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Sealing of partially evacuated solar collectors.

by

Hugo Sebastian Shiers

ABSTRACT

The object of this work is to look into the long term viability of a
partially evacuated, high performance, hot water, solar collector
proposed by Roberts (1979). The collector involves an absorber plate
inside an evacuated damed glass tube, sealed by a polymer seal onto a
metal endcap. The proposed collector contains 15 torr of low thermal
conductivity gas to suppress conduction losses from spurious gases
arising in the collector.

A study was undertaken, and is shown, to predict the loss of vacuum in
the polymer sealed collectors; for various vacuum sealing polymers. It
is shown that viton is the most suitable polymer, and a design of a
suitable seal is shown, with the design of a campleted unit. An upper
limit of loss of vacuum in the collectors is demonstrated to be 0.5
torr/year. This is due in main to permeation of water vapour, oxygen,
and nitrogen through the seals.

An experimental study and theoretical camparison to, find a suitable
low thermal conductivity gas, to infill into the collectors and to
predict the thermal conductivity of this gas mixed with relevant
quantities of the inleaking gases is shown. The thermal conductivity
cell and electronic unit to do this study is presented It was found
that Halocarbon 11 would be a suitable gas to inflow into the
collectors, having a thermal conductivity of

8.07x10°. w M K 1.
Theoretical equations for binary, and multi-component gas mixtures are
shown campared with our experimental results. These equations do not
compare favourably; however it is shown that by using a combination of
these equations the thermal conductivity of gases arising in the
proposed collectors may be predicted to within 5%. The efficiency test
of a completed unit is shown. This shows the efficiency of the
partially evacuated collector to be similar to a high vacuum collector.
The efficiency of the collector is shown not to deteriorate
significantly within a period of ten years.
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1 INTRODUCTION

1.1 Current collectors

Solar collectors are primary structures used to heat water or same
other fluid by means of radiation energy fram the sun. The most simple
solar collector is essentially Jjust a dark absorbing surface
incorporating some mechanism for the removal of heat. This type of
collector is cheap to manufacture and will operate at high efficiencies
provided the required output temperature, Tb, is not much greater than
the ambient temperature, T,. This is because the sun plays directly on

A

the absorber surface so the optical efficiency is high, but if T6>TA’
the heat loss will be high as there is no insulation above the

absorber.

This type of collector may be ideal for applications such as heating
swimming pools where the desired tamperatures are of the same order as
ambient temperatures. If collectors are to be used in applications
where the desired output temperatures are to be greater than ambient
temperature then it is necessary to insulate the absorbing surface, to
lower the heat loss. Increasing the camplexity of the solar collector
will, however increase the capital cost of the system, and this must

always be balanced against the gain in output of useful heat.

To insulate the absorbing surface from ambient temperatures a glazing
system may be used. This will lower the heat loss when the desired
temperatures are greater than the ambient temperature but will reduce
the optical efficiency as the radiant energy has to be transmitted

through the glass cover. This type of flat plate oollector has been



available for same years; and is the most common type, production costs
for such collectors being of the order of one hundred pounds per square
metre. However this type of collector will still lose energy from the
absorber by conduction, convection and radiation through the air filled
gap; and also by conduction through the insulating slab on the reverse
side of the plate. With adequate thickness the heat loss through the
insulation can be reduced to a reascnable low level. Radiation losses
can be reduced by the use of a suitable selective absorbing black film.
Such a film absorbs well the short wavelength visible radiation from
the sun, but yet suppress the emission of the long wavelength infrared
radiation. Convection losses may be reduced by double glazing, but
there is a limit to which heat losses may be suppressed this way. The
use of double glazing will, also, reduce the optical efficiency of the

system.

Convections losses may be reduced further by either dividing the air
space into small cells which are too small for the establishment of
natural convection, or to reduce the pressure within the air gap below
a level where convection exists. If the pressure is lowered to below

-3

10 °. Torr both convection losses and conduction losses will be

suppressed to provide a very low heat loss.

A number of scientists and engineers, within the past ten years, have
investigated the possibility of constructing these high efficiency
solar collectors, by evacuating the space between the glass cover and

the collector.



Due to the large atmospheric forces experienced by the evacuated
containers most investigators agree that such collectors should be of

the evacuated glass tube type. Same of the various proposed systems

being:

1 An evacuated dewar dual glass tube system, for example the
system proposed by Owen-Illinois (1966).

2 A collector plate placed inside a single evacuated glass tube,
for example the system proposed by Corning, France and Philips.
See Bloem, Grigs and de Vaan (1982)

3 A collector plate placed inside a partially evacuated glass
tube. See Roberts (1979).

4 A partially evacuated flat plate collector, de—-Waal and Simonis

(1981)

The designs of 1 and 2 are similar in that they use high vacuum to
suppress conduction and oonvection losses. The system proposed by
Corning, France, uses high vacuum to 10°® Torr; which suppress
convection and conduction losses. The outer cover tube is made fram

pyrex, the inlet and outlet tubes for the heat carrying fluid go in and

out of the collectors via expensive metal to glass seals.

The system of Owen-Illinois uses an evacuated dewar to insulate an
absorber tube, which is coated with a selective absorber. The absorber
tube contains two concentric tubes, a delivery tube on the inside, the
heat carrying fluid returning on the outside, and inside the absorber

tube. The Owen-Illinois system gives high performance, but has the



disadvantage of high cost, due to the complex manifold system and the
metal to glass seals. It also has a large heat inertia due to the

large amount of fluid that the system contains.

Both the Philips and Corning systems involve a collector plate placed
inside an evacuated tube. In the Corning unit heat is removed by a
circulating fluid flowing through a pipe which is firmly fixed to the
collector plate. This pipe enters and leaves the glass tube by means of
graded glass-metal seals; with suitable bellows used to correct for the

relative expansion of the metal and glass.

The Philips collector uses a heat pipe to transmit thermal energy fram
plate to an external manifold. This means that only one graded glass-—
metal seal is required per tube, and the installation of such a system

is simplified.

Both the Philips and Corning systems use expensive sealing methods, but
the Philips system has the added disadvantage of resistance to heat
flow of the heat pipe and the requirement of a heat exchanger to
transmit the heat into a circulating fluid. Since both systems use

only glass items, once evacuated their pressures can be kept below 10"4

torr by the use of suitable gettering materials.

The system proposed by Roberts (1979) was to use an evacuated glass
tube damed at one end, with the other end being sealed onto a metal
endcap with a suitable polymer seal. It was presumed that the polymer
seal would lead to a decrease of vacuum after same time due to spurious
gases, which would appear because of permeation and outgassing of the
polymer seal. The thermal oconductivity of gases, in a vessel, of the
dimensions suggested by Roberts, are independent of pressure above 0.2

torr. TRoberts showed that convection losses could be ignored below a



pressure of 20 torr, and therefore proposed that a low thermal
conductivity gas be introduced at the production stage at approximately
15 torr to suppress conduction losses from the spurious gases.
Canmercially it is considered that the main advantage of the partially

evacuated collector over other systems will be cost.

The system of de Waal and Simonis (1981) is similar to the system
proposed by Roberts, apart from the fact that it does not use glass
tube collectors. The basic design consists of a collector plate within
a rectangular box, covered by a glass plate in which a vacuum is
maintained. Similar to the Roberts design a low thermal oconductivity
gas is used to suppress conduction losses fram inleaking atmospheric
gases, which are estimated to be of the order of 1.5 torr per year.
Its” main disadvantage is that to support atmospheric pressures

toughened glass is needed along with supports every 20 cms.

Table 1.1.1 shows an analysis of the characteristics of the different
type of collectors. The table gives efficiencies for the collectors
for typical values of(ThfIA)/I in the U.K. (Th. being the mean

temperature of the collector plate.) Current prices also being shown,

this table therefore clearly demonstrates the advantages of the type of
partially evacuated oollector suggested by Roberts. A plot of

efficiencies versus (Tm—TA)/I is also shown in figure 1.1.1,



Table 1.1.1

Efficiencies and costs of typical collectors

Collector Efficiency,% Approx. cost
per M? in
Summer Spring/Aut. Winter pounds

Tm—TA= . 05%xI Tm—TA= .12xT Tm—’I‘A= .18x1

Flatplate,
neutral 50 0 0 100

absorber

Flat plate
selective 60 29 3 120

absorber

Tubular
completely 68 49 33 250

evacuated

Tubular
partially 70 47 27 150

evacuated
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1.2 Aims and summary of thesis

The principal aim of this work has been to determine the 1long term
viability of the partially evacuated collector proposed by Roberts. To
do this an evaluation of the expected pressure rise over a period of
sare ten years, and the determination of the effect of this pressure
rise on the collector performance was required. The early chapters of
this work describe a literature survey and an experimental
investigation into the expected increase in pressure due to outgassing
and permeation. Results suggest that over a period of 10 years
increases of pressure will be less than 5 torr; exact pressure
increases depending on detailed arrangement of seals and volume of
glass tubes. An analysis of the actual gases shows that most of the

pressure rise is due to water vapour and nitrogen.

Chapters 5 and 6 discuss the properties of the gases and vapours which
could be used for infilling the tubes, along with an extensive study of
the thermal conductivity of relevant mixtures of gases. Therefore as a
result of these two investigations the change in thermal conductivity

of the gases within the collectors, with time, is predicted.

Finally a prototype collector is described, which was designed in light
of the results of the previous sections. Efficiency tests on the
prototype ocollector described, were undertaken, these tests are
described in chapter 7; along with the results of the tests. It is

shown that the efficiency of the collectors will not deteriorate more

than 10% over a period of ten years.



2 THEORY AND MEASUREMENT OF OUTGASSING

2.1 Introduction

When a material is placed in a vacuum gases will be liberated fram its
surface. This phenamena is generally known as outgassing. The rate of
evolution of a gas fram a particular material is normally expressed in

2

terms of an outgassing rate of Torr. Litre/Sec. cm”. Outgassing may be

attributed to four major factors:

1 De-adsorption of gas fram the surface of the material. Gas
adsorbed onto the surface of the material while exposed to the
atmosphere is released slowly when the material is under
vacuum. The desorption rate of the gas will depend on its
binding energy to the surface of the material, the surface

temperature and the surface coverage.

