental data as compiled by Kuehn and Goldstein [6]. Typical
streamlines and isotherms as computed for a Rayleigh number of
approximately 12,000 are shown in Figure 6.

It is evident thét, in general, there is rather good agreement

between the computed and experimentally determined values of natural

--convection heat transfer rates. As expected, the heat loss is
-seen to initially deviate from that due to thermal conduction at
 a Rayleigh number of approximately 1000. Tﬁe numerical method
employed is apparently of sﬁfficient accuracy to warrant its
.gpplication to the study of the non-ideal siéuations described

previously which have not, as yet, been extensively investigated.

Nonuniform Temperature Distribution

Two éituafions involving nonuniform teﬁperature distributions
on concentric, circular cylinders were selected for study. In
both cases the temperature of the outer cylinder was hcld constant
at 333 K aﬂa the temperature of the inner cylinder allowed to vary

according to

T =T 1 T cosf, ‘ (5)

where Tm is the mean temperature (533 K), T' the perturbation
to the mean, and 8 is the angle measured from the bottom of the
cylinder. A perturbation of 139 K was used in all® calculations,

yielding a totaljvariation of 278 K around the inner cylinder.
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The t&c cases studied are distingui;hed by‘the.choice of sign in
Equation (5); the positive sign correéponding to éﬁé-océurrence

of greatest temperature on the lower sufface of.ﬁhe inner cylinder
and vice versa. A variation of 278 K is far in excess 6f that
encountered in conventional receiver tubes‘but,'és will subsequently.

be shown, even this amount of nonuniformity has only a small

effect oﬁ the natural convection process}- In all7calcuiations,

the radius of the inner cylinder was Heldlégnstant at 1.27 cm

and the radius of the outer cylinder variea in order to vary the
Rayleigh number. It should be nﬁted that the avérage temperature
upon which £he Rayleigh number is based has the same value (458 K)
as that agsogiated Qith the uniform temperafure case.

When the highest temperature occurred on the lower surface of
the inner cylinder,Athe calculated results were virtualli in-
distinguishable from those obtained with uniforﬁ wall temperatures
;as plotfed in Figure 5. Consequently, the results for this non-
uniform case are not plotted. It should,‘however, be noted that
the higher temperature on the lower surface produced flow patterns
"which, in some instances, differed significantly from that illus-
trated in Figure 6. For Rayleigh numbers of approximately 12,000
and greater, a two cell flow pattern withAone cell: above the other
and each spanning the entire gap between cylinders, was obtained.
The altered flow pattern, ﬁowever, produced no appreciable

change in the overall heat transfer characteristiés,
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When the higher temperaturé occurred on the uppef surface of
the inne; cylinder, the natural convection heat tréﬁsfer rate was
enhanced over that obtained with uniform-temperéﬁures, as shown in
Figure 5. The line plotted in Figure 5 is tentative siﬁce'only
three points have been determined. Departure.fioh thé thermal
conduction curve again occurs at a Rayléigh nhﬁber of approximately
1000. | o |

From the results;described in this séCtiqn, it is evident that
highly nonuniform temperature distributions are required in order
to appreciably affect the hétural.convection proééss between con-
centric cylihders. Since the nonuniformity of temperature in typical
receiver geometries.is substantially less than that used in-the

current study, it is anticipated that the effects of nonuniform

temperature can be neglected in most instances.

'AEccenpri¢ Cylinders

The geometry chosen for the study of eccentric cylinders
consisted of inner and outér cylinders of radii 1.27 cm and 2.79 cm,
with the inner cylinder displaced downward a distance equal to one-
‘half the gap width yielding an eccentricity of 0.76 cm. Each cylin—
der was held at a uwniform temperéture. Although other geometries
-could be analyzed without difficulty, the selection of the case
chosen for study was influenced by certain practical considerations.
First, a downward displacement of the inner cylinder enhances the

. V4
convection process more than an upward displacement. Secondly, an
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eccentficity of one-half the gap widﬁh is greater than that
encountered in practical receiver designs. Finally, it was con-.
veniént to maintain symmetry about a vertical plane in order to
simplify the numerical computations.

For proper interpretation of subsequent results, it should
be recalled that the heat loss ty thermél conduction between

eccentric, circular cylinders with uniform wall temperatures is

given by S
- .v 2
Q/L = 27kAT/(ln x + Vx° - 1), (6)
where
2 2 2 . o
x = (r_ +xry - ¢ )/2r0r1 . ‘ . (7)

Upon comparison of (6) with the expression for thermal conduction
between concentric cylinders, it can be concluded that the effective’

gap width for eccentric, circular cylinders is

IR oy | pyey .

This effective gap width is used as the length parameter in the

definition of the Rayleigh number for eccentric cylinders. For the
»

case under consideration, the effective gap width is 1.25 cm as
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comparéd with 1.52 cm for a concentric arrangement. Thus, one
effect of eccentricity is to reduce the magnitude.of the Rayleigh
number.

The results obtained for two different Rayleigh numbers are
plotted in Figure 5. Fér the lowest Rayleigh number, the temperatures
of the cylinders were held constant at the values previously used |

in the analysis of isothermal concentric cylinders (583 K, 333 K).

The effect of the reduced gap size is'to reduce the Rayleigh number
from 12,142 to 6,694. In the other instance, the temperature of

the inner cylinder was increased and the temperature of the

outer cylinder decreased, by equél amounts, ;n ofder to maintain the
average temperature constant at 458 K, and Rayleigh number ]
constant at 12,142. The former case is representative of the effect
of eccentricity with constant cylinder wall temperature while the
latter case is :epresentaﬁive of the effect of eccentric at constant
Rayleigh.number. The case of constant wall temperature is, of
course, more representative of situations likely to be encountered
in practical solar receiver designs.

It should be noted that the ordinate in Figure 5 is the ratio
of heat transferred by natural convection to that transferred by
thermal conduction for concentric cylinders. Hence, the .conduction
limit for the eccentric case studied is not unity but rather has
‘a value of 1.15 due to the decrease in effective gap width. The

2

dashed line in Figﬁre 5 is, of course, only a tentative estimate of

the general trend.
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' The single most important observation to be made from this
analysis is that, for constant cylinder wall temperatures, a
rathér large increase in eccentricity causes only a slight increase
in natural convection heat transfer. Although- an eécentrié afgénge—
ment results in an increase in heat transfer by thermal conduction,
the reduced gap size causes a reduction in the Rayleigh number which
tends to suppress natufal convection. .Hence, the slight increase
in heat transfer is not unreasonable. The tentative trend indica-
ted in Figure 5 still predidts departure from conduction-like behavior

at a Rayleigh number of approximately 1000.
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NOMENCLATURE

English

a ~ Accommodation coefficient

b - Constant for a given gas énd cylinder wali surface
g - Acceleration of gravity

k- Thermal conductivity

keg o Effective thermal conductivity:

L - Length_gﬁ_pecéiver tﬁbe

L - Gap size o

NRa - ﬁayleigh number .

P - Preééure'

Q - Heat Loss

r, - Outer radius of receiver tube

r, - Inner fadius of glass envelope

T - Temperature

T' - Temperature perturbation )
Tm - Mean Temperature

Axr -r, - r,

AT - Temperature

Greek

@ = Thermal diffusivity '

B - Coefficient of volumetric thermal expansion
6 - Molecular diameter

€ - Eccentricity ’

€. - Thermal emissivity



Ratio of épecific heats
Angular position

Mean free'paﬁh

Dynamic viscosity

Density
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