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ABSTRACT

Previous studies in this series have examined heat lasses by free
coﬁvective heat transfer across air layers in flat plate solar collectors,
with particular emphasis on the effect of honeycombs on this free convection.
The present study extends these earlier studies by examining the effect of
the emissivities of both the absorber plate and the glass cover on the
honeycomb's ability to suppress free convection,and on the radiative and
conductive heat transfer which takes place across the honeycomb in the
absence of free convection.

By means of heat transfer measurements on ten Mylar honeycombs,
this study has shown that the effect of the above emissivities on the
suppression of convection by the honeycomb is slight, and can probably
be ignored. On the other hand, the measurements also showed that the
effect of these emissivities on the non-convective heat transfer is substantial,
but not nearly so large as would have been predicted by existing theories.
To explain this latter result theories were developed which take into
account the important coupling (ignored by previous thegries) between the
conductive and radiative modes of heat transfer. These new theories predict
the measured heat transfer rates to with about + 15%, depending on the
emissivities. The results of this study have direct application to

evaluating solar collectors which combine a selective surface with a

‘honeycomb.
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SUMMARY

This report is mainly devoted to describing work carried out in
the third and final phase of the research project entitled "Methods for
Reducing Heat Losses from Flat-Plate Solar Collectors", which commenced
August 1, 1974. Since it is the last report in the series, it is proper
(and contractuaily required) to include in it a summary of the results of

the total project.

Phase One is fully described in a report entitled "Studies on
Methods of Reducing Heat Losses from Flat-Plate Solar Collectors",*
numbered C00-2597-2 and dated June, 1976. That report described the
results of three studies, all of which were related to methods for improving

e

the efficiency of flat plate solar collectors. The first s&uéy related to

the suppression of free convective heat transfer in an inclined air
layer by means of insertion of a honeycomb. It demonstrated experimentally
that considerable suppression is possible in the inclined position, a
reduction of 80% being observed for a honeycomb of aspect ratio of 5.
.Equations and charts permitting rational design of honeycombs for convection
suppression in solar collector§ were given. betails of this study are contained
in (1)*%*, '

. : /

The second study related to the free convection in an inclined

alr layer not containing a honeycomb, such as oécurs in a conventional
flat plate collecfor. This experimental and theoretical study resulted in

a set of relations predicting the free convective heat loss as a function

of the relevant variables (2,3). Some recommendations for the best spacing

* This report was found to contain typing errors in some of its equations.

A list of errata for it is contained in Section 12.

%
Numbers 1in curved brackets denote references contained in Section 11.
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between the absorber plate and the transparent cover, and between adjacent

transparent covers, were given.

The third study related to the use of a V-corrugated transparent’
sheet, rather than a flat sheet, as an inner cover in a solar collector.
This analytical and experimental study has demonstrated that the solar
transmittaqce of the V-corrugated sheet will generally be higher than the
correspondiné flat sheet, so that increased collector performance can be

expected.

Phase Two 1is fully described in a report entitled "Methods for
Bodusiag Heat Losses from Flét Plate Solar Cellectors - Phase IT" numbered
C00-25974 and dated March, 1978. That report described the results of

two studies, both of which were related to methods for improving the

efficiency of flat plate solar collectors.

The first dealt with the free convective heat loss from a
V-corrugated absorber plate to a plane transpafent (glass) cover. Measure-
ments carried out in the University of Waterloo Natural Convection
Apparatus gave Nusselt number as a function of Rayleigh number for angles
of ‘inclination of the plate from the horizontal ranging from 0 to 60
degrees. The values of the depth ratio (the ratio of the average depth
of the air layer to the depth of the V's) investigated were from 1 to 4;

J
the angle of opening of the V's was 60°., Correlation equations were
glven for the free convective heat transfer (5). It Qas concluded that
the heat transfer ;s greater.than that for two parallel plaqe plates
having thé séme average spacing, by up to 50% for a depth ratio of unity.
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However, for the larger values of the depth ratio, the increase in heat
transfer is slight. A method for choosing dimensions so as to minimize
heat transfer was described (6).

The second study dealt with the free convective heat transfer
occurring in a honeycomb solar collector in which the honeycomb consists
simply of a set of horizontal partitions (or slits) oriented normal to
the plate. Measurements were carried out using the University of Waterloo
Natural Convection Apparatus. Aspect ratios (plate spacing to distance
between partitions) of 3, 5 and 10 were investigated, as were slit materials
both opaque and transparénf to thermal radiation. A significant conclusion
was that for angles of inclination of the plate from the horizontal
ranging from 70 to 90 degrees, the horizontal slit honeycomb gives
superior convection suppression to a square-celled honeycomb, fbr the
same amount of honeycomb wall material. However, for angles less than
45°,‘horizonta1 slits are substantially less effective in convection
sugpression. Correlation equations were presented for the free convec-
tive heat transfer for angles of inclination ranging from 0° to 90° (7).
Also presented were equations describing the condition for cormvection
'Euppression by'horizontal slits and plots of satisfactor dimensions for a

fixed set of conditions (6).

Phase Three is fully described in the present report. It con-
centrates on the effect, in a honeycomb solar collector, of the emissivities

(called the bounding plate emissivities) of the plates bounding the



honeycomb - namely the absorber plate and the glass cover. Studied in
this phase were the effect of these emissivities on (1) the convectioﬁ
suppression capability of the honeycomb; and (ii) the heat transfer
across the air layer in the absence of free convection. This latter heat
transfer which will be achieved in practice if the honeycomb has the
proper cell size, is made up of the combined effect of both the radiative
and conductive modes of heat transfer.

Heat transfer measurements were carried out on ten hexagonal-

celled Mylar honecombs of aspect ratios ranging from 3 to 10. Each

honeycomb was tested with three combinations of bounding plate emissivities.

The result of these measurements showed that to within + 20% the
critical Rayleigh number governing the onset of convection was independent
of bounding plate emissivities, and was predicted very closely by the
method of Sun. On ghe other hand, the measurements also showed that the
dependence of the non-convective heat transfer on the bounding plate
emissivities is substantial, but not nearly so great as was predicted
by curreﬁtly available theories. New theories, which accounted for the
important radiative-conductive coupling ignored by previous theories, were
therefore developed in the present phase, Based upon both numerical
and analytical solutions to the governing equations to the probiem,
they predicted the heat transfer across the honeycomb with an accuracy
of + 10% (as compared to measurements) if both bounding plate emissivities
are high, and to within + 20%7 if one or both of the bounding plate
emissivities are léw.

Application of the result of these theories to the design of

flat plate solar collectors containing both a honeycomb and a selective

vi




surface indicates that unless the honeycomb walls have a very low eﬁissivity,
the additional reduction in heat transfer due to the honeycomb is sub-
stantially less than what would previously been predicted and may. not

be sufficient to justify its use in the collector. On the other hand, 1if

the honeycomb walls have an emissivity of .9 or greater, the ektra

. reduction in loss obtained by using a selective surface is very slight,

and probably insufficient to justify its use in the collector.

St
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1. INTRODUCTION

1.1 Background

In the first and second phases of the ERDA-supported studies at
the University of Waterloo, methods ofvreduring heat losses from flat
plate solar collectors have been examined.[l,Z] The studies have concen-
trated largely on the free convective heat transter taking place in solar
collectors of both honeycomb and non-honeycomb types. Topics examined
have included:

i) free convective heat transfer across inclined air layers constrained
by honeycombs of cell shapes consisting of squares, hexagons and
long rectangles;

ii) free convective heat transfer across inclined air layers ﬁot
constrained by a hone)comb hav1ng both planar and V-corrugated
béundarles.

The honeycomb work has resulted in correlatiqn equations

which perﬁit the design of a honeycomb to suppress free convection currents

with what is rhought to be reasonable accﬁracy. prevér, these equations

resulted from measurements made on the University of Waterléo Natrral

Convection Apparatus and in this apparatus, the upper and lower bounding

- surfaces (corresponding to the glass cover and the absorber plate in the

solar collector) are polishec copper plates having low emissivity, whereas

in actuéi applicarion, both plates may be expected to have high emissivity
(e.g. .a standard glass cover and a black-painted absorber plate);

or one may have low emissivity and one high (e.g. a standard glass covér
and a selective surface ébéorber plate). Since it ié known that the

effect of thermal radiation on the free convective heat transfer across




honeycombs is substantial, it was decided to check this work in the third
phase, using plate emissivities more closely approximating those actually
found in'solar collectors.

A second, more important aspect of the present third phase has
had to do with the heat transfer across the honeycomb in the situation
where convection is suppressed - i.e. the heat transfer by radiation and
gaseous conduction, This situation (called the stagnant air condition),
ordinarily holds in the collector provided the honeycomb cell size has
begn properly chosen. It has generally been considered that the honey-
comb reduces the radiant heat loss across the air layer as well as
suppressing free convection, but it is now realized that this assumption
~ holds only when both bounding surfaces to the honeycomb are of high
emissivity (e.g. in a solar collector having a standard glass cover and
a black painted absorber plate). As was initially indicated by collector
performance measurements at the Lockheed Palo Alto Research Labs [3], and
verified by experiments on rectangular honeycombs at the University of
Waterloo in phase 2 [2], if one or both of the bounding plate emissivities
is ‘low, the effect of the honeycomb is to give an apparent increase in
the radiative transfer. Such an increase mustAtherefore be expected if
a selective surface and honeycomb are combined in one collector, This
combination has otherwise appeared very interesting for plastic honey-
combs since (in contrast to glass), most plastics lack the high opaclty
to long wave radiation required for good radiant suppression in a honey-
.comb, Hence a plastic honeycomb would have appeared to benefit from a
selective surface to give the radiant suppression, the honeycomb then

supplying mainly convection suppression. The combination may still be




attractive, since the radiant increase by the honeycomb is not necessarily

large. However, it cannot be properly evaluated until a theory is
available for predicting the total heat loss.