2 De-absorption of gas fram the material. Gas which is dissolved
in tﬁe material will diffuse out and be released into the
vacuum. The rate at which a gas diffuses out will depend on
the solubility of the gas in the material and its rate of

diffusion.

3 Permeation of gas through the material. If the material acts
as part of the walls of the vacuum chamber gas on the high
pressure side is absorbed into the material and diffuses across
the material to be released into the vacuum. The rate at which

gas permeates a material will depend on the rate of diffusion



and solubility of gas in the material.

4 The vapour pressure of the material. In this case the gas or

vapour evolved will normally be molecules of the material

itself.

Experimental observations of outgassing rates, at constant temperature,
can be expressed by the empirical formula below: Roth (1976)
Q, 0, * 9 £ ...2.1.1

Where Qh and Q1 are the outgassing rates at h hours and one hour
respectively after placing the material in a vacuum. Qu is the
limiting value of Qh and for many materials is negligible unless th is
very large. x is a number which varies with time in the vacuum. At
the commencement of pump down x is relatively large and outgassing
rates fall rapidly. This is due mainly to desorption rates of adsorbed
gas. After half an hour x becames smaller and practically constant.
At this time x is usually 1.0 for a metal and for non-metals is often

between 0.5 and 1.0 Ward and Burnn (1967).

The two main methods commonly used for measuring the outgassing rates

of materials are the throughput method and the pressure rate of rise

method.

In the throughput method a sample is placed in a vacuum chamber
connected by a small aperture of known conductance to a high vacuum
pump. The pressure drop across the conductance is noted, at time ¢,
under steady state conditions. This pressure drop multiplied by the

conductance of the aperture gives the outgassing rate of the sample and

chamber at the time t.

10



In the pressure rate of rise method a sample is placed in a vacuum
chamber and then pumped down. The outgassing rate at any time is
obtained by sealing the chamber and noting the instantaneous rate of
rise of pressure. The outgassing rate of the sample plus chamber is
then the instantaneous rate of rise of pressure with respect to time

multiplied by the volume of the chamber.

Experimental results are tabulated giving the outgassing rates of
materials after specified pumping times of 1, 10 and 100 hours (Ql' QlO
and QlOO) together with the slope of the log - log plot for the same
time. BEsley (1975). A typical plot of outgassing rate with respect to

time is given in Figure 2.1.1.
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2.2 Outgassing by de-adsorption

Adsorption of a gas onto a solid surface may be either physical or
chemical. In physical adsorption the gas molecules are attracted by
Van der Waal’s forces and the heat of adsorption is usually 1less than
42 KJmole_l, while in chemical adsorption a chemical combination occurs
and the binding energies are far higher, normally within the range 84-

840 KJ mole 1.

De-adsorption is the reversal of these processes. Assuming that the
surface has less than a monolayer coverage (and that the outgassing
rate is small) then the outgassing rate at time t due to desorption

of adsorbed gas may be given by the equation below, Ward and Bunn

(1967).

- 10”/ -

Q = (10 * T C, / tg ) expl( t/ts) ..... 2.2.1
where
. . -1 =2

Q outgassing rate at time t (T.L.S =~ cam )
T temperature degrees Kelvin
te- sojurn time, the average time to stay on a surface site, s.
C0 surface coverage at t = 0.

13



From equation (2.2.1) it can be seen that

1 for small values of t,r corresponding to physically adsorbed
gas, the initial outgassing rate is very high but will fall off

rapidly.

2 for large values of ts' corresponding to chemically adsorbed
gas, the initial outgassing rate is low but falls only slowly

with time.

Experimental results do not always agree with equation 2.2.1, in
particular this theory is unlikely to account for the observed
outgassing of water vapour from metals as it assumes a monolayer
coverage whereas water vapour may be adsorbed several monolayers thick.
Dayton (1962) has suggested that water vapour is held in pores of the
layer of oxide which is usually present in most metals. A semi-
empirical analysis of the distribution of pore size and layer thickness

leads to an expression for the outgassing rate which varies inversely

with time.

2.3 Outgassing by de—absorption

Absorption refers to a gas which diffuses into a solid and exists
within the solid in a dissolved state; de—absorption is the reverse of
this process. The outgassing rate resulting fram absorbed gases is

based on the laws of diffusion. Roth (1976).

14



In general the de-absorption of a gas from a wall of thickness hO (cm)

may be expressed as:
Q, = (0,/61)...2.3.1

Where:

0.5

h

3.145 hg/(5.76 X 104 ) I vve2.3.4

- 0.579°3(1 - exp(t, /2y)...2.3.2

< s
n

Where D is the diffusion coefficient.

The total outgassing fram a material due to de-absorption will then be
a summation of equation 2.3.1 over all gases present in the dissolved

state.

A molecule de-absorbed fram a solid may be held at the surface by
adsorption. This would imply that to go into the theory of de-
absorption, consideration of the de-adsorption must simultaneously be
taken. However, as the rate of de-adsorption is normally so large

compared with the rate of diffusion, this is not necessary.

2.4 Outgassing by Permeation through the vacuum chamber

Outgassing by permeation refers to gas which evolves after diffusing
through the walls of the vacuum chamber fram the high pressure side.

There are three main steps in the process

1 The permeant dissolves in the permeable membrane on the side of

higher concentration.

15



2 The gas diffuses through the membrane towards the side of lower

concentration.

3 The permeant becomes desorbed on the side of lower

concentration.,

The permeability constant P, at constant temperature is given by

P=Dx S...2.4.1

Where
D= Diffusion coefficient
S = Solubility of material for the gas

The permeability increases with temperature. The temperature

dependence of P, D and S may be expressed by the following equations:

P = PO EXp("Ep/RT)...Z.4.2
D =D, EXp(—Ed/RT)...2.4.3

wn
|

= S, Exp(-H/RT)...2.4.4

Where
Ep = Activation energy for the overall permeation.
E., = Activation energy for the diffusion process.

H_ = Heat consumed in dissolving a mole of permeant in the membrane.

Fram equations 2.4.1 to 2.4.4

P =D, S, exp [ - (By + H,)/RT]...2.4.5

16



The rate of outgassing of gas species is due to permeation through a
slab of material surface area A and thickness d into a vacuum is given
by:

_ n__n
Q; =P; A/d ( Py P,)...2.4.6

Where
n is the inverse of the number of atams (or radicals) into
which the gas molecule splits when absorbed into the solid.
For gases in non-metals n = 1 for diatamic gases in metals n

=1/2.

Pil and Pi2 are the partial pressures of the gas permeating
on the high and low concentration sides of the slab

respectively.

The total permeation outgassing is then given by the sum of equation

2.4.6 over all gases present.

Outgassing by permeation becomes of major importance in the following

cases:

1 Hydrogen fram the atmosphere pemmeating through the walls of a
metal in an ultra high vacuum system.

2 Helium from the atmosphere permeating through the walls of a
glass in a ultra high vacuum system

3 Atmospheric gases permeating through polymer gaskets.

17



Equation 2.3.1 may be rewritten to include permeation outgassing

Q= 9 + (9 / ti)...2.4.8

Where Qu is the the permeation outgassing rate.

2.5 The vapour pressure of the material

The saturated vapour pressure P of a pure material increases with the

absolute temperature in accordance with equation 2.5.1 below

log P =A = B/T......2.5.1
Where A and B are constants depending on the material in question. The

values for A and B for many materials may be found in Roth (1976).

The vapour pressures of most constructional materials employed in
vacuum systems are insignificant at roam temperature. The vapour
pressure only offers a major contribution to the outgassing rate at
room temperature of substances such as liquids and polymers. Consider

the vapour pressures of the materials listed in table 2.5.1.

Material Temp Vapour Pressure (Torr).
Copper 25C 1 x 10_40.
Aluminium 25C 2 x 1079,
Teflon 25¢ 9.8 x 10°°.
Butyl Rubber 25¢ 9.8 x 107°.

Apiezon Vacuum greases 20C 1077 - 10710,

Apiezon Oils 20 1070 -107,

TABLE 2.5.1

18



When considering the increase of pressure within a sealed system after
a number of years the loss of vacuum due to the vapour pressure of most
materials, even polymers, will be insignificant in comparison with the

outgassing fram materials by other factors mentioned previously.

2.6 Temperature variation of outgassing rates

Dayton (1963) has investigated the effect on materials outgassing rates
during a baking cycle; assuming that the outgassing is due to de-
absorption. He assumes that most of the adsorbed gas is released
within the first half hour of pump down. Therefore the outgassing will

be primarily de-absorption after this time.

Dayton shows that if the temperature is suddenly raised fram Ta to Tb
at time tb after the start of pump down, then the outgassing rate (due

to de—absorption) after a total pump time th is given by:-

[ DD, 10,
Q, = (58, ) e evenn 2.6,
[ DD, (-t )+, 17

0 = Outgassing rate that would have existed after one hour (th =

1) if the temperature had not been changed.

19



D = Diffusion rate of the gas through the solid at Ta'

Diffusion rate of the gas through the solid at Ty

Db

At the instant the temperature of the material is raised, the rate of

outgassing has increased sharply in ratio (Db/Da) >> 1.

If, now, the temperature is suddenly returned to T, when t = te then

the subsequent outgassing rate is given by:

= _ .5
Q=9 /(th + (Da/Db) (tc tb)) eee2.6.2
Which means that at the instant of reducing the temperature the

outgassing falls to

_ .5
Q.= Ql/((Db/Da) tc) vee2.6.3

C

If baking had not been carried out then the outgassing rate Qc would

not have been achieved until after a time tX where

Qc = Ql/t «..2.6.4

substituting Qc from equation 2.6.3 into equation 2.6.4 gives

tX = tC(Db/Da)...2.6.5
A graph of the outgassing fram a material versus time during such a
baking cycle is shown in figure (2.6.1); superimposed on top of a graph
of the material, versus time, if it had not been through such a baking

cycle.