Starting from the paper of Hollands[4] in 1965, all available
theories for calculating heat transfer across honeycombs in the stagnant
air condition predict that the hoﬁeycomb will always decrease the radiant
heat transfer across the air layer. It is now clear therefore that these
theories are incorrect and need revising. The basic premise which appears
to be in error is the "independent mode' hypothesis. This hypothesis,
which states that the two relevant modes of.heat transfer, namely
conduction (through the air and the walls) and thermal radiation, act
completely independently of each other so that one can calculate the
first, ignoring the presence of the second, and vice-versa, the total
heat transfer then being the sum of the two.

For reasons which will be discussed later, this assumption,
although reasonable for the case where both bounding plates to the honey-
comb have high emissivity, breaks down when one or both have a low
emissivity. A major objective of the present phase 3 was to develop a
theory which would make this heat transfer predictable with reasonable

confidence. Once this is done, the viability of the combination of a

plastic honeycomb and a selective surface can be established.

1.2 Definitions and Termino;ogy

The two types of honeycombs considered in this report are
shown in Figure 1.1l. The set of horizontal slits shown in the upper sketch
can be fabricated from plastic film, wound tightly on a frame, The second,

the traditional hexagonal type of ergineering honeycomb, is the honeycomb



Fig.;ljl

SLIT
HONEYCOMB

HEXAGONAL
HONEYCOMB

Schematic showing air layer of depth L bounded above and below by
isothermal plates at temperatures T. and T}, respectively. The air
layer contains a honeycomb panel of either the "slit"-type (top of
Figure) or of the hexagonal-type (bottom of Figure). '




which was used in the present experimental program. In either case the
honeycomb consists essentially of partitions running from the hot plate
to the cold plate; these partitions will be called si@e-walls. The
plates bounding the honeycomb on each face férm the end-walls to an
individual cellhand are therefore called end-walls.

The honeycomb cells can be characterized by the aspect ratio
A defined by:

A =1L/D
The distance L is the spacing between the two bounding plates. . For the
slit, D is the spacing between the adjacent slits, For the hexagonal
cell, D is the diameter of a circle which has the sahe area as a Cross
section of the hexagonal cell.

The emissivity of the side-walls are denoted by ¢, and €. and €y
are the emissivities of the plates bounding the honeycomb on the cold and
hot face respectively, - i,e. of the end-walls,

The term stagnant air will be used to indicate that the air layer
in the honeycomb is motionless, the free convective motion being Suppréssed.
The honeycomb inserted into a horizontal air layer suppresses convective

currents for all Rayleigh numbers, Ra, less than a critical value,

denoted by Rac, the Rayleigh number being defined by:
3 .
Ra = g B(T, - T ) L7/(W\) 1-1

By assuming the air obeys the ideal gas law, it is possible to express
Ra in terms of the fluid pressure:

2 3

P (Th - Tc) g L

Ra = - 7 9 9 . Pr - 1-2
u R

T




Hence, in the experiments, for a given platé spacing and femperature
difference, the Rayleigh number could be varied by changing the fluid
pressure,

The overall heat transfer coefficient, from the lower to the
upper plate is denoted by hT in the stagnant air situation, and if
convection is occurring, it is denoted by hT,é'. It is convenient to
define hc as the conduction heat transfer coefficient which would exist
if their were no coupling between the radiant and conductive modes.

It is given by:
h, = k/L | _ 1-3
where ke is the effective thermal conductivity, combining the effects of

the thermal conductivity of air ka and of side-wall, kw:

k A +k A
g_¢,¢8 s G,
k = A + A 1-4
e c,g c,s
A and AC g are the areas of air and side-wall which are exposed on

> ’

a cross-section of a single honeycomb cell.

The quantity hr will be defined by:

If the two modes are completely decoupled, hr represents the radiant
component of the total heat transfer,
The Nusselt number - the dimensionless free convective heat

transfer across the honeycomb - is defined by:
Nu =1 + (hT,c - hT) L/kg 1-5

where it is recalled that subscript ¢ on hT denotes the convecting

situation,.



1.3 Previous Studies

Early work on radiant heat transfer in passages such as exist
in individual honeycomb cells, was perférmed by Hottel and Keller (1933)
[6], who were concernéd with radiant loss through openings in furnace
walls. They treated a cavity with black isothermal end walls at different

temperatures T, and Tc and assumed the side walls of the cavity were

h
adiabatic and diffusely emitting and reflecting. The gas in the cavity

was assumed to be non-conducting. They presented their results in terms

of a radiant "interchange factor', F defined by

F = qr/c(Tﬁ . Ti) 1-6

where qr is the radiant flux across the cavity. Hollands, (47, extended
this result by noting that, if the end walls are not black but have

emissivities ¢_ and €. the flux is given by:

h
_=' 4 4 '
q =F o(Ty - T)) 1-7
where:
(L -¢) (1L -¢) .
_—1_ =é + S+ h 1-8
F' F e ®h

and F is the same as that given by Hottel and Keller, This result is
strictly vglid only for uniform heat flux boundary conditions on the end
walls rather than uniform temperature boundary conditions but the depend-
ence on this boundary condition is expected to be slight in high aspect
ratio celis. Edwards and Tobin [7] extended Hottel and Kellers result

to specularly reflecting side-walls, allowing also for the effect of
polarization on the reflectivity of the side-walls. Perlmutter and Siegel

[9] reported an expression for the specular form factor between elemental




areas in a cylindrical cavity and discuss its approximate representation
by an exponential function. Tien and Yuen [8] applied the results of
Edwards aﬁd Tobin specifically to honeycombs in honeycomb solar collectors.
They were able to demonstrate a close analogy between this problem and
that of radiant exchange across an abgorbing-emitting non-conducting
gas between parallel plates and in this way they were able to obtain a
closed form expression for the radiant exchange factor across a hoﬁeycomb.
They compared their predictions with measured hegt transfer across hopey-
combs carried out in high vacuum (so high that the_gaseous thermal
con&uctivity was eliminated) and found good agreement. Buchberg and
Edwards [10] and Felland and Edwards[ll] have recently reported detailea
calculations and measurements of heat transfer across glass honeycombs.
All of the preceding papers either ignored the effect of
conduction in the side wall and in the gas, or they made the 'independent
mode' assumption. According to this as;umption, as outlined by Hollands
[4], each mode of heat transfer is calculated independently of the other.
Thus the conduction heat transfer coefficient, hc’ is calculated from 1-3
and 1-4 and the radiant heat transfer coefficient, hr’ is calculated

from:
ho=q /(T -T)=F ot - tH/@ - 1) 1-9
T r h c h c h c
the total heat transfer coefficient being given simply from:
h, =h +h ' : 1-10
T c r
The quantity F' is given by equation 1-8 for diffusely feflecting side-

walls and by a similar expression, such as may be obtained from Tien and

Yuen's study, for specular reflecting éide¥walls.




1.4 Methodology of Present Study

The method of the present study can be divided into an
experimental part and a theoretical*par;. The experimental part
consisted of measurements on ten hexagonal-celled Mylar honeycombs which
had been developed for use in solar collectors. Thgse measurements
included the critical Rayleigh number, Rac, and the total heat transfer
coefficient across the honeycomb in the stagnant air condition, hT. They
were carried out for each honeycdmb and for each of three combinations
of the emissivities of the plates bounding the honeycomb. The theoretical
part consisted of writing down and solving the equations governing
couﬁled radiative and conductive heat transfer in a honeycomb cell, and
from these solutions, calculating hT. In order to obtain solutions,
various approximations had to be made. Two approaches were tékeﬁ.' The
first was to solve the integro-differential governing equation numerically.
This approach generally made the fewest assumptions but closed form
analytical expressions for the heat transfer were not obtained. The
second which solved the governing equations analytically, yielded
analytical expressions for the heat transfer. 1In order to obtain a
solution in this case, several approxiﬁations had to be made. Consequent-
ly this approach was more approximate than the numerical approach.

In addition to the-ﬁeasurements on heat transfer across hexagonal
honeycombs outlined above, another set of measurements on horizontal slit
type honeycombs were available for comparison with the various theories.

These measurements were carried out by Smart (5] and reported in the phase




2 report [2].
Comparison of the‘results of the two theoretical approaches
with each other and with the two sets of experimental results has
permitted conclusions to be made on the validity of the theories. From
the results, the viability of the combination of plastic honeycombs and

selective surface has been examined,
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2. DESCRIPTION OF EXPERIMENT AND PRELIMINARY DISCUSSION OF RESULTS

2.1 Experimental Apparatus

The series of experiments repprted in this study were carried
out on the University of Waterloo Natural Convection Appartus which has
been fully described previously [12;13]. Only recent modifications and
basic measurement techniques are described.