It is clear from this that to reduce the outgassing of a material
quickly and substantially, it is necessary to bake it. However, baking
a system or material will also have the effect of causing activated
chemisorption of physically adsorbed gas, which can then be desorbed

only by prolonged heating at much higher temperatures. Therefore a

20



degassing program should begin by pumping for approximately 30 minutes
at room temperature to remove the majority of physically adsorbed gas,

followed by a prolonged bake.

2.7 Methods of measurement of outgassing

As mentioned in the Introduction the two main methods cammonly used for

measuring the outgassing rates of materials are

1 The Throughput method

2 Pressure rate of rise method

These methods, along with the results obtained by different workers
whilst wusing them, have been abridged by Esley (1975). The main
principles and same of the problems of these procedures are described
in brief here. It should be noted that these methods do not take into

account the outgassing by permeation.

1 The Throughput Method

The Throughput method has become the more popular method of measuring
outgassing rates. It is especially appropriate where a mass
spectrometer is used to analyse the outgassed species, Barton and
Govier (1964). Essentially a sample is placed in a chamber connected
by a small aperture, of known conductance, to a high vacuum pump. Ion
gauges are ocomnected to the system on both sides of the aperture and
the pressure drop across the conductance is noted with respect to time;

see figure 2.7.1. The outgassing rate from the sample and the chamber

due to a particular gas, species i , given off by the sample and

21



THROUGHPUT METHOD APPARATUS

Ionization gauges

/{iiductance
P,

Sample P, C Ea

)/

j/ [

Sample Chamber

Hign Vacuum
Pump

Outgassing of Sample + Chamber = C (P, - P,)

Figure 2¢7-1 Throughput apparatus
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chamber is

5 )...2.7.1

2i
Where py; and p,; are the partial pressures of the gas, species i,
before and after the conductance respectively. The conductance Ci of
the orifice, for a particular gas, is given in litres per second by the

Knudsen formula below

C, = 3.64(T/M)'5 A...2.7.2

where

A = area of orifice, cnz.

M = relative molecular mass of the gas.

T = temperature of the gas, degrees Kelvin.

The total outgassing fram the sample and chamber is then just the sum,

over all gases being outgassed of equation 2.7.1 which is

Q =2C; (Py; = Py;)...2.7.3
i

A mass spectrometer has to be connected to the apparatus to find the
relative abundance of each species of gas in the vacuum system. Using
this and equations 2.7.1 and 2.7.2 it 1is possible to obtain the

relative outgassing rates of each species of gas outgassed.

To obtain the outgassing rates of the sample only a blank run is

needed.
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It is difficult to make a quantitative study of outgassing rates
without the aid of a mass spectrometer, because not only is the
conductance of the orifice different for the different gases but also
the sensitivity of the ionization gauges varies between the gases.
Workers who do not incorporate a mass spectrameter in their apparatus
express their results in nitrogen equivalents Esley (1975). This is
not as inconvenient as may first appear since the throughput method
parallels the process that occurs when a vacuum system is being pumped

down.

Errors may be incorporated in the results by the inherent differences
in sensitivities and working oonditions of the two gauges. Ways to
overcome this problem have been studied by Ben-hui et al (1978). With
a relatively low conductance orifice this problem may be minimised.
However, if the conductance is too small in relation to the surface
area of the sample, problems may arise due to re-adsorption, Dayton
(1959). Dayton states that in general, re-adsorption becomes
negligible if the conductance is greater than a few tenths of a litre

per second for several square centimetres of sample area.

Another source of error may arise due to pumping by the pressure

transducer gauge heads, Moraw (1974).

2 The Pressure Rate of Rise Method

Basically the sample to be studied is placed in a vacuum champber and
then the chamber pumped down. The chamber is then sealed off from the
pumps ,at a time t, after the commencement of pump down, and the

instantaneous rate of rise of pressure noted.
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The outgassing rate of the chamber and sample, at time t, is given by

equation 2.7.4 below:

Q = (dP/dT) (volume of chamber)...2.7.4

In order to minimise the effects of re-adsorption of outgassed species
as the pressure in the chamber rises, the chamber is evacuated between
measurements. Outgassing rate measurements are made at  suitable

intervals so that a plot of outgassing rate versus time may be

achieved.

As in the throughput method it is necessary to carry out a blank run to

obtain the outgassing of the chamber alone.

It is important to use a gauge with a very low pumping speed. If
looking at outgassed rates of material at elevated temperatures it is
important to make sure there are no temperature changes during

measurements.

This method does not lend itself well to mass spectrometeric

observations due to

1 The high pressures attained.

2 The difficulty of making a quantitative analysis in the

presence of a rising pressure.

3 The tendency for constituents of low saturation pressure to be

re-adsorbed and so be obscured by more volatile components.
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2.8 Discussion

The theoretical and experimental basis of outgassing has been reviewed.
However, in the experimental techniques for the measurement of

outgassing, no consideration has been made of permeation,

It will became evident in chapter 3 that the data currently available
on permeation through the various relevant materials is considered, to
be adequate for the present study. However, available data for other
outgassing phenamena fram polymers are not adequate for the study of
collector characteristics, therefore a review of various measurement
techniques has been included. Further, as indicated in section 2.4, it
is reasonable to treat outgassing by permeation separately fram other

forms of outgassing.
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3 THEORETICAL PREDICATION OF LOSS OF VACUUM WITHIN THE COLLECTOR UNIT

3.1 Introduction

The initial design of the partially evacuated tubular collector has
been described by Roberts (1979). A diagram of such a collector tube is
shown in figure 3.1.1. This design uses glass tubes, damed at one end
and sealed at the other by a metal end-plate. The end-plate comprises
a suitable polymer seal together with a means of allowing the fluid-
carrying tubes to enter and leave the glass tube. Such an arrangement
becames rather involved when a number of tubes are to be used in each
collector unit, therefore it is proposed to inter-connect a series of
such tubes with a manifold as shown in figure 3.1.2. [Manifold design
is also described in detail by Roberts (1985)]. Inter—connecting the

tubes in this way leads to two major advantages.

1 When manufacturing the collectors a series of tubes are
evacuated and degassed together as opposed to evacuating and

degassing each tube individually.

2 The hot fluid tube does not leave the vacuum as it goes from
one tube to another. This greatly reduces heat loss at tube
inlet and exit. (More details on the proposed design for the

solar collector system will be given in chapter 7).
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Polymer seals are needed between the aluminium manifold and the glass
tubes. The Polymer seals must not only seal the glass tubes, but also
be elastic enough to take up excess strain caused by the different
expansion coefficients of the glass and aluminium. The polymer also
needs to have low outgassing and permeation rates. The polymer chosen
as the most suitable for this seal was Viton. This has good vacuum
properties and at the same time is elastic enough to take up any excess
strains at the metal-polymer - glass junction. An initial design of

the Viton seal is shown in figure 3.1.3.

The single fluid pipe that threads the glass tubes and manifold must be
thermally insulated from the manifold. This is done by thermally
insulating the fluid pipe, as it goes through the manifold, with a
polymer spacer. This polymer must have a low outgassing rate and a low
thermal conductivity. PTFE was chosen for this job as having one of
the lowest outgassing rates for polymers and also a very low thermal

conductivity.

The hot fluid pipe however, must enter and leave the collector system.
PTFE O-rings are again used for this job. The design of the seals are

shown in figure 3.1.1

Tt is well known that glass tubes evacuated and sealed will keep high
vacuum for many years in spite of outgassing. Evacuated tubular solar
collectors have been produced, with a high cost glass to metal seals,
which will keep ultra high vacuum for a number of years; H Bloem, J C

de Grigs, ard R L C de Vaan, (1982).
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A

Glass tube \

Viton seal ‘L

All measurements given in mm

Figure 3.1.3 Cross—section of Viton end seal
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The unknown quantity in the loss of vacuum for the new type of

collector being considered here, is the outgassing from the polymer

seals.

The proposed collectors must keep a reasonable vacuum (<5 Torr) for at
least ten years if they are to be cammercially viable. Therefore,
currently available data on the outgassing and permeation rates of
materials which are to be used in the collectors, are presented. 2an
analysis is carried out of the rate of increase in pressure in the
tubes, based on previocusly published data on outgassing. As a guide,
estimated pressure increase after 10 years is calculated. The
treatment includes the effects of permeation of atmospheric gases
through the various wall components, together with the outgassing from
the various camponents within the evacuated space. It is assumed
however, that the loss of vacuum will be due solely to outgassing and
permeation effects. Loss of vacuum due to chemical reactions,

dissociation of gases etc, are assumed to be negligible.

3.2 Loss of vacuum due to outgassing

Outgassing rates, at ambient temperature, for the proposed collector

materials, may be found in the literature.

Consider the outgassing rates of the materials tabulated in Table

1

3.2.1, units of T.L.S '.cm 2., from Esley (1975).
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MATERIAL Q(1) Q(10) X

ALUMINIUM 6.3 1077 6.0 1010 1.0
COPPER 4.0 1078 4.2 1077 1.0
GLASS 7.3 1077 5.5 10710 1.7
VITON 1.1 107° 1.8 107/ 0.8
TEFLON 6.5 1078 2.5 1078 0.5

Q(1) and Q(10) being the outgassing rates, after one and ten hours
respectively in the vacuum in T.L.S_l.cnrz. x is the slope of the
log(outgassing) versus log(time) plot; the main outgassed species being

water vapour.

The outgassing rates for the polymers quoted are some five hundred
times greater than the outgassing rates for glass and metals after ten
hours. Therefore although the surface area of the polymers within the
tubes 1is same hundred times smaller than the surface area of the metal
and glass, the contribution to the total outgassing from the polymers
will be of major importance in considering the loss of vacuum within

the tubes.

The data provided in table 3.2.1, together with the expression 2.3.1
can be used to estimate the pressure in the tubes after a suitable
period of time. As mentioned in the introduction it is estimated that
the life span of collectors should be at least ten years. Therefore,
the pressure rise due to the various parts of the collector after a
period of ten vyears is calculated by applying equation 2.3.1 to each
type of material within the collector.

Equation 2.3.1 reads

X

0, = (Q/th).-+02.3.1
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Then by changing the units to seconds
= X . =X

Q = (Q3g00) (3,600)" £ *...3.2.1

Then intergrating with respect to time,

t t
= = = X =X
Q =APV/A th at Q(3600) (3600) ﬁ:s dt...3.2.2
o

o
AP is the increase in pressure due to the material
A is the surface area of the material
\Y% is the volume of the evacuated region

Assuming x is constant with respect to time, then from equation
(3.2.2) the pressure rise in the collectors may be calculated after any

period of time due to the outgassing fram any one camponent.

Assuming an initial pump down time of ten hours, at ambient
temperatures, before the collectors are sealed, the pressure rise in

each tube due to each camponent after ten vyears, is given in table

3.2.2 below:
Camponent Material Pressure rise after
ten yrs in Torr
-3
Glass envelope 5x 10 ~.
Aluminium manifold and 5 x 10—2.
collector plate
. -1
PTFE O-rings & spacers 1 x10 ~.
-1
Viton Seal 5x 10 .

TABLE 3.2.2. Pressure in collectars after 10 yrs due to

outgassing; excluding permeation.
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The assumption that x is constant is probably incorrect. In fact x
has been reported in the literature to decrease with time. This would
lead to a slightly higher pressure rise in the tubes than is indicated
in Table 3.2.2. However, in contrast to this, much of the outgassed
species from the unbaked materials will be water, which tends to be

re—adsorbed. This will 1lead to lower values of pressure rise in the

tubes.

Even though Table 3.2.2 is not very accurate, it is estimated on the
basis of the data used, that it is correct to within 30%. However, it
clearly shows that the main contribution of outgassing is due to the

viton seals.

3.3 Loss of vacuum due to permeation from the atmosphere

Permeation from the atmosphere, through glass, at room temperature, has

been examined thoroughly Norton (1962). Norton shows that one of the

glasses with the highest permeability is vitreous silica. He

considered the flow of atmospheric gases through a vitreous silica bulb
2

at 25C with walls of lmm thick, surface area 100 cm. These results

are shown tabulated in Table 3.3.1.
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Gas Atmospheric Permeation Inflow Order Pressure Increase

Species Abundance Rate, P CxP of in bulb/Yr, Torr
c CC(STP mm Inflow
cm Hg an?2 sec. Cm Hg

N, 5.95x10"0  2.0x107%° 1.2x107%7 5 -

o, 1.50x10"F  1.0x107%8 1.6x107%7 4 -

Ar 7.05x10 Y 2.0x107%° 1.4x10727 6 -

Ne 1.8 x10°0 2.0x1071 3.6x10%7 2 1077

Ne 4.0 x10°%  s.oxto7Ht 2.0x1074 1 1074

H, 3.8 x10°°  2.8x10 -4 1.ox1018 3 1078

Table 3.3.1 - Pressure increase in Vitreous Silica bulb due to permeation.

Norton states that for the same size bulb made from soda 1lime the
pressure increase in one year for helium is 10_8 Torr. This gas having

by far the highest inflow rate from the atmosphere.

Therefore it Ihay be assumed that the permeation of atmospheric gases
through the glass tubes into the collector system will be negligible
compared with the outgassing of the various components and (as will be

shown later) the permeation through the polymer seals.

Due to the thickness of the manifold and the very low permeation values

for aluminium, permeation through the manifold can be neglected.
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Permeation through polymers is discussed in detail by Lebovits (1966).
The overall permeation rate for the polymers, from the atmosphere is

some 108 times greater than that for soda lime glass.

Tables 3.3.2 and 3.3.3 give the inflow of various gases through viton
and PTFE when atmospheric conditions exist on the high pressure side of
the sample. Using the data in tables 3.3.2 and 3.3.3 the loss of

vacuum due to permeation through polymers may be calculated.

The PTFE O-rings, used to seal the fluid tubes at inlet and exit
positions, are shown in Figure 3.1.1. There are only two such seals in
each unit, hence since each unit will contain at least ten tubes, the

resulting pressure increase has been adjusted accordingly.

The resistance to permeation is equal to the distance the permeant has
to travel in the polymer divided by the cross-sectional area, in

accordance with the units of Table 3.3.2 in mm/cmz.

6.03 mm/cm?

The resistance to flow (by a PTFE O-ring)

The conductance of the PTFE O-ring = 0.17 cn?/ﬁm

The pressure within a unit of ten tubes after ten years due to

permeation through the PIFE seals is given by Table 3.3.4
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Gas Atmospheric Permeation CxP
Species ébundance Rate, P (initial inflow)
Cm.Hg CC(STP)mm
cm*sec.Cm Hg
N, 5.95 x 10° 1.0 x 1071°¢ 5.95 x 107°
0, 1.59 x 10! 4.0 x 107}° 6.36 x 107°
H,0 1.19 x 10° 3.6 x 1078 4.3 x 10°¢
He 4.0 x 107" 3.0 x 107° 1.2 x 10712
H, 3.8 x 1075 1.0 x 107° 3.8 x 107"
Co, 2.5 x107% | 1.2 x107° 3.0 x 10-!!

Table 3-3+2 Order of flow of atmosphere through PTFE for 1 mm thick
1 cm? area.

Gas Atmospheric Permeation CxP

Species gbundance rate, P (initial inflow)
’ CC(STP)mm

cm?sec.Cm Hg

N, 5.95 x 10 4.4 x 1071° 2.62 x 1078

0, 1.59 x 10! 1.5 x 107° 2.39 x 107°

H,0 1.19 x 10° 5.2 x 10~¢8 6.19 x 1078

co, 2.5 x10°% | 7.8 x107° 1.95 x 10720

He 4.0 x10°* | 9.87 x 107° 3.95 x 10712

H, 3.8 x 10°° | 4.61 x 107° 1.75 x 10713

Table 3+3+3 Order of flow of atmosphere through
1 mm thick

for

1 cm? area.
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Gas Pressure rise in tube after 10 yrs in Torr

N, 0.02
0, 0.02
H,0 0.12

2 _other gases <2 x 10-4

Table 3.3.4 Pressure rise in tubes due to permeation

through PTFE seals.

An analysis of the seal between endcap and glass tubes, used by Roberts
(1979), assumes that the glass only makes an effective seal at the
bottom of the groove within the Viton, see Fig. 3.1.3; this is where

the thickness of the glass tube equals the width of the groove.

The resistance to permeation within the viton seal, on the basis of the
assumption above = 1.2 ancm?. The pressure rise in the tubes due to
permeation through the seals using the above resistance, and the data

given in Table 3.3.3 was calculated and is shown in Table 3.3.5 below:-

Gas Pressure rise in tube after 10 yrs in Torr
H,0 4.8
N, 2.0
0, 1.8
2

Y other gases <0.2 x 10~

Table 3.3.5 Pressure rise in tubes due to permeation

through Viton seals.
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The values calculated for pressure rises in the tubes due to permeation
through the end seals, were felt to be very high. The seals also had
the tendency to be pushed out by the glass tubes from the grooves in
the manifold when being evacuated. For these reasons a new Viton end

seal was designed.

3.4 A new design for the end seal

A new end seal was designed to increase the path that permeating gas

has to take. The cross-section of this seal is shown in Fig. 3.4.1

The 1lip on the groove is to ensure a continuous and tight seal between
the glass and the Viton all the way down the groove. The lip is placed
on the outside of the groove to ensure that at all times the manifold

applies an inward force on the glass tube.

The resistance to permeation of gas by the seal may be easily
calculated. Consider the seal in three sections - A, B, and C - as
shown in Fig. 3.4.2 The resistance to permeation of A is the distance
for the permeant to travel, 3.25mm divided by the cross—sectional area

through which the permeant travels - 3.1cm2.

. 2
The resistance for Section A =3.25/3.1 = 1.05 mm/cm
similarly for Section C, the resistance =0.48 mm/cm2

The resistance to Section B is calculated

by intergrating d/A (as the cross-sectional area is not constant)
. 2
Resistance =0.59 mm/cm
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Thus, the total resistance for the seal =2.12 nmvcmz

Using this result and the data in Table 3.3.3, the pressure increase in
the proposed collectors may be calculated. Table 3.4.1 shows the
pPressure increase in the tubes after ten years due to permeation

through the end seals.

Gas Pressure rise in tube after 10 yrs Torr
N2 1.09
O2 1.00
H20 2.58

ZOther gases <1 x 10-2.

Table 3.4.1 Pressure increases in tubes due to

permeation of Viton seals.

It is probable that the actual permeation rates will be lower than
quoted in Table 3.4.1, because the Viton end seals will be campressed
when the system is under vacuum, thus making the resistance in section

B of the seal much larger.

3.5 Discussion

The analysis of the loss of vacuum in the proposed solar collector
system in this chapter, gives an indication of the viability of the
collector system. The analysis also shows that the main cause of loss
of vacuum is due to the polymer sealing technique. According to the
analysis the pressure rise in the collectors after a period of ten

years - due to outgassing and permeation - is equal to 5.49 Torr. The
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camposition of gases is shown in Table 3.5.1 below:

Gas Pressure rise in tube after 10 yrs in Torr
H,0 3.36
N, 1.11
0, 1.02

Table 3.5.1 Gas pressures in collectors after ten years

due to ocutgassing and permeation.

The main phenamena which leads to this pressure rise will be permeation
of gas through the Viton end seals. As mentioned previously, the rise
in pressure due to this is expected to be lower owing to the

campression of the seals when under vacuum.

The pressure increases in Tables 3.2.2, 3.3.4, 3.3.5, 3.4.1, and 3.5.1,
all assume collector tubes to be approximately 80cm long. These are
the tubes used in the testing of the complete collector unit. However,
according to present design, the full-scale collector units will have
tubes 120cm long. This will have the effect of reducing all the

pressure rise data in the Tables to approximately 67% of the values

quoted.

Currently available data on relevant permeation rates of various gases
through viton and PTFE are considered to be good enough for an accurate

analysis of the loss of vacuum in the collector system.
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The data currently available on the outgassing by desorption from viton
and PIFE are, however, not adequate for an accurate prediction of the

loss of vacuum in the collectars, by this method, for the reasons

listed below:

1 The polymer spacers around the hot fluid pipe will became hot,
therefore it is necessary to know the outgassing rates of
polymers at high temperatures, with particular interest in the
species of gas being desorbed. This data was not available in

the literature.