The air layer is contained in a pressure vessel with an air
supbly allowing a pressﬁre variation of from 1 to 700 k Pa. In this way
changing the Rayleigh number can be accomplished by changing the pressure,
A set of parallel copper plateé were placed horizoﬁtally inside the vessel
with the honeycomb between them. The plates measﬁred 56 cm x 61 cm, and
their spacing could be adjusted up to 12.7 cm.l A temperature difference
was maintaiﬁed between them by means of water circulated through copper
tubes soldered on their back faces, thé water temperétures being main-
tained constant by two constant temperature baths.

Measurements of the total heat flux were made in a 5" x 5"
(12.7 cm x 12,7 cn) area, in the middle of the lower plate. Recessed
into the plate wére an electrical heater plate and a heat flux meter.
The heater plate was heated electrically until the plate was glmost
isothermal with the lgwer plate. Heat transfer readings were made by
converting the heater current into a heat fiux, énd aécounting fér the
small heat flow through the heat flux meter. Due to the occassional
unsteady nature of the heat flux, the heat flux meter emf was averaged
by sampling 600 times over 40 minutes, for most data points. The mean
~and standard deviation were recorded, and a strip chart recording made.

A nominal temperature difference of 7.8 C was maintained, at a mean

temperature of 28.9 C.




2.2 Description of the Honeycombs and Plate Finishes

The stagnant air heat transfer coefficient, hT’ across honey-

combs, was measured for 10 different hexagonal honeycombs made of Mylar-

a Dupont trade name for a polyester plastic. The honeycombs were fabri- .

cated commercially by Hexcel Co. of Dublin, California, under the trade
name Solar-core. The bounding copper plates weré, in the first instance,
both painted black to obtain an emissivity of .88, These tests.with both
Plates painted black were designated by BB. The second set of tests
(denoted by SBj had the lower plate changed to a polished copper state
with an emissivity of .065. The third set had both plates polished
copper and was denoted SS. Table 2-1 summarizes the emissivities for each
of the combinations.

Two cell sizes of honeycombé were tested. Seven honeycombs:
of nominal cell size 0.95 cm (numbered H1 ﬁo H7), and three with 1,27 cm
cells numbered H8 to H10 were used. . The values of A for these honeycombs
ranged from 2.67 to 10.67 (see Table 2-2). Different lengths, L, allowed
for variation of the cell aspect ratio. The average wall thickness was
measured to be .1 mm. The -whole honeycomb structure covered the majority
of the area of the plate., With the honeycomb. positioned centrally on the
bottom plate, the_uppe? plate was lowered onto the honeycomb;.although
there was contact between parts of the upper plate and honeycomb, a
flush fit could not be guaranteed due to the variations in the length
of the honeycomb, The plate spacing was measured at 8 locations and
averaged. The radiant properties of the Mylar film, for a black body
source at room temperature, were measured on a Gier-Dunkle Infrafed

Reflectometer (model DB 100), with the following results:




TABLE 2-1

Values of Plate Emissivities for

the Three Sets of Tests

Test Designation € €

h c
BB .88 .88
SB .065 .88

SS .065 .065

13
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reflectivity p = ,113 transmissivity T = ,452 and absorptivity & =
«435. Provided the honeycomb is at or near room temperature, as it was

during the test, then Kirchhoff's law applies, and ¢ = @ = 435,

2.3 Experimental Procedure

For each data point taken, the heater plate current, heat flux
meter emf, plate temperature difference (using thermocouples imbedded in
the Plates), and the air pressure were recorded. All data reduction was
carried out using the correlations for property values used by Ruth L14].

The stagnant air total heat transfer coefficient hT’ was measured
with the pressure sufficiently low to ensure stagnant air, Further
increases in pressure produced no significant variations in heat transfer
until a critical pressure was reached after which the heat increased
strongly with pressure. The Rayleigh number corresponding to the critical
pressure (see equation 1-2) is the critical Rayleigh number. 1In this way
the critical Rayleigh number was determined for each honeycomb.

The data recording system of the Natural Convection Apparatus
was modified so as to allow automatic control of some measurement functions

using a programmable calculator. Throughout one test, the pressure was

set, time was allowed for stabilization, and then all measurements taken,

averaged and recorded, all without the need for an operator to be present,

This freed the experimenters from many repetitive tasks.
2.4 Results

All raw and reduced data are found in Reference [17]. This includes
all 10 honeycombs for the BB tests, and 9 for the SB and SS series. All other
relevent test information also available in [17],

including plate spacing,

operating temperatures and test aspect ratios.
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The critical Rayleigh number data are summarized in Table 2.2,

. Also shown are the calculated values of Rac based on the approximate
theory of Sun which does not incorporate the effect of € and €. Atten-
tion should be concentrated on the first seven honeycombs since they
exhibited much greater uniformity in cell size. At low aspect ratio,
statistically there is no significant difference between the three
measured Rac's. However, as A is increased the SB combination gives
Rac's which are significantly lower than those for SS and BB. The average
deviation of the measured and theoretical Rac's is 4,7% in the BB case,
7.7% in the SS case and 20.3% in the SB case., The average value of

(Rac theory)/(Rac measured) was 1,03 for the BB case, 1.018 for the SS
case and 1.22 for the SB case. The former two values are not, at a

95% confidence level, significantly different from unity. The last
value, corresponding to the SB case was coﬁsidered statistically
different from unity. In summary it may be stated.that‘for hexagonal
hongycombs the effect of ec and eh on Rac is weak, particularly at low
aspect ratio and/or provided €, ~ €c. For the purposes of solar engineering
calculations it can probably be ignored. ‘Predictions of Rac should be
based on the method of Sun. No further reference will be made to the

RaC result, The rest of the report will concentrate on the measurement
and predictability of hT.

The heat transfer data are summarized in Table 2-3 and plotted

in Figure 2-1, It is noted that for a given set of plate emissivities,

the heat transfer decreased for increased aspect ratio. This decrease

was expected, since the independent mode analysis predicted
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Fig. 2-1 Measured total heat transfer coefficient hy for the black-black,
black-shiny, and shiny-shiny bounding surfaces respectively. Results
for hexagonal-celled honeycombs of two different equivalient diameters
are included. 4 : :
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that both the conduction and radiatiqn to Qecrease with length, L, for a
fixed D.

For a given honeycomb, the heat transfgr'was a maximum for the
BB test, less.for SB ang a minimum for the SS test, This is also
consistant with the indépendent‘modé éﬁalysis, since the equivalent form
factor, or script factor F' for the radiant exchange, based on Hollands [4];.
is a maximum for black plates, and lowest for low emissivity plates.‘
2.5 Comparisbh"of Results to the Independent Mode Analysis

As noted above, the hi data were in qualitative égreement with
the independen£Amode theory. Attention is now focussed on a Auantitative
comparison. The side wall is first considered to emit and reflect in a
diffuse manner. To apply the independentfﬁode médél, the total radiation
factor, F, is ;équired from Hottel and Kéller [6]?,wg§ did nof unfortunately
present data for a hexagonal shape; the hexagon was therefore modelled as a
circular cylinder of equal cross‘sectional area.+ The predictions of hT By this
model for the experimental conditions are presented in Table 274 which also
shpws the 7 differences of the predicted hT's from the measured values.
The error was found to be in the range -34% to -66%. 'Thus this anal&sis,
although straight forward, is not accurate,

One source of error may be that the side wall reflects specularly.
To apply the analysis for this assumption, the total radiation factor must be
obtained. Tien and Yuen [15] presented a method for doing so, but the use
of their results was not straight forward since it required the passage
transmittance for the specific honeycombs under test. In Appendix A an
analysis similar to that of Tien and Yuen, (in that both use the exponential

kernel substitution technique), has yielded a closed form expression for

+Data for different shapes was found to correlate closely by using this method.
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TABLE 2-2

SUMMARY OF MEASURED AND PREDICTED

- CRITICAL RAYLEIGH NUMBERS
-5 Rac calculated XlO.5
Measured Rac's (X107 ) frém Sun [16]
Plate emissivity code + BB SB Ss
Honeycoimb Aspect
No. ratio
H1 2.67 .872 .983 911 .960
H2 3.55 2.51 2.63 2,76 2.64
H3 4,50 6.83 6.07 7.02 6.63
H4 5.33 12.8 12,0 14.0 12.9
H5 6.67 29.5 23.3 31.1 31.4
H6 8.00 62.4 45.5 59.3 63.5
H7 10.67 197. 127. 168. 197
H8 2.67 .717 + + .984
H9 5.34 8.35 8.06 10.0 13.3
H10 8.00 45,1 ++ 62.1 65.5

+ no measurement made in this case
++ measurement considered unsatisfactory due to lack of cell integrity

of the honeycomb




TABLE 2-3

TOTAL MEASURED HEAT TRANSFER COEFFICIENTS

IN STAGNANT AIR CONDITION, hT

Honeycomb Aspect hy 2

number ratio (W/m"K)