2 The analysis of the outgassing by desorption, as carried out in
section 3.2., assumed that the values of x were constant and
that a baking cycle had not been used. Data on the values for
x after many years, and also on suitable baking cycles, were

not readily available from the literature.

For the above reasons a series of experiments have been carried out on
the outgassing fram Viton and PTFE These are described in detail in
Cchapter 4. The results of these experiments will allow more accurate
evaluation of lang term outgassing by desorption to be carried out, and
make it possible to suggest suitable baking cycles for the production

of collector units.
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4 MEASUREMENT & RESULTS OF OUTGASSING BY DESORPTION

4.1 Introduction

A study of the outgassing rates of Viton, PIFE and Fluorel at elevated
temperatures was undertaken, with particular interest in the analysis

of the species of gases being desorbed.
A throughput method was used; the apparatus is indicated in Fig. 4.1.1

Results from this study are presented. These results are used for the
prediction of the loss of vacuum within the collectors due to

desorption from the PTFE spacers.

An experimental study was also undertaken into the desorption rates of
Viton after baking. A suitable baking cycle will produce much lower
values for the desorption rates. This experimental study was done
using the pressure rate of rise method. From these results an upper
1imit to the pressure rise in the system due to desorption fram the

seals was found.

A suitable degassing program is suggested for the production of the

collectors.
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4.2 Experimental procedure

Before any outgassing experiments were undertaken, all the system was
evacuated and degassed by baking at 80C for at least two days. Between
experiments, the conductance between chambers C, and B was removed
(without destroying the vacuum) and the whole system kept at a pressure

less than 10—6 Torr by the aid of the ion pump, see Fig. 4.1.1

A sample which was to be studied was fixed onto a thin sheet of
stainless steel, approximately 0.05 mm thick. This was then connected
to the two electrodes in chamber D. The stainless steel acted as an
ohmic heater, therefore making it possible to elevate the temperature
of the sample. The sample was fixed onto the stainless steel by means
of a thin layer of araldite. The argument for a negligible effect on
the outgassing rates measured, due to the araldite, being that
outgassing 1is primarily a surface effect and that the surface of the
araldite open to the vacuum was less than 0.1% of the surface area of
the sample material; the outgassing rate of araldite being of the same

order as that for Viton at room temperature; Esley (1975).

Following the introduction of a sample into the chamber D (the chamber
was let up to atmosphere for a short a period as possible, always less
than 1 hour) the chamber is pumped with the rotary pump via valve 5.
After pump down, valve 4 is opened, allowing gas outgassed in chamber D
to flow through chambers C, B, and A into the pumps. During actual

experiments valve 1, is kept closed and the diffusion pump used to

evacuate chamber B.
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The outgassing rate of chambers C, D and the sample, is then determined
by noting the pressure difference across the conductance. 1In all cases
blank runs were carried out to determine the effective outgassing from

the various chambers of the system.

The conductance of valve 2 is comparatively small, namely,

approximately 70 1s!. Between experiments the ion pump is kept

cantinuously on, to attain pressure less than 10 °

Torr as already
indicated. The use of the diffusion pump instead of the ion pump
during actual experiments was due to the relatively high flow rates
through the system, and the large variation in pumping speed of the ion

pump to different gases.

The analysis of the gas desorbed was carried out in chamber B, with the
SupVac mass spectrometer. Due to the two conductances, the partial
pressures of gases in chamber B will be in the same ratio as the
partial pressures in chambers C and D, if the base pressure of the pump

is sufficiently low.

Consider the representation of the apparatus as below and a species of

gas i emitted from the sample:

P P —/VVVY¥/]@™ P = 0
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Then,

Po; = Py (Ryi/(Ryy + Ry.))...d.2.1
Where I/R=C = 3.64 (T/M)'° A.....4.2.2

and PCi' PBi are the partial pressures of gas i in chambers

C and B respectively. Equation 4.2.2 may be re-written as

_ .5
Rei =¥ M)

5

and . = 7.
RBl YB Ml

where Y is a function of conductance and temperature only.
Therefore,
Pp; = PCi[YB/(YC +YB)]...4.2.3
A similar expression may be written for a gas of species j, then
P.. P_. P

Bi Bj B
= = ...04.2.4

Pei Fey Fo

where PB and PC are the total pressures in the two chambers.

Therefore the ratio of partial pressures of gases in chambers B, and C

are the same. Knowing the total pressures in chambers B, and C, and

the partial pressures in chamber B, it is possible to determine the

outgassing rate of different species of gas from the sample.

outgassing rate of species i is then given by:

- 172 -
Qi = 3.64(T/M) A(Pc P.) (PBi/PB) ....... ceenns 4.2.5

B
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4.3 Results

Experiments were carried out on samples of PIFE, Viton A, and Fluorel
suppled by Du Pont and 3M. Each sample used was approximately 3mm
thick. Note that Fluorel is 3M’s appraximate equivalent polymer to

Viton.

Some of the experimental data obtained is given in Tables 4.3.1 and

4,.3.2, in the form described in section 2.1.

A typical outgassing graph of a sample and chamber, superimposed on an

outgassing graph of just the chamber, is shown in Figure 4.3.1.

It was found with all the samples tested that water vapour was the
major species desorbed and amounted to at least 90% of the gases
outgassed. Figure 4.3.3 shows a mass spectrum of gases found in the
apparatus when no sample was being tested. Figure 4.3.2 shows a
typical mass spectrum of the gases found in chamber B, when a sample

was under test.

The experimental values of outgassing, found for samples at room

temperature, are in good agreement with other workers.

There is little experimental data available for outgassing of samples
at elevated temperatures. However, it is worth noting that Santhanam
and Vijendram (1982) have reported that for polyesters there is no
appreciable change in the slopes of the outgassing graphs with

temperature. This was not the case in the present investigation.
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FigureL,3.2 Mass spectrum of outgassed species from Fluorel
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TABLE 4.3.1
Outgassing rates at 20C.

Material X Q T.L.5 t.an 2. Qg T.L.5 L.cm 4.
Fluorel -0.58 1.02x107°, 4.61x10" .
+/-0.08
- -6 -7
Viton -0.62 1.02x10 ~. 3.85x10 .
+/-0.10
-7 -8
PTFE -0.44 1.51x10 ‘. 6.67x10 ~.
+/-0.10
TABLE 4.3.2
Outgassing rates at 120C +/-5C.
Material x Q 7.L.5 L.an 2. Q T.L.S Y.cm 2.
-5 -6
Fluorel -1.39 5.56x10 . 4.60x10 .
+/-0.08
. -5 -7
Viton -1.43 2.12x10 °. 1.94x10 '.
+/-0.18
-6 -7
PTFE -1.01 8.24x10 . 5.32x10 '.
+/-0.20
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Data was also required on the polymers subsequent to various degassing
procedures. It was found that the outgassing rate from such polymers
was so low that meaningful results could not be obtained with the
throughput method as described, since it was found that it was not

possible to distinguish between the outgassing rate of the sample and

the apparatus.

To determine these very low outgassing rates, a stainless steel chamber
was constructed which oould fit into an oven. The chamber was
connected to a diaphragm gauge and measurements were made by the
pressure rate of rise method. Samples (approximate area 200 cm?) were
rolled up and placed in the chamber. The chamber was then punped down
for half an hour before commencement of baking, The chamber and sample
was then baked at 160C, 140C and 120C for six hours. In each case
after baking the chanber was then sealed for two weeks. Blank runs

were also carried out.

Tt was found that in each case the pressure rise after two weeks was
very small. It was not possible to distinguish between the sample
tests and the blank runs. If the blank runs were ignored then an upper
1imit for the outgassing rates of the samples in each case was found to
be of the order of:-

0= 2.10710 (T.L.s " am 2)

This value is far lower than any other value found in the literature.

It was concluded that the outgassed water was being re-adsorbed on the

surface of the chamber and the sample.
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4.4 Discussion

Initially in the throughput experiments the diffusion pump was not
connected to the apparatus shown in figure 4.1.1. All experiments at
that time were conducted using the ion pump. However, problems arose

during the analysis of the gases due to;

1 Regurgitation effects of the ion pump
2 Far larger differences in pumping speeds, for different gases,
than expected.

Because of this interference to gas analysis from the ion pump, a
diffusion pump was connected to the apparatus and used in all

experiments.

The results presented for the throughput experiments may be used to
calculate the expected outgassing rates of the PTFE spacers at
collector operating temperatures of between 20C and 120C. These

results also show that even at high temperatures the main species

desorbed is water vapour.

A degassing program by baking of a collector system is limited by the

temperature that;

1 The polymers may be baked

2 The glass may be baked
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3 Any selective adsorbing surface used is still stable.

The evolution from the soda glass has a maximum value of approximately
140 - 150C; at higher temperatures physically adsorbed gas tends to

became chemically adsorbed; See Roth (1976).

The maximum temperature at which Viton should be baked is 200 degrees

centigrade as suggested by Du Pont.

For these reasons a degassing program by baking should not exceed a

temperature of approximately 150C.

Results show that after Viton has been through one of the baking
cycles, as described in section 3.3, the desorption rate has an upper

0 1 -2

limit of 2 x 100 1.1.871 an ?.

Using this result, the rate of rise of pressure in the collectors,

neglecting permeation, is calculated as follows:

6 cm2

Surface area of Viton per collector tube

2.70 litre

Volume of experimental tubes
1.4 x 10—2 Torr

Increase in pressure per year

This gives an upper limit to the rate of rise of pressure in the tubes
due to desorbed gas, which is far superior to the analysis given in

section 3.2., as this relied on the fact that x from equation 2.2.1

was constant.