BBt sst sst
HO1 2.67 4.27 2.78 2.26
HO2 3.55 3.70 2.33 1.95
HO3 4.53 3.21 2.09 1.74
HO4 5.33 3.04 1.95 1.61
HO5 6.67 2.63 1.79 1.49
HO6 8.00 2.36 1.66 1.37
HO7 10.67 1.96 1.43 1.17
HO8 2.67 4.25 .e- .-
HO9 5.34 3.05  1.86 1.46
H10 8.00 2.41 1.60 1.27

+See Table 2-1 for meaning of BB,'SB.and SS

19
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TABLE 2-4

INDEPENDENT MODE PREDICTIONS OF hT FOR DIFFUSE SIDE WALL

Honeycomb h,,,BB % error h.,SB % error h.,55 % error
T T T
number
(W/mzK) , W/m2K W/m2K
H1 2.80 -34 1.39 -50 1.23 -45
H2 2.21 -40 1.12 -52 .977 -50
H3 1.81 44 .937 -55 .801 -54
H& 1.60 =47 - .835 -57 .704 -56
H5 1.32 -50 710 -60 .591 -60
H6 1.14 -52 .630 -62 ~ .518 -62
H7 .874 -55 .516 -64 421 -64
H8 2.54 -40 ©1.13 - 971 ——- |
|
, _ |
HO 1.47 -52 647 -65 .573 -61 |
H10 1.05 -56 542 -66 432 -66
Average

error - % =47 . -59 -58
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TABLE 2-5

INDEPENDENT MODE PREDICTIONS OF hT FOR SPECULAR SIDE WALLS

-Honeycomb h,, BB % error h., SB % error h, SS % error
number I T B
A(W/mZK) | W/mZK . w/m2K

11 3.68 -14 141 -49 1.2 ‘»-45
H2 3.05  -17 s 51 982 -50
H3 2.58 -19 .970 - 54 .812 -53.
H4 2.29 -25 .875 -55 715 -56
H5 1.93. -26 155 -58 .608 -60
H6  1.68 -29 675 -59 536 -61
H7 1.33 -32 .573 . -60 443 -62

! H8 3.42 -20 1.15 - .925 .

| 4

; H9 2.16 -29 745 -60 585 . -60

| 10 1.37 -43 590 =63 450 -65

Average

error - % 25% 56% 57%
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for the total radiation factor F for a specularly reflecting side wall of
a circular cylinder namely:

F=1/(L +c¢A)
The predictions of this model for the experimental conditions
are summarized in Table 2-5, The agreement in the BB results has improved,
'with the average error being roughly halved to 25%. However, the predictions
for the SB and SS series were not improved significantly. The average
error still being about 57%. Thus, for both the diffuse and specular
independent mode theory, the predictions are consistently low,

The fact that interaction between the two modes must be occuring
can best be understood by examining the temperature profiles in the wall
which each mode would take up in the absence of the other. Pure conduction
would establish a linear profile on the wall with the wall being at Th
on its lower end and TC at its upper end. Pure radiation would establish
a situation whereby, (to a reasonable approximation, see Appendix A) the
fourth power of the wall temperature is linear in distance; more import-

antly, a temperature jump would be established at the plates so that the wall

temperature is not equal to T, at its lower end and Tc at its upper end.

h
The magnitude of this temper#ture jump is small for black plates and large |
for low emissivity plates, It is seen that in the case where both

radiation and conduction are present the wall cannot take up a temperature

which would.satisfy each mode independently and consequently the indepen-

dent mode analysis must be expected to be in error by an amount which is

larger when one or both of the plates has a low emissivity. If conduction

is present, local thermodynamic equilibrium prevents any jump in temperature.

Consequently, in order to eliminate the jump excess heat must be conducted



into the wall at the bottom end. This heat is radiated up the cell and
then conducted out at the top end.
The following sections described theories which attempt to

quantify this phenomenan.
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3. DESCRIPTION OF THE THEORY

Theories, both numerical and analytical have been developed to
describe the coupled heat transfer in the honeycomb cells for both the
hexagonal and slit-type honeycombs. This section describes these

theories,

3.1 Assumptions and Idealizations

In order to simplify the problem and to make the governing
equations amenable to solution, a number of assumptions have been made.
These assumptions include two categories: those which were always made
(the fixed assumptions) and those which appear as options for the various

models (the optional assumptions).

Fixed Assumptions

In all instances the analysis was confined to a single model cell
which was then taken as representative of a typical cell of the total
honeycomb., The thickness, (denoted by t), of its side-wall was taken as
equal to one-half of the width of the side-walls of the honeycomb.

Since there was no reason to expect net heat transfer from one honeycomb
cell to another, the side boundaries of the model cell were taken as.
adiabatic. 1In addigion to this the following fixed assumptions also
applied:

(1) All surfaces of the cell are assumed gray (i.e. all radiant properties
are assumed independent of wavelength over the wavelength range of

interest (3 to 30 um)).

(2) All surfaces afe assumed diffuse emitters. The plates bounding the

cell at top and bottom are also assumed to be diffuse reflectors.
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(3) Although the materials used in the honeycomb walls were in fact
partly transparent to thermal radiation, with total transmittance T,
total reflectance p and total absorptance @, (equal to its total

emissivity, €), the side walls of themodel cell were assumed to be

opaque with effective total reflectance Py = P + T and effective emittance

€. As indicated by Cane et al [15], this assumption is permitted because

of the symmetry about the centre plane of any honeycomb side-wall

(4) The gas (air) inside the cell is assumed to be transparent to thermal

radiétién.

(5) The air in the cell is assumed t; be stagnant.

(6) The hexagonal cell was.assumed to béAtreatable as a cylindriqal
cell of same cross-sectional areé as the hexagon. Pu;e.radiant gnalyses
revealed this to be a very good approximégion.

(7) The lower and upper plates bounding tge honeycomb éell at tép énd

bottom were taken to be isothermal.

Optional Assumptions

(1) Diffuse vs spgcular side-wall refle;tion._ A cell as described
above constitutes a radiant enclosure for which standard analytical
methods are well_developed._ These analytical methods require that the
side walls be described as either perfectly specularly reflecting or
perfectiy diffusgly reflecting, or some linear mixture of the two.

The last of these three possibilities was nqt considered due to the
complexi:igé it introduges. Since a simple inspection of the plastic
films from which the'honeyqombs were fabricated (called hereafter the
homeycomb films) could”not reveal with confidqnce whether qhe spe;ular

or the diffuse assumption was better, it was decided to carry out
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analyses for both types of reflection, and decide which is more valid
on the basis of comparison of the predictions of each with the experi-
mental results. Since the equivalent side-wall reflectivity Pe is made
up of reflected and transmitted components (pe = p + T) decisions as
to whether the cell side-wall should be treated as specular or diffuse
must take into account the transmission as well as reflection. If, when
radiation is incident on a honeycomb film, the transmitted radiatiqn is
transmitted along (or nearly along) the same straight line along which
it was incident, then the transmitted portion of P, must be treated
as specular reflection. If on the other hand the transmitted radiation
is uniformly scattered, then the transmitted portion of Pe should be
taken as diffuse. Since the films had relatively smooth surfaces and
since the scattering of radiation inside the film was expected to be
slight, the perfectly specular model was expected to be the better
approximation.

For the case of the hexagonal honeycomb, analyses. were developed
for bothkdiffuse and specular models; for the slit type honeycomb only
the diffuse model was analyzed.
(2) The 2D vs 1D temperature field. The temperature field of the air inside
the honeycomb, in a rigorous approach, must be treated as fuily two;dimensional -
i.e. dependent upon both vertical and horizontal co-ordinates, the cell
axes being taken as vertical. However, if the aspect ratios are relatively
high, as is the case with the present experiments, then due to the slender-
ness of the cells, the temperature gradients in the horizontal direction
may be negligible., The assumption that they are constitutes the 1D

assumption. In this 1D model, the side-wall and the air can be treated
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as parallel resistances to heat flow. The cell may then be modelled as
evacuated and the product of thermal conductivity and cross-sectional
area for its side-wall may be taken as equal to a value which is

the sum of these products for the air and wall separately.

In neglecting the temperature gradients in the horizontal
direction, the interaction between the wall and gas may not be treated
fully. This is most likely to be in error close to the end plates. To
investigate the difference between the 1D model and the more rigorous
2D approach, the full two-dimensional equations were derived, solved
numerically and the solutions compared.

(3) The exponential kernel approximation. In this approximation,

exact expressions for the radiant configuration factors governing radiant
exchange inside the cell are approximated by an exponential-type express-
ion. This approximation was only made for the circular honeycomb cell
but it was implemented for both diffuse and specular cases. The approxi-
mation in the diffuse case is:

223 + 3z -2z

1 - o~ e 3-1
2022 + 1)3/2

(4) Temperature linearization approximation. Provided the temperature
of the lower plate Th does not differ too much from the temperature of
the upper plate Tc’ then the fourth power of the temperature of the wall

Tw’ at any height can be approximation by:

4 4
4 6 Ty -T)
w c (Th - Tc) w c
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This approximation appears reasonable provided Th/Tc < ~ 1.2 where both’
Th and Tc are absolute temperatures. |

The last three assumptions~permitted fully analytical solutions
to the governing équations to be obtained, and explici; expfessions for
hT to be derive@lfor either.the specular or diffuse assumption. Validity
of the various assumptions were checked by comparing with the numerical
method of solution, which did not (necessarily) invoke any of the last
3 assumptions; (although it required considerably more computational
effort if the lb assumptién was not madé) Excépt for special runs, the

numerical approach did not make Optional Assumptions 3 and 4, since they

created very little reduction in computer time.

3.2 Results of Analysis.

Detailed descriptions of the analytical and numerical theories
are givgn in the Appendix. Presentation of the results of the
numerical approach will be given in the next section. The equations
resulting from the analytical approach for the hexagonal cell, which
are based on the 1D assumption and the exponential kernel and tempera-
ture linearization approximations are as follows:

k

- . _& _
hy = -3 [Y2 + (Y, Ya)]

C ek 4 4 - ‘ '
+e o [Th - Yg(T, - Tc)]/(‘Th' T - €)) 3-3

where:

P= W+4 " } .. 3-4
A
. 4 eco (Th - Tc) D .\ 1 3.5
T Ty
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with n = 1 for the diffuse case and n = 2 for the specular case, and where

ke(from 1 - 5) is (assuming D << t):

kD+4kSt
= £ S -
ke D + 4t 3-6
The quanties Yz, Y3, Y4 and YS are the 2nd, 3rd’ ath and 5th elements of
-»
the rowvector Y = { Yo YZ’ Yss Y4’ A Ye } which satisfies the system of
linear simultaneous equations:
T -+ _
B Y = E - 3.7
+, - :
where Y is Y transposed to a column and the 36 elements of the matrix
- -

B, namely the set {bij},and the six elements of the column E,namely the
set {ej},are functions of the various cell properties. These functions
are given in Tables 3-1 and 3-2,
Tables 3-3 and 3-4 compare the values of hT‘predicted by
thé two methods (analytical and numerical) described above. Table
3-3 is for the diffuse case and 3-4 for the specular case. Both assume
1D cénduction. The error involved in the approximations of the analyt;cal
method are seen to increase with aspect ratio. For thé diffuse case
they are generally acceptable. For the specular case, errors of the
order of 15-20% can be expected, depending on the aspect ratio.
Comparisons between the 1D and 2D conduction models indiéated
that for the hexagonal honeycomb (circular cell) of the size and proper-
ties tested, the error introduced by the 1D model is very small -
aiways less thaﬁ 1%. For the slit honeycombs, however, of 1.27 cell
size, small but significant errors were introduced by the 1D approximation.
For honeycombs of the properties and sizes of the 6 slit‘honeycombs

described in [2], the maximum difference between the 1D and 2D ‘predictions



TABLE 3-1
-

TABLE OF EXPRESSIONS FOR THE ELEMENTS b, . of B

ij -

(Note: i refers to a row and j to a column of matrix B)

3= 1 2 3 4 5 6
i:
1 1 0 1 1 0 0
-1
2 1 A @ % 0 0
3 -1 a ""1 Wz 1 0
4 -1 - (A +a) \1'2¢ -wlﬂf‘l 0 1
-1
5 Py (1 -09) oy (a(l - 8) - 0A) Py wz (#9-1) Py wl (L -2"9) -1 P, 8
-1
6 P, (1 -9) P (A - a(l - 8)) pc¢1(¢-6) P '4'2 (6 -27) p. ® -1

Meaning of Symbols:

=¥ @at DT g =y (e - DT

In diffuse case: V= (1 - (1 -¢) PZ/W);

In specular case; Y =1; a = 1/(2 ¢€)

0 = e-(A/a); g = epA-

a =%

o€




TABLE 3-2
TABLE OF THE EXPRESSIONS FOR THE ELEMENTS
-5
{e.} OF E
h]
e, = 1 e, = il
e, =0 e, =-N( +e¢ i, p. 0)
2 5 h h
e3=n e6=-n(l-pce)

See Table 3-1 for definition of ©

4, 4
N =TT -

4
Tc)
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TABLE 3-3

SPECULAR ANALYSIS - COMPARISON OF ANALYTICALLY
CALCULATED HEAT TRANSFER COEFFICIENTS WITH
NUMERICALLY CALCULATED HEAT TRANSFER COEFFICIENTS -

2
¢ ¢ Aspect hT’ w/mK Percent
h c ratio Analytical Numerical Difference
2.4 4,422 ' 4,610 - 4.1
.9 .9 6.0 R 2,307 : 2.719 -15.2
9.6 1.550 1.976 -21.6
2.4 3.283 ' 3.298 - 0.5
.065 .9 6.0 1.942 2.152 - 9.8
9.6 1.373 " 1.646 -16.6
2.4 2.639 2.594 1,7
.065  .065 6.0 1.693 1.646 2.9
9.6 . 1.246 1.408 -11.5
Conditions: AT = 7.800
€ = 0.435

D 1.27 cm

I



TABLE 3-4

DIFFUSE ANALYSIS - COMPARISON OF ANALYTICALLY
;CALCULATED HEAT TRANSFER COEFFICIENTS WITH
- - NUMERICALLY CALCULATED HEAT TRANSFER-COEFFICIENTS

]

33

|

2
e &spect hT’ w/m K Percent
®h c ratio Analytical Numerical Difference
2.4 3.132 3.179 -
.9 .9 6.0 1.415 1.493 - 5.
9.6 0.907 0.971 - 6.
2.4 2,632 2.691 - 2.2
.065 .9 6.0 1,297 1.368 - 5.
9.6 0.855 0.920 - 7.
2.4 2.294 2.322 - 1.2
.065 .065 6.0 1.209 1.260 - 4,1
9.6 0.818 0.863 - 5.2
Conditions: AT 7.8 Co
€ 0.435

D

o Tar “"\kr"‘wﬁ;‘h ] | I

[

1.27 cm



34

of hT was 9% and the average error was 4.4%, the 2D model always
predicting lower hT's.
Comparison of the various models and experiment is given in the

next section,
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4. COMPARISON OF EXPERIMENT AND THEORY

4.1 Comparison for élit Honeycombs

Table 4.1 shows the comparison of the numerical predictions for
hT for the slit honeycombs, with the measured values obtained by Smar£
[5,2]. The predictions are based on the assumption of diffuse side-
wall reflection. Very good agreement is seen to have been obtained,
particularly with the 2D treatment. On the basis it was decided that
the extra complexity required for ghe specular analyse was not justified

for this geometry.
4.2 Comparison for Hexagonal Honeycombs

4.2.1 Numerical Theory

The comparisons for the measurements on the hexagonal honey-
combs with the predictions based on the numerical theory are given in
Figures 4-1 through 4-5, Figures 4-1 through 4-3 show the predicted
and measured values of hT plotted against the inverse of aspect ratio
for the BB, BS and SS conditions respectively. The BB case shows very
good agreement provided one uses the specular model. The maximum error
in this case is 7% and the rms error is 3.6%. However in the SB case

the specular model appears better at high aspect ratios but at low aspect

ratios the diffuse model is superior. A similar trend is to be noted for

the 8S case in Figure 4-3. Parametric sensitivity studies were under-
taken to ascertain whether these trends could be explained on the basis
of uncertainties associated with the input parameters to the program,
particularly €, eh and ec. The conclgsion was that the differences

could not be explained on this basis. Figure 4-8 shows an interesting




36
TABLE 4-1

COMPARISON OF SLIT HONEYCOMB PREDICTIONS AND EXPERIMENT

h h h -
Aspect ¢ 'exT ig Zg 2D% 1D - 2D
Ratio € eh’ c Pe 5 - error % diff.
W/m4K

5 .13, .06, .06 .874 1.016 .977 11.7 -3.9

10 .13, .06, .06 .783 " .818 ©.789 0.7 -3.5

5 .90, .06, .06 1.38 1.69 1.54 11.5 -9.1

5 .90, .90, .06 1.93 2.10 2.02 4ot A

5 .90, .90, .90 3.20° . 2.77 2,73 -14.7 1.4

3 .13, .06, .06 1.05 1.23 1.18 12,4, . -4.2
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4.0~

SPECULAR

MODEL~

BB CASE

EXPERIMENT

- DIFFUSE MODEL

Fig. 4-1 Comparison of hT measurements with predictions from the "Numerical
Theory", for diffuse and specular honeycombs, for high emissivity
surfaces both below and above a hexagonal celled honeycomb panel.
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4.0} —

SPECULAR
MODEL

MODEL

SB CASE

Fig. 4-2 Comparison of hy measurements with predictions from the "Numerical
Theory", for diffuse and specular honeycombs, for a hexagonal-
celled honeycomb panel bounded from below by a low emissivity
surface and from above by a high emissivity surface.
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;__ EXPERIMENT:
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Fig. 4-3 Comparison of hy measurements with the predictions from the "Numerical
Theory", for diffuse and specular honeycombs, for a hexagonal-celled
honeycomb panel bounded below and above by low emissivity surfaces.
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Fig. 4-4 A comparison of measured hp with values predicted from the
: "Numerical Theory" in which the honeycomb was assumed to be
a diffuse reflector.
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Fig. 4-5 A comparison of measured hy with values predicted from the "Numerical
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result in this regard, in that only the specular mecdel, and (more
importantly), only the measured value of the side-wall emissivity - namely
€ = .435 - could make the theory predict the measured heat transfer with
good accuracy. It is also clear from Figures 4-1 through 4-3 that a
theory which was based on partly diffuse and partly specular side-walls
could not be expected to predict well since the relative weightiﬁg
between the two would be expected to be independent of the end-wall
emissivities, €  and ec, whereas, the figures indicate that the relative

h

weighting (at least in hT) would have to depend on ¢, and ec, and on A,

h
Because the agreement with the specular analysis shown in
Figure 4-1 is too good to be fortuitous, the side-walls must be concluded
to be specular. The lack of agreement in the other two cases is hypo-
thesized to be due to the fact that the side-wall material - Mylar -
is not grey, as assumed in the analysis. It is known that Mylar absorbs
and emits in bands and is in fact highly non-grey. The non-grey assumption
is satisfactory when only a few reflections are involved, however with
low emissivities of the end walls the average no. of reflections
experienced by an emitted photonbefore it is absorbed is increased,
and the predictions become less satisfactory.
Although the predictions in the specular case are not fully
accurate, they are within about 20%, (as can be seen in Figure 4-5) and
this is probably sufficient for engineering calculations in solar energy.