As discussed in chapter 3, the pressure rise in the collectors due to
permeation is thought to be approximately 0.5 Torr/yr, which is greater

than the rate of rise in pressure due to desorption from the Viton

seals.
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The following degassing programme for the production of the collector

units from the results is therefore suggested:

1 Evacuate the system for half an hour before camencement of
baking.

2 While the system is still being evacuated, bake at 140C for six
hours.

3 Allow the system to cool to room temperature whilst still being
pumped.

4 Introduce the low themal conductivity gas (details will be

given in later chapters).

5 Seal the collector system.

It is predicted that the pressure rise in the tubes after such a baking
cycle will be due, in the main, to permeation effects. The predicted
rate of rise 6f the partial pressure in the tubes with respect to time

is shown in Fig. 4.4.1.

To predict the theoretical performance of the collectors after many
years, the thermal conductivity of the low thermal conductivity gas
introduced, mixed with the spurious gas, which will arise due to

permeation, must be known.
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There is very limited data available on the conductivity of gas
mixtures involving such gas as the Halocarbons, methyl iodide, mixed

with water, oxygen and nitrogen.

In the following chapters an experimental and theoretical analysis is
shown of the thermal conductivity of the gas mixtures arising in the
collectors. Fram these analyses a choice of a suitable low thermal
conductivity gas to inflow into the system, at the production stage,

will be made.
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5 EXPERIMENTAL WORK ON THE THERMAL CONDUCTIVITY OF GAS MIXTURES

5.1 Introduction

The predicted maximum rise in pressure, within the solar collectors,
after one year is 0.5 Torr. The mean free paths of the predicted
spurious gases at this pressure is approximately 0.1 mm. As the
minimum distance between the collector plate and the glass tube is
approximately 10 mm the so called gas to wall collisions within the
collector will be negligible in camparison to the gas to gas
collisions. Kinetic theory and experimental results show that the
thermal conductivity of gases in these conditions is independent of
pressure. This pressure independence may be easily explained since at
high pressures there will be more carriers of energy, but each carrier
transports less heat because it moves a shorter distance between
collisions. This phenamena obviously breaks down when the pressure of
the gas is so low that the mean free path of the gas molecules is of

the same order or less than the dimensions of the vessel holding the

gas.

After one year, the heat loss due to conduction will reach an
approximately constant value which depends on the camposition of the
gas. The heat loss may however be considerably reduced by the
introduction of a suitable low thermal conductivity gas at the
collector fabrication stage. Introducing a low thermal conductivity
gas within the collectars will have the effect of reducing the thermal

conductivity of the gas mixture, as it will

1 bring in molecules which will not transfer energy so readily.
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will shorten the average mean free path of the gas molecules at

any one pressure.

Convection losses are effectively zero, in the tubular collectors, at
pressures below 20 Torr, Roberts (1979). Therefore, it has been
proposed to introduce into the collector system a low thermal
conductivity gas to suppress oonduction losses through the spurious

gases. The total gas pressure being still low enough to suppress

convection losses.

As mentioned in section 4.4, data is required on the thermal
conductivity of relevant gas mixtures. As a result of a study of
thermal conductivity, cost, stability, and campatibility with
components of the ocollector system, the gases and vapours of most

interest are listed below :-
Halocarbon 11, Halocarbon 12, Halocarbon 13, Halocarbon 21, Halocarbon 113,
Methyl Iodide, Sulphur Hexafluoride, and Krypton.

The thermal conductivity of these gases mixed with the spurious gases,
namely, water, nitrogen, and oxygen is of vital importance to the
project. Long term efficiency of the collectors can only be estimated
if such data is available. As this data was not available a thermal

conductivity cell was designed, built, and tested to undertake these

measurements.
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5.2 The construction of the thermal conductivity cell

A conventional thermal conductivity cell with a horizontal test layer
heated from above was constructed as shown in figure 5.2.1. At one
time this type of cell had become unpopular with workers due to the
difficulty in controlling the guard. The regulation of the guard
tenmperature increases the time needed to reach steady state conditions
where readings are usually taken. However, it was felt that with the
advancement of modern electronics, this problem oould easily be

overcome. A control unit was designed, and constructed, figure 5.2.2,

to :-

1 Keep the temperature of the guard the same as that of the
plate.

2 Display the temperature of the guard, plate, and sink at any
time.

The operation of the unit relies on the use of platinum film
temperature sensors (RS 158-238) to measure the temperature of the
guard plate and sink, together with ohmic heaters in the guard and
plate. Heat was removed from the sink by circulating water between the

sink and a suitable constant temperature bath.

The resistance of the platinum sensors were measured with bridges as
shown in figure 5.2.2 The voltages from the bridges are fed, via a 3x3
way switch to a D.P.M. (RS 258-827). The voltages from any one bridge

may be selected at any one time via the 3x3 way switch. The
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differential voltage across a particular bridge is measured, one side
of which is at a constant voltage. The constant voltage may be
adjusted by the zero voltage pot. The other voltage, which is the
unknown, may be multiplied by a constant via the span pot. The
linearity pot voltage is used by the D.P.M. as a reference voltage
with which the differential voltage is coampared. The cauwparison
methods used in measuring the output of the bridges, ensure that any
fluctuation in supply voltage will not alter the detected resistance of
the sensors. The calibration of the bridges is described in the RS
data sheet R/3914. The bridges were also calibrated for the particular
sensors before the cell was constructed, since there is a tolerance on
their absolute resistance of 0.1% which corresponds to 0.25C, and on
their coefficient of resistance with temperature. Also there is a
small resistance (0.02 ohms) in the input leads to the sensors which
has to be accounted for. The sensors were emerged in a water bath the
temperature of which was read by a standard mercury thermameter,
reading to 0.05C. The linearity, span and zero potentiometers in the
bridges were varied so that the readings displayed on the D.P.M.
corresponded to the temperatures in the water bath to within the
resolution of the display, namely 0.1 degrees. The temperature of the

water bath was varied fram 4C to 60C. The sensors where then

calibrated to within +/-0.05C.

The sensors and heaters were then embedded in their respective parts of

the cell with araldite.

The amount of energy introduced into the gquard is controlled by
comparing the temperature of the plate and guard. This is done by
feeding the appropriate voltages obtained from the plate and the guard

bridges (points (a) and (b) in figure b5.2.2 respectively) to a

65



differential operational amplifier. The signal thus obtained is fed to
a zero voltage switch (RS 305-800). The zero voltage switch campares
this signal with a ramp voltage signal. Wwhen the voltage of the ramp
is greater than the voltage from the differential amplifier, power is
supplied to the guard heaters by turning on a triac. The ramp is from
0 to 6 wolts once every second. Power to the bridges is supplied via a
reference voltage from the zero voltage switch. This means that any
fluctuations in the reference voltage of the zero voltage switch will

appear on the bridges.

Electrical energy is introduced to the heater element of the plate
using a Farnell d.c. supply unit. The power is measured using volt and

ampere meters to an accuracy of 0.5%.

The resistance of the plate heater is approximately 48 ohms. The
resistance of the input leads for the plate heater are less than 0.02
ohms. Therefore, the amount of energy lost in these leads is less than

0.1% of the total input energy.

To ensure that there were no temperature gradients across the glass
rod, holding the plate in position and carrying the copper input leads
to the plates’ heater and temperature sensor, a collar was fixed on to
the guard, see fig. 5.2.3. The collar had good thermal contact with
the guard and at all times was within 0.5C of the temperature of the
guard. The glass rod passed through the collar, which was filled with

mercury to ensure good thermal contact with the glass rod and input

leads.
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The plate was made from brass with the sensor and heater embeded in it
with araldite. To ensure that the plates” surface had a constant low

emissivity, throughout the experiments, the plate was sputter coated

with gold.

The thermal conductivity cell was well insulated from the atmosphere,
with foam rubber. This was to ensure that no large temperature

gradients appeared across the guard and collar.

5.3 OPERATION OF THE THERMAL CONDUCTIVITY CELL

In the steady state condition the energy balance equation for the plate

is
Q=KAAT/A + RAT..iuiiunenrnnannnes 5.3.1

Where:-
g, is the energy injected into the plate per second.
k, is the thermal conductivity of the gas in the cell
A/d=B, is the area of the plate/distance between the plate
and the sink.
AT, is the temperature difference between the plate
and sink.
RAT, is used to represent heat loss from the plate due to
radiation, this term may also take into account any

spurious energy losses through the input leads etc to

the plate.
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The cells” operating conditions where chosen such that the plate would
be at approximately 40C and the sink at 20C The thermal conductivity of
the gases was then measured at a temperature of 30C. It was found
however, that it was only practical to get the mean temperature to
within 2C of 30C. So corrections were made to the results. Table
5.3.1 shows that the percentage increase per degree centigrade of
thermal conductivities of various gases at 30C. Corrections were made,
assuming thermal oconductivity to vary linearly with temperature, So
that all measurements would correspond to 30C. the total maximum error
due to these corrections will only be 0.2% of the thermal conductivity

measured.

It should also be noted that the increase in thermal conductivity of
gases with temperature is not an exact linear function with respect to
temperature. However, from the data given by Touloukian et al (1970),
it was estimated that the error caused to the results due to this
effect would be less than 0.5% of the thermal conductivity measured in

all cases.

The temperature of plate, guard and sink could be measured to within
+/-0.05C. The difference in temperature between plate and guard, 5
minutes after the cell had reached steady state conditions was found to
be less than 0.1C. During the transient part of the experiments the
temperature of the guard was at all times within 2C to the temperature
of the plate. Experiment and theory showed that the cells” time
constant for all the gases used was less than 15 minutes hence the
maximm time (for the lowest thermal conductivity gas) required for the

cell to be within 1% of the steady state condition was 1 hour.
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TABLE: 5.3.1

GAS % INCREASE PFR DEGREE AT 30C
H11 0.5
H12 0.5
H13 0.5
Hel 0.5
H22 0.5
H11l3 0.5
H114 0.5
WATER VAPOUR 0.4
KRYPTON 0.3
NITROGEN 0.3
OXYGEN 0.3
ARGON 0.3

Following cell fabrication and subsequently at intervals of two months
the cell was pumped down to a pressure less than 10—4 Torr for at least
one hour, with tests then undertaken to determine leaks and outgassing.
This was essential since the introduction of spurious gases into the
cell could greatly effect the results. Leak testing was carried out by
coupling the cell to a mass spectrameter and probing the cell with a
helium jet. At all times the cell was found to be leak tight. The
effect of outgassing was determined by operating the cell at normal
test temperatures (sink at 20C and the plate and guard at 40C), and

evaluating the rate of rise of pressure rise, with the cell sealed from
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the pumps. For this test cell pressure was determined by a high quality
diaphragm gauge, namely the MKS Baratron with a resolution of 10--3
torr. Typical results for the rate of pressure rise are shown in

figure 5.3.1.