The added complexity of a non-grey analyses did not therefore, appear

justified at this stage.

4,2.2 Analytical Theory

The comparisons with the analytical theory, shown in Figures 4.6
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to 4.9, are generally similar in trends to those for the numeric theory
although quantitative agreement is not quite as satisfactory. These plots
show the predictions of the independent mode method as well as those of

the present analysis and hence show the improvements in predictive accuracy
due to refinements developed in the present gtudy. In the BB case, agree-
ment is seen to be quite good at aspect ratios of about 5 or less but
predictions fall below measurement at high aspect ratios. 1In the case

of SB and BB the diffuse and specular analyses are seen to form bounds
between which the data lie, Agreements, although not perfect, is much
improved over the independent mode method. The maximum error is again

about 20%.
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Fig. 4-7 A comparison between measured hp and predictions of the "Analytical
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the independent and coupled mode analyses. The top and bottom plates
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5. DISCUSSION OF IMPLICATIONS TO HONEYCOMB COLLECTOR DESIGN

The question of whether honeycombs should be coupled with
selective gurfaces and/or 'heat-mirrore&j glass caﬁ-now Bé addressed.
Figure 5-1 ;hows ;be overall heaF trgngfer coefficient, hT, plotted
against emissivity of hbneycombtmaterial e, for a honeycémb having L =
5.07 cm and L/D = 4,8, These curves were calculated ass@ming specular
reflection and based on>the énél&tical method., They negiect c;nduction
in the wall of the honeycomb. A honeycomb of these dimensioﬂs will
generally suppress free convection in a flat‘plate collector at the
temperatureé and angles of inclination of interest. The dependénce of hT

on ¢ is shown for 5 combinations of ¢

h and eé; "The first 3 are the BB,

SB, and SS of the experiments. The other two have e, = .4 and €. = .88;

h

and € =,2 and €. = .88 respectively.
Consider first:the BB case. ' This corresponds closely to a
collector héving a black painted absorber plate and a glass cover. A
single air layer without a honeycomb in such a collector would have an
hT of about 8.33 W/msz. A honeycomb fabricated from a high emissivity
‘mééééiai:-’sqcﬂ aéka:glé;é hgﬁeygomb;hﬁouid‘yield an 6§éréixﬁhT of ébouth
1.8 ﬁ/mzK, fhﬁé‘yiéi&ing ajfacéér of.Q;S reduction inuﬁT._ 1f a-plastic
honeycomb fabricated from Mylar film of thickness the same as that of the
present study, the value of ¢ is about .43 so that hT becomes 2.6 and
a reduction of 3.2 is achieved. 1If on the other hand the honeycomb
material has an emissivity of € = .14, which is representative of teflon
film in .012 mm (.0005 inches) thickness, hT will be 4.3, and the

reduction is only a factor of two. Thus a honeycomb with as high an

emissivity as possible “.s desirable in the BB case. If a high emissivity

+ based on an air layer width, L, of about 1 cm.
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honeycomb material is used, the value of hT is relatively insensitive

to ec and eh.
In the case of thin teflon film mentioned above, the honeycomb

is largely giying only convection suppression. However, teflon may

still be an attractive option for honeycombs because of its UV stability

and high temperature resistance, (although its cost is also high). Be-

cause it is expensive, it must be used in thin films and this largely

accounts for its low emissivity. A combination of a thin teflon film

and a selective surface therefore may be of interest since it can obtain

its convection suppression from the honeycomb and the radiant suppression

from the selective surface. The curve in this case should fall between

the SB curve and curve 5 since most selective surfaces have an emissivity

betwgen .06 and .2. 1In this instance the values should be compared to

a single air layer with a selective surface and no honeycomb, for which

= ,2, and 3 W/mZK for ¢ ='.06. It is seen

h h

that the reduction in hT due to the honeycomb in case 5 is from 4 to 2.7

hT is about 4 W/mzK for €
W/mzK or only 33%, and in case  SB the corresponding reduction is only
25%. In neither case is the resulting hT-as low as that obtainable from
a honeycomb of high e gnd no selective surface. To obtain the desired
low value of hT by a combination selective surface and honeycomb, it is
seen that very low values of ¢ are required, (of the order of .0l). 1If
these are achieved, values of hT'of order of 1.2 W/mzK are predicted.
Very low hT's are predicted for the SS with.e = .14 case
although this would have to incorporate a very good selective and an
excellent heat mirror. The fact that at ¢ = 1, all the curves collapse

to very nearly the same hT indicates that selective surfaces are of
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virtually no value if a honéycomb of high ¢ is already in place.

An interesting feature of these pPlots is the fact that in cases
5, SB and SS there exists an ¢ which maximizés hT. This result is a
consequence of the fadiant-conductive‘coupling: atAthe two local
minimae, namely ¢ = 0 and € = 1, the coupling is either nbn—existenf
(the ¢ = 0 case), or, because both the radiative and conductive fie1d§

attempt to establish very similar temperature fields, it is small (the

€ = 1 case),
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6. CONCLUSIONS

1. The effect of bounding plate emissivities on the critical Rayleigh
number (i.e. convection suppression abilities) of hexagonal honeycombs is
very slight. It is maximum when the two bounding surfaces have very
different emissivities and for honeycombs of high aspect ratio.

2. Theoretical methods, (both numerical and analytic) have been
deveéloped which predict the overall heat transfer across hexagonal and
slit-type honeycombs in the stagnant air condition to within about

20% as compared to measurements, These methods take into account

the important coupling between the radiative.and conductive modes of heat
transfer.

3. From the predictions of these methods it is concluded that the combin-
ation of a selective surface and a honeycomb gives disappointingly low
advantages over using either one of them singly. Thus, when the honey-
comb wall emissivity is high, (¢ ~ .9) very little advantage‘is to be
gained by having a selective surface; if the wall emissivity is moderate
(e ~ .5), only an additional 25 to 33% reduction in heat transfer is

obtained due to use of a honeycomb, if a selective surface is already in

place. Only for wall emissivities of the order of .0l does the combination

appear promising,
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8. NOMENCLATURE

Note: The meaning of symbols in Table 3-1 and 3-2 are specific

to those tables and are given at the bottom of those tables.

aspect ratio of honeycomb cell, A = L/D.

cross—-sectional area of the gas core in a single honeycomb
cell

cross-sectional area of the solid shell of the honeycomb-
material in a single honeycomb cell

a 6 x 6 coefficient matrix, used in equation 3-7, with elements
{bij}

elements of the matrix E, tabulated in Table 3-1

a constant chosen so as to satisfy equationslA—24 and A-25
see Table 2-1

effective honeycomb cell diameter; for slit honeycomb

D = spacing between partitions; for hexagonal honeycombs,

D = (4Ag/n)l”1

~a row vector used in equation 3-7, with elements {ej}

elements of the row vector E, tabulated in Table 3-2

Hottel and Keller radiant interéhange factor, defined in
equation (1-6)

Hollands modified F to account"forAnon—black end walls,
defined in equation (1-8)

diffuse (for n=1) or speculaf (for n=2) radiant form factor
from ithto jth‘surface

gravitational acceleration

heat transfer coefficient, for heat flow between the plates




Nu

= L
ke/
the value of h for combined radiation and conduction between
the plates if the air is stagnant
theivalue of h for combined radiative conductive and convective

heat transfer between the plates: hT e = hT in the absence of
3

fluid motion

by - B

for n = 1, J, is the 1™ surface radiosity; for n = 2, I,
represents the radiant flux emitted from the ith surface
effecFiVe~thermal éonductivity of honeycomb and gas, defined by
equation (1-4)

thermal conductivity of the gas (air) within the honeycomb cells
thermal conductivity of the material from which the honeycomb

is fabricated |

spacing between the plates, or depth of the honéycomb panel;

see Figure 1-1

n = i for diffuseiy reflecting honeycomb; n = 2 for specular
reflecting honeycomb

Nusselt number. See equation (1-5)

in equation 1-2, P represents the pressure of the air; otherwise
it is defined by equation 3-4.