The total rise in pressure after 1 hour was only 0.013 Torr. This
indicates that by using a test gas in the cell at a pressure of 10
Torr, the contamination of the test gas due to outgassing will be only
0.1%. During operation, test gas was supplied to the cell via a 3
litre glass bulb; see figure 5.3.2. A suitably low flow rate through
the cell could easily be achieved with the leak valve connected through
to the diffusion pump; So that contaminated gas could be pumped away
through out the test. If the test being carried out took longer than
one hour then the above procedure was used to insure that the test gas

did not became contaminated.

Figure 5.3.3 shows the apparatus used to introduce gases into the
glass flasks. The flask was always pumped for at least 1 hour before
being filled. The outgassing fraom the flasks was negligible. Mixtures
of gases were made by a freezing-out method. For example the following
procedure would have been used to make a mixture of 50% Hll. and 50%

N.:- The flask and manifold shown in figure 5.3.3 would be pumped out

ot
for at least one hour. Valves 2 and 7 (see diagram) would then be
shut, halocarbon 11 then would be let into the system. via one of the
gas inlets, to a value of 10 torr. Valve 1 would then be shut valve 2
opened and liquid nitrogen applied to the arm to freeze the halocarbon
out. Valve 2 would then be shut and valve 7 and 1 opened after the

manifold had been pumped out again valve 7 would be shut and N2' let

into the system to 10 torr. valve 1 then being shut and valve 2

opened. Thus giving 50% H11l and 50% N2. Usually the gases were flushed
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through the system once, before closing the pumps off fram the manifold
and flask, to ensure no contamination. It was estimated that the total

error in making up binary mixtures of gases was less than 1%.

5.4 CALIBRATION OF THE THERMAL CONDUCTIVITY CELL

The geometric constant of the plate B=A/d (see equation 5.3.1) could be
determined by actual measurements. However, due to the difficulty in
setting the plate and sink exactly parallel, the value for B was only

estimated this way.

The initial accurate determination of B was done using the accurately
known thermal conductivity values of Nitrogen, Krypton, and Argon;

Touloukian et al, (1970).

As the value for R, from equation 5.3.1. was unknown, a plot of the
power divided by the difference in temperature between plate and sink
versus the known values for the thermal conductivity of the gases was
made. This gave a straight line graph the slope of which is equal to
B, and the intercept on the Q/AT axis equal to R, the amount of
energy lost by radiation and also heat conduction along the input leads

etc. per degree of difference between plate and sink, see figure 5.4.1.

Plots of the temperature difference between the plate and the sink, for
the calibration gases, versus time are shown in figure 5.4.2. The

thermal conductivities were measured at a pressure of approximately 100

Torr in each case.
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The mean temperature between the sink and the plate being 30C +/- 0.5C.

From the results shown in figure 5.4.1 :-

B

7.16 +/- 0.04 M

45 +/- 5 x 1074 WK L.

R

A blank run was undertaken to obtain an approximate check on the value
of R. The blank run consisted of operating the cell while the cell was
being evacuated. The pressure in the cell during this blank test was
less than 10_3 Torr, hence plate-sink separation is << than the mean
free path, and consequently heat transfer due to conduction is almost
ZEero. Experiments showed that the rate of increase of AT was
effectively linear for 3 hours, and that a minimum of 10 hours would be
required before the system would be within 1% of the steady state
condition. However, it was possible to give an upper limit for R from

these results. Consider the results shown in figure 5.4.3

The heat loss due to radiation from the plate
E=no (T - Tf )/(1/€] + 1/€2 ~ 1)
Which may be approximated to
E=hg AT ...... 5.4.1
where h.R is a given by:
hy=A 0 (T2 + T2 ) (T+T,)/(1/6, + 1/E, = 1)..5.4.2

hy may then be regarded as a constant since T, = a constant

at T approximately equal to TO‘

The heat loss due to conduction may be given by:-

E=h, (T=T)....5.4.3
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Where the room temperature is near to T (i.e. = 20C)

Therefore, the total spurious loss is:
E =R AT......5.4.4

Where R = hC + h.R
Under blank operation the energy balance equation for the

plate may be given by:-

Q=fth=fATRdt+ATC ....... 5.4.5

Where C, is the heat capacity of the plate, and Q is the
total input energy to the plate in a time t.

Differentiating:-
dQg/dt = g =R ('I‘—‘I‘0 ) + dr/dt C....... 5.4.6

Solving this differential equation and using the boundary

condition when t =0, T =T we get
AT = g/R (1-exp(-Rt/C))ececcs. 5.4.7
dr/dt = q/C exp(-Rt/C)

For small values of Rt/C
dr/dt = q/C (1-Rt/C).........5.4.8

C may be obtained from the linear part of the graph,
see fig. 5.4.3
As dT/dt = g/C

C = 40 JrS .

dr/dt is still linear after 140 minutes, which

implies that from equation 5.4.8 that
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R is less than 48 x 10 4. WK 1.

which agrees with the calibration graph, fig. 5.4.1

5.5 Pressure variation & temperature jump effects

When considering energy transfer in the hamogeneous gas, it is usual to
assume that the gas is dilute enough so that, only binary collisions
between gas molecules occur, but, dense enough so that the gas to wall
collisions are negligible compared to the gas to gas collisions.

Simple kinetic theory predicts that (Kennard 1938)

where K is the thermal conductivity of the gas.
c, is the molar heat capacity of the gas.

u 1is the viscosity of the gas.
The viscosity being given by equation 5.5.2 below
y = (0.998/7 o) [mKT/7 177eeunns ...5.5.2

where ¢ is the molecular diameter
k is the Boltzmann constant

m is the mass of the gas molecules in grammes

Combining 5.5.1 and 5.5.2 gives:—

K=5/2%x (0.998/ 7 o= ) [mkT/ ]’5c:V ..... 5.5.3
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From equation 5.5.3 it is clear that K is independent of pressure as
long as the gas is in such a state as to satisfy the initial
assumptions. This theory has been proven experimentally many times by
various workers, as explained in section 5.1. The gas heat transfer
will became linearly dependent on pressure only when the mean free path

is much greater than the effective distance, d between plate and tube.

In the region between A = 50 x d and A= d/50 an intermediate region
exists explained, by the temperature jump effect. This discontinuity
of temperature may be expressed by the mathematical formulae below,

Kennard (1938):-

T

 ~ T, =9 dT/dn......5.5.4

Where Tw is the wall temperature
Tk is the temperature that would exist if the temperature gradient
along the outward drawn normal to the wall, dT/dn, continued without

change right up to the wall.

This effect will cause a slight pressure dependence on the observed
thermal conductivity of a gas. For as the pressure decreases the
temperature jump distance increases. The temperature jump effect may
be explained qualitatively by understanding that a wall will cause a
discontinuity in the gas. So that gas molecules which would have
travelled on further than the position of the wall can only travel up
to the wall. So the amount of heat conducted by such molecules per
distance will be reduced. As the pressure is reduced the average mean
free path of the gas molecules is increased, and therefore there will
be more wall to gas collisions, and less gas molecule to gas molecule
Therefore, more gas molecules will be held up short so to

collisions.

speak, and therefore, the observed thermal conductivity of the gas will
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be reduced.

It should also be noted that gas molecules will not transfer energy
between the wall and themselves at the same rate as between themselves.
With decreasing pressure gas to wall collisions will become a larger
percentage of total collisions, and therefore, any effect from the gas
to wall collisions will became more important. This particular
phenomena has been studied in detail by Knudsen 19]11. Whereupon, he
introduced a constant called the accommodation coefficient, noted by a,
which can be defined as standing for the fractional extent to which
those molecules that fall on the surface and are reflected or re-
emitted fram it have their mean energy adjusted to what it would have
been if the returning molecules issuing as a stream out of a mass of

gas at the temperature of the wall.

The pressure dependents of thermal conductivity of a gas was measured
using the thermal conductivity cell, the distance between the plate and
sink being approximately 0.5 mm. It can be shown, Kennard (1938), that
the heat conducted through a gas of conductivity K, per unit area,
between parallel plates, per degree distance in temperature between

them is :—

q= K/(d+gl+92) ......... .5.5.5

g; and g, being the temperature jump distance at the two plates, 9,
/d and 9, /d being assumed to be much less than 1. The temperature

jump distance is given by :-

g= (2 -a) 2Ka/ alr+ l)};tCV .......... 5.5.6

Where Y = Cp /Cv'

Assuming an accommodation coefficient of 1, a plot of predicted

82
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Because the total vapour pressure for water at 20C is only 18 Torr, it
is not possible to carry out thermal conductivity measurements on water
Vapour mixtures at high enough pressures for the temperature Jjump
effect to be negligible. Therefore, the appropriate corrections were
made to the results of all experiments involving water vapour. On the
basis of the results of this section, it is argued that the maximm

error introduced due to the need for this correction is 0.25%.

The temperature jump effect will not be noticeable in the solar
collectors because of the dimensions of the collectors. Considering
the collectors to consist of parallel plates separated by 10 mm the
pressure dependents on the thermal conductivity of a gas may be
calculated using equation 5.5.5. This was done for Nitrogen, as
Nitrogen shows the largest temperature jump distances for all the main
spurious gases which will arise in the collectors. Fig. 5.5.4 shows
the thermal conductivities versus pressure dependence. After one year
of operation of the tubular collectors, it is predicted that the
spurious gases which will rise to a pressure of approximately 0.5 Torr.
If this gas was all nitrogen, the thermal conductivity would be
approximately 3% lower than if the pressure was at 760 Torr. However,
Nitrogen will be the worst main camponent of the spurious gases for
temperature Jjump distances. Therefore, this effect will be even less

than the thermal conductivity of the spurious gases themselves.
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TABLE: 5.5.%

P = pressures in torr.