Pran&tl number

net heat flux conducted into honeycomb side wall

net heat flux radiated into honeycomb side wall

radiant fluxlécroés the hoﬁeycomb panel, aésuming heat con-

duction and radiation modes are decoupled




|

Ra

SB

SS
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radial co-ordinate in cylindrical co-ordinate system, see
Figure A-1 and A-2,

=D/2 -

gas constant for aif

Rayleigh number; Ra = gB(Th - Té)La/vA .

critical Rayleigh number for the initiation of convection
absolute local temperature of gas or solid

average temperature in gaseous and soiid portions of‘honeycomb
cell, respectively

see equation A-22

 temperature of the upper coal plate, absolute

temperature of the lower hot plate, absolute

temperature of honeycomb ce11>side—wa11, ébsolute
semi-thickness of honeycomb material

see Table 2-1

see Table 2-1

constant in ghe "Analytical Theory", defined by equation (3-5)
|z* z|/2R and Iz’ezl[(ZR(i+l)) respectively

co-ordinates, see Figures A-1 and A-2.
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Greek Letters

thermal expansion coefficient for gas in honeycomb panel
dimensionless radiosity, see equation A-33

constants in equatioﬁ (3-3) that are defined by the vector
equation, (3-7).3 =1, 2, 3, 4; 5, 6 |

the row vector with elements Yj

the column vector with elements Yj'$’ is the transpose of ;
=1 forn=1; =0 forn= 2

emissivity of the honeycomb wall

emissivity of the upper cooled plate; see Figure 1-1
emissivity of the lower heated plate, éee Figure 1-1

= z1/2R

angle of inclination of the honeycomb panel, measured from
the horizontal; see Figure 1-1

z/2R

thérmal diffusivity of gas contained in honeycomb panel
dynamic viscosity of gas contained in honeycomb pénel
kinematic viscosity of gas contained in honeycomb panel
reflectivity of honeycomb material

effective reflectivity of honeycomb; pe= p+T

Stefan Boltzmanh constant

trasnmisaivity of honeycomb material

_dimehsionless temperature, see equation A-32

see equation A-34
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APPENDIX

Outline of Theory Used to
Predict the Stagnant

Air Heat Transfer

Note: The hexagonal-type honeycomb theory will be outlined only. The
slit-type honeycomb theory follows a very similar development.

Complete details for both are given in [17] and[1§].

A-1. Model

The heat transfer analysis across the honeycomb is. performed
on a typical honeyéomb ceii wgich is approxiﬁated by the ciréular-
cylinder shell shown in Figure A-1. The core inside the shell contains
the gas (air). The lateral outer boundaries are adiéﬂatic while both the
gas and solid are isotﬁermal at Th and TC at the bottom and top faces
respectively. Heat transfer is by conduction only in the solid part and
by conduction and radiation in the gaseous part. The gas is transparent
to thermal radiation and the surface at z = R is strongly opaque to thermal
radiation so that ali heagltré@sfer between the radiant and conductive
fields occurs at the surface r = R. Figure A-2 sketches the radiant
enclosure problem, the gaseous inner cylinder constituting the radiant
enclosure. The lower and upper face are diffuse grey emitters and reflect-
ors and have emissivities € and €. respectively. The side-walls are
opaque and grey with emissivity €; the temperature and heat flux at
these side-walls are such as to be compatible with the conductive heat
transfer; In the analytical theory the radiosity was assumed to be

uniform over the lower and upper faces; this was not assumed for the

numerical theory. The difference due to this assumption is expected to
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be slight. The following development will, for simplicity, make this

uniform radiosity assumption.

A-2 Governing Equations

The equations governing the radiant transfer in the inner

cylinder (Figure A-2) are:

L
_ 4 _ n n 1.
J(2) =€ 0T (z) + (L~ e) {Jh Fawn * 9o Faomc +fo J (z')
0
d Fdw-dw' '
4, dz }62n
n
L dF
—_ 4 - . n ] . h-dw ]
Iy =6 0T +(1-¢) {JC Bt J‘o J (") —=5 dz'} 8,
n
4 n L ' c-dw' '
Jo T 9Tt e gy Foy +fo T e gr— detl gy

In these equations n represnets an index which is defined as equal to

unity (n=1) if the side-walls are diffuse, and as equal to two (n=2) if

the side-walls are specular. Thus the equations as written are general

and can apply to either situation. The quantity Fa-b represents either

the diffuse or specular radiant form factor between a and b, depending on

the value of n. The quantity 62n is given by:

62n'= 1 n=1

62n =0 n=2

The symbol T represents temperature and J represents the radiosity if n=1

and it represents the net, non-specularly reflected radiant flux

leaving the surface, if n=2. Subscripts h, ¢ and w on J, T and '

represent the lower hot surface, the upper cold surface and the side-walls
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UPPER FACE at
Tc
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| | ADIABATIC
oz | P SURFACE
P I ' |
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= ~—LOWER FACE
- : . - .at Tp

Fig. A-1 A single honeycomb cell idealized as a solid cylindrical shell
comprlsed of honeycomb materlal ‘and a. gaseous core,
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SURFACE ¢ at Tc

T
dz
{1 s-SURFACE w

———
g -—

——

dz
i} ,
Tv\‘\dw

SURFACE h, at T,

Fig. A-2 A schematic giving nomenclature for the radiant enclosure analysis,
detailing the inner of the two cylinders in Fig. A-1.
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‘ n
respectively. Subscripts dw and dw' on F denote elemental rings on

the side-walls as shown in Figure A-2.

The expressions for the key radiant form factors are

1
d F dw=du’ _ 1 [1 25> + 3x ] Al
1] - - -
dz 2R 2(x2 + 1)3/2
and
2 . 3
Fhedw' 1 2 (- e - 2% + 3x, s
dz' 2R §= i - - =
z i=0 i+1 Z(Xi + 1)3/2
where x = ]z' - z[/ZR and x, = x/(i + 1). The other radiant form factors

for the enclosure appearing in equations A-1 to A-3 can be readily derived

from these using flux algebra. The full set of expressions are given in

[17] and [18].

The equation governing the conductive transfer in both the solid

and the gas is:

2
l 98 , of, . 3T _
r o Tt 0
oz

The symbol T represents the local temperature, T(r,z).

conditions on this equation are:

at r =R + ¢t gT-=0’
or
- oT _
at r 0 3 0
at z = 0 T = Th
at z = L . ' T=T

The bbundary

2-7

A-8

A-9

A-10

The solutions in the solid and gas are coupled at the interface




.“Wbichwpan»be,solvedufoer(r,z),—Tw(z)T~Jw(z);~Jc~and~J~v-~Once“these~'“*”
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through the requirement that temperature be continuous, and that the
radiant and conductive transfer at the interface satisfy energy conservation.

The radiant flux out of this surface is:

4 n n dw dw'
= - - - ! — W EW ' -
q , e(0 T J] Fi I J F - f J (z") 1z dz') A-11

The net conductive flux in the inward direction at the.interface is

chﬁksg—f| + —k -g—fl . A-12
> r:R g r=R

where ks and kg'are thermal conductivities of the solid and gas respectively
+ : .
and R indicates that the derivative is taken on the solid side of the

interface, and R that it is taken on the gaseous side. An energy balance

at the interface gives:
q =g _ A-13

Also, for continuity of temperature:

T (z) = T(R,z2) . - ~ A

Equations A-1 to A-14 and the subsidiary set of réciprocity

relations for the radiant form factors form a complete set of equations

h

are obtained, the total heat transfer coefficient hT’ across the cylinder

from Th to Tc can be determined from the following relations

hT = (Qc + Qr)/(Ag + As)(Th - ’I‘C) , A-15



where

R Rt
Q =k f(-g—f)
g (o} z=0

and

h

- & _
Qr - Ag l-eh (o Th Jh)

A-3 The 1D Approximation

Taking an area weighted average of equation A-4 over each of the

gaseous and solid regions and using equations A~5 and A-6 yields

2

§l| _ Ag, d Iéﬁz)
or R 2mR dzz
2 o
A
ézl _ s d Ts(z)
or R+ 21R dz2

where T;(z) and Té(z) represent respectively the area weighted average of
T(r,z) over the solid and gaseous regions respectively and As and Ag

represent the respective cross-sectional areas of these regions, i.e.