SAMPLE A, Mean free path g/}\
b4 10+3.M. assuming a=1

NITROGEN 5.06/P 1.59
OXYGEN 5.55/P 1.63
WATER 3.44/P 1.07
HAIOCARBON 11  1.37/P 1.39
HALOCARBON 12 1.75/P 1.42
HALOCARBON 13  2.14/P 1.33
HALOCARBON 21 1.72/P 1.26
HALOCAREON 113 1.13/P 1.30
KRYPTON 4.18/P 1.86
SULPHUR- 1.97/P 1.29
HEXAFLUCRIDE
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5.6 ERRORS

As mentioned in section 5.3 in the steady state condition, the energy

balance equation for the plate is :-

g=KBAT + RAT......5.3.1

Which implies

K= [g~-RATI/BAT..... 5.6.1

The errors in B and R maybe obtained from the cells

calibration graph (see section 5.3)

w
|

=7.16 +/- 0.04 M

[46 +/- 5] x 107 %, wx !

oy
I

The temperature of the plate could be read to within +/-0.05C. and
similarly far the sink, which gives a statistical error T of +/-0.07C.
The error in measuring g, the energy supplied to the sink comes in
measuring V and I, these combine to give a +/-0.5% error in g. The
amount of energy dispersed in the input leads to the plates heater is

less than 0.04%. These errors may be cambined to give the uncertainty

in K. From equation 5.6.1:-
K =(q/[BAT])- R/B.....5.6.2
Iet y = (@/B)AT AND x = R/B

Then K = y—X
and k= ((dy)? +(@x)$ %> ....5.6.3
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Considering the error in y

y = (@/B)AT
Taking natural logs and differentiating

dy/y = (dg/q) +/- (dB/B) +/- (daT/AT)....5.6.4
Cambining the uncertainties

ay/y = ((dg/@)? + (da8/B)% + (asr/aT)?)03..5.6.5

Substituting in the errors gives

3

dy/y = 8.27 x 10 ~.....5.6.6

Similarly for x

ax/x = ((ar/R)2 + (a8/B)2)0">.

dx/Xx = 1.09ccienieniencans .5.6.7

Cambining 5.6.6 and 5.6.7 using equation 5.6.3 gives

2 =5,2 ]0.5

+ (7.00 x 10 7) ceese.D5.6.8

dr=[ (8.27 x 103 xK)

It is clear from equation 5.6.8 that the percentage error for K

will increase for decreasing values of K.

- -1 -1
ForNitrogenK=2.62x102m K .
The percentage error in K = +/-0.87%

1.-1

For Halocarbon 11, K =8.07 x 1073 wi ikl

The percentage error in K =+/-1.2%
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As mentioned in section 5.5, errors in the measurement of the thermal
conductivity of gas mixtures with water vapour as one of the
constituent will arise due to the temperature Jjump effects. However,
after correction the percentage error due to this effect will only be

0.25%.

As mentioned in section 5.3 the thermmal conductivities were not always
measured exactly at 30C. Due to correcting for this an error of 0.1%
will arise. Due also to the fact that the thermal conductivity does
not increase exactly linearly with temperature an estimated error of

0.5% will arise.

Adding all the uncertainties together it can be seen that after
corrections the thermal conductivity measurements were maded to within

2%.

5.7 Results of thermal conductivity measurements

Table 5.7.1 show the results of the thermal conductivity of the pure
gases/vapours measured at 30 degrees C. after corrections were made
for the 1. Temperature jump effect
2. Bringing the mean temperature to 30 degrees
(as discussed in 5.6)

As discussed in 5.6 an upper limit on the errors of these measurements
is set at 2%. Along with these results are printed values fram
Touloukian et al (1970) and Peters Breunese, & Hermans (1982). with

estimated errors for this data.
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TABLE 5.7.1. Results of thermal conductivity

measurements of pure gases x 103 in WM

-1-1

at 30C.

Sample Exp. Standard dev. Values from

Results Touloukian,1970
HAIOCARBON 11 8.07 0.12 8.03
HALOCARBON 12 9.94 0.10 10.00
HATOCARBON 13 12.37
HALOCARBON 21 8.54 0.01 8.74
HALOCARBON 113 8.92 0.12 7.78
SULPHUR-HEXAFLOURIDE 12.8 0.30
KRYPTON 9.50 0.15 9.51
NITROGN 26.2 0.17 26.23
WATER VAPOUR 18.4 0.21 18.33
METHYL IODIDE 5.30 0.20
OXYGEN 27.00
ARGON 17.9 0.19 17.90
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The results of Nitrogen, Argon, and Krypton are somewhat fictitious, in
that these gases were used in the calibration of the cell. However,
they do show the repeatability of the themmal conductivity cell. Of
these results only Halocarbon 13, and Halocarbon 113 show distinct
variation fram other workers results. For the purpose of the solar

collectors Halocarbon 11 locked the most pramising.

The results of the gas mixtures are tabulated in tables 5.7.2 to 5.7.4
These results have been adjusted for corrections 1 and 2. Results of
halocarbon 1ll/water wvapour, halocarbon 1l/nitrogen, and water
vapour/nitrogen are displayed graphically in figures 5.7.1, 5.7.2, and
5.7.3 respectively. Of special interest in these results are those of
Nitrogen with water vapour. A mixture of 20% water and 80% Nitrogen
showing a higher thermal conductivity than Nitrogen on its own. These
results compare favourable with the work of Dijkema, Stouthart, & de

Vries, who observed similar effects.

Results for halocarbon mixtures are not readily available in the
literature for comparison with this work. However of interest Peters,
Rreunese, and Hermans (1982) produced some results of halocarbon-
11/nitrogen and halocarbon-12/nitrogen. After adjusting their results

to 30C for camparison it was found that the results fitted to within

2%; the accuracy of our experiments.
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TABLE 5.7.2. Results of thermal conductivity

measurements of binary gas mixtures at 30C in WM ‘K L.
Halocarbon 11 / Water Vapour

Conc of water vapour 0 20 40 60 80 100

Thermal conductivity x 103 8.07 9.24 11.3 13.4 15.8 18.4

Halocarbon 12 / Water Vapour

Conc of water vapour 0 20 40 60 80 100

Thermal conductivity x 10°  9.94 11.3  13.2  14.6  16.6  18.4

Halocarbon 21 / Water Vapour

Conc of water vapour 0 20 40 60 80 100

Thermal conductivity x 105  8.54  9.97 11.6 13.4 15.4  18.4

Halocarbon 113 / Water Vapour

Conc of water vapour 0 20 40 60 80 100

Thermal conductivity x 105  8.92  9.78 11.6  13.8  16.3  18.4

Methyl Iodide / Water Vapour

Conc of water vapour 0 20 40 60 80 100

rhermal conductivity x 10°  5.35  6.65  8.66 11.0  14.0  18.4
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measurements of binary gas mixtures at 30C in WM

TABLE 5.7.3. Results of thermal conductivity

Krypton / Water Vapour

1

K

Conc of water vapour 0 20 40 60 80 100
Thermal conductivity x 10>  9.50 11.8 14.0 15.5 17.5 18.4
Sulphur Hexafloride / Water Vapour
Conc of water vapour 0 20 40 60 80 100
Thermal conductivity x 10°  8.07  9.24 11.3  13.4 15.8 18.4
Nitrogen / Water Vapour
Conc of water vapour 0 20 40 60 80 100
Thermal conductivity x 10° 26.2  26.8  26.1  24.1  21.5  18.4
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TABLE 5.7.4. Results of themmal conductivity

measurements of binary gas mixtures at 30C in W i
Halocarbon 11 / Nitrogen
Conc of Nitrogen 0 20 40 60 80 100

Thermal conductivity x 103 8.07 9.70 11.8 14.8 19.4 26.2

Halocarbon 13 / Nitrogen

Conc of water vapour 0 20 40 60 80 100

3

Thermal conductivity x 10 8.92 9.80 11.9 15.0 19.4 26.2

Methyl Iodide / Nitrogen

Conc of water vapour 0 20 40 60 80 100

3

Thermal conductivity x 10 5.35 8.02 11.6 15.3 20.5 26.2

Sulphur Hexafluoride / Nitrogen

Conc of water vapour 0 20 40 60 80 100

Thermal conductivity x 10° 12.8  14.5 16.8  19.0  21.8  26.2
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6 THEORETICAL WORK ON THERMAL CONDUCTIVITY OF GASES

6.1 Introduction

Modern theories of transport properties of gases were developed from
the hard sphere theory. The basis of modern theories, which deal with
the shortcamings of the hard sphere theory, were laid down by Maxwell
in 1866, when he coonsidered the distribution function for a gas.
However, it was not until 1917 that two theoreticians, Chapman and
Fnskog, came up with the practical solutions of being able to relate
the transport properties of gases to the forces acting between the
molecules of the gases. This led to much improved theoretical values

for the transport properties of gases.

There was also a basic refinement needed in the theory of heat
conduction through polyatamic gases. It had been assumed that the
efficiency of transfer of translational thermal energy is the same as
that of transfer of internal energy of the molecules. Eucken, in 1913,
reasoned that one should consider the two terms separately. He

proposed a semi-empirical equation of the form:-

C

K = (Etr Vtrans)/M+ (Eint Cvint)/M...6.1.1

ans P
Where C_ . nc and C; . are the contributions of translational energy
and internal energy to the molar heat capacity. B ans and E; ¢ are

the appropriate numerical factors, and u is the viscosity of the gas.
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Exact theory gives E

crans — 5/2. A value of E; ¢ = 1 was suggested by

Eucken. This is believed to be wrang as the efficiency with which
vibrational energy is transferred in collisions is poor and in any

case, varies between different gases.

Euckens” Theory led to improvements between theory and experiment for
diatamic molecules but not so much for polyatomic gas molecules; for

reasons discussed earlier.

Fran modern theory, workers have produced various formulae