2
As = nR2 and Ag =m(R +t) - R2. Combining A~18 and A-19 with A-12

and A-13 yields

k (A +A) d2 T (z)
e' g s g.S = q
21R dz2 r,W

where U is given by A-11 and where
I

- + -
_ ks As Ts(z) k}Z Ag Tg(z)

2nr dr +k_ [ (-ﬂ)
S "R 0z 5=

Tg,s(z) - k A +k A
s s g g

and ke’ the effective thermal conductivity, is given by
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The 1D approximation assumes that, to a reasonable approximation for the
purposes of radiant calculations, the wall temperature can be taken as

equal to the weighted mean gas-solid temperature:

1, =T (@) B A-23

Equations A-1,2,3,4,5,9,10,11,20 and 23 now form a complete set and equation
A-6 need not be solved. Once that set has been solved for Tw(z), Jw(z), Jc

and J , then hT may still be found from A-16 and A-18, but calculating

h
Qc from: \
d Tw(z)
Q =k Ay ST | . A2

A-4 The Exponential Kernel Approximation

If the form factor expressions in A-4 and A-5 can be approximated
with satisfactory accuracy by exponential functions then, under certain
circumstances, analytical expressions can be derived for the solution to
the equations. The requirement is that equations A~4 and A-5 can be

approximated by

n
dF \
| g:'dw ¥ ;R e A-24

where b is a constant, whose value may depend upon n. Once the decisions
to approximate according to A-24 is made, the value of b should be fixzed
SO as to ensure that the expression obeys the necessary energy conservation

law:




n-1 z n - :
e de =1 A-25

(This expression is derived on the basis of an infinite cylinder but it
should also be satisfied by a finite cylinder to ensure that Fdw-h and
Fdw-c are also consistent with an overall radiant balance). The equation
simply states that any radiant enéfgy leaving dw must eventually be
absdrbed somewhere on the walls. For n=l1 equations A-24 and A-~25
combine to give b=2; for n=2 they give b=2¢. Reference [19] gives

a comparison of the exact and approximate expressions for d Fgw_dw./dz,

for n=1, with b=2. The fit was found to be very good. For n=2 the fit

is not found to be quite-so satisfactory.

A-5 Analytical Solution for Nonconducting Case

If ka = 0 and the product kwt is zero (so that kef= 0), the
plane at r = R becomes adiabatic. The solution to the remaining purely
radiant problem will now be outlined using the exponential kernel approxi-
mation. The method will assume & = & T 1, the results to be generalized -
to other values afterwards. This makes Jh =g Tﬁ and Jc =0 Ti. Also
since qcﬂ: 0, qu: 0 and equation A-11 simplifies. The procedure is
different for n=1 from that for n=2. For n=l, A-11 with qr =0 is

, s
combined with equation A-1 to show that Jw =g Ti. Substituting this

into equation A-1l and using A-24 for the form factors there results

-bE

-b(A - £)
4 - e 4
Tw (€ = Th 2 + Tc

A
D b P8 Mgy A-26
0 ,

N o

w

where € = z/2R and 7 = z'/2R. The same equation is obtained for the n=2

case by noting that in this case A-1 gives simply Jw = ¢ (o Ti), and by

substituting this result into A-11 with q 0. This integral equation

r,w




71

may be converted to a simple differential equation by differentiating
it twice and combining the resulting equation with the original. equation.

The result is

2 4 |
a* 1 |

= 0 . A-27
a g

with solution

4 _
T, =C, +C, & A-28

The constants Ci and C2 are evaluated by substitution back into A-26. The

resulting expression for Tw(g) is:

4
Th - Tw(g) _ 1 en-l ' _ .
4 4 - n-1 + n~-1 g A-29
Th - T 2(e A+1) (e A+1) ‘
c

The dimensionless "temperature jump' at the end-walls - i.e. the amount
by which T: at z = 0 differs from Tﬁ, expressed as a fraction of the total
fourth power temperature.difference, is ‘equal to (2(€n-1 A+ 1))-1.s It

is clearly small for A 1arge,nalthough in the specular case (n=2), it
approaches 1/2 as e¢ -+ 0, regardless of A. The heat transfer corresponding
to this temperature distribution is readily shown from A-15 to be given

4 4
o(Th - Tc)

1
T en-l A+1 (Th - Tc)

Using the result of Hollands this can be extended to cases where eh and

€. are not unity, as discussed in Section 3.



A-6 Analytic Solution Using Temperature Linearization

The temperature linearization assumption is given by equation

3.2:
4 4
6 4 Ty o T
T ~T +7§—:_T—c—) (T, - T) A-31

) . 4 . . .
By substituting this equation for Tw into the governing equations for the
1D case, using the exponential kernel approximation and non-dimensionalizing

according to:

Tw - Tc
= ——= A-32
T T
_Ji
B, = ————— i = w,c, and h, A-33
i G(Tﬁ _ T4)
and
a‘;
Y, = ———— i =h and ¢ A-34
i 4 4 :
c(Th Tc)
one obtains the governing equations
| b€ GRS
Bw - € Yc teopt (1- e 62n { Bh E + Bc E +
A
fsweblg M an | A-35
o
-bA A =b
= + - -
By =e Y, t(1-e) [ B e +p jo B,(M 2e " ant s A-36
-bA A -b7
= + - N A-
B, =e Y +*(L-e) B e’ +p fo B,(M 2¢" Tdn} s, 37
R S
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A
[ 8, m P18 Mgy A-38
o

where  is defined by 3-5. Differentiating A-38 twice and combining

the result with the original A-38 and A-~35 there results

4 2
d .

ae* dg

with P being given by equation 3-4. A-39 has general solution:
- PE -Pg
¢ =Y, + Y, £ + Yy @ + Y, € A-40

Evaluation of the constants Yi» Yoo Y5 and'y4 is achieved by making use

of the boundary conditions A-9 and A-10 (which become ¢ = 0, 1 at § = 0, A
respectively) and by substituting A-40 back into equation A-38 to eliminate
new solutions introduced by the differentiation procedure. The result

of the last step is an gqgation containing zero on the right hand side and
on the left hand side, the sum of two independent exponentials in §,

each having coefficients which'are expressions containing the set Y; -

In order for this equation to be identically true, the two coefficient
expressions must be identically equal to‘zero.‘vThis gives two additiomal
equations for the four Y; so that th;y can in prinecipal be solved.

" However, these equations contain the radiosities Bh'and'Bé which are still -
unknowns and hence a full solution is not yet realiéed, two more equations
being required. This last pair is obtained by substituting A-40 imto

A-36 and A-37. 'If one now treats Bh as YS and BC as(§6, there results
finally six linear equations in the six unknown yi's whose solution can

now be obtained.. The coefficients of these six linear equations are given

in Tables 3-1 and 3-2. Equation A-40 then substituted into A-15 gives
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the equation for the heat transfer - namely equation 3-3.

A-7 Finite Difference Solution

To obtain results from the "Numerical Theory', the differential
rings along the side-wall in Figure A-2 were replaced by discrete rings
of extent A w. In addition, the top and bottom plates were divided into
several annular elements. The equations described in the previous sections
are, for simplicity, written for the special case of a single element
representing the top and bottom respectively; the description in this
section will be for this special case also, but the generalization is
straightforward. Over each discrete area, the radiosity was assumed
constant. The integrations over the range 0 < z' < L in equations
A-1 to A-3 were thus replaced by a summation of integrals over the
individual elements. The assumption that the radiosities were uniform
over each element permitted each of the integrations to be carried out
analytically using the angle factors presented in Section A-2.

It is convenient to.-describe the numerical solution method
first for the 1D approximation (Section A-3) and later indicate the general-
izations required to include the two-dimensional effects. For the 1D case
an initial side-wall radiosity distribution Jw was assumed to start the
solution. Equations A-2 and A-3 are combined and rewritten in forms
which relate Jc and Jn respectively to the specified temperatures Th and
Tc and to Jw; these equations were solved for values of Jh and Jc using the

'@uessed"J& distribution. The conduction-radiation balance at the wall,

given by equation A-20 becomes (for e not identically unity),

ke(A * As) d2T 4
€ 2. S
5 = e {o T' - J (2) } A-41
21R dz (1 - ¢) w w .
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The solution to this equation, which yields Tw’ requires iteration because
of the appearance of T: on the right-hand side. With new values of Jh’
Jc and Iw now available, equation A-1 was solved for the new distribution
of Jw' This completes one iteration cycle. With the new Jw distribution
as the starting point, the cycle was repeated until convergence was
achieved.

Allpwing for two-dimensional conduction in the analysis fequires
that the gas inside the cylinder in Figure A-1 be divided into elemental
volumes, with one temperature unknown allocated to the nodal point located
at the centré of each volume. Non-uniform volumes were used to permit
a better resolution of the témperature in the gas near the solid side-
walls and end-walls. Performing an energy balance for each volume results
in the set of algebraic equations which constitute the finite-difference
analog to equation A-6 . Equations A-8 to A-10 provide three of the
required four boundary conditions. The fourth is provided by the requires~
ment of temperature and heat flux continuity at the solid surface. Making
the approximation that the temperature across the sidé-wall is uniform at

Iw(z), this constraint is expressed by the finite-difference analog to the

equation
2
k A d°T
wSs __w _ € sy or _
2R dz (1 - ¢) (Jw ¢ Iw) . kg( or 4=42

r=R

where T =T at r = R.
g W
The 2D problem was solved in the same sequence as before
except that, rather than finding Tw from equation A-41, it was found from
the solution of the heat conduction equation just described.

Extensive convergence and grid-independence studies were carried
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as described in [18]. Based on these, calculated heat transfer rates were
considered to be accurate to about 1%.

The finite difference approach has the disadvantage that, like
experiments, numbers are obtained as solutions rather than analytical
expressions. On the other hand it has the advantage of supplying
essentially exact answers to the model described by the set of governing
equations, and can be used to provide insight into the validity of the
various approximations that are required to obtain analytical solutions.
Based on comparisons between the numerical and analytical theories, it
was concluded that the 1D approximation was remarkably accurate, that the
separable kernel approximation was excellent for the diffuse side-wall
case, but less accurate for specular side~walls, and that the end-wall

radiosities {1 and Jc were indeed very nearly uniform.
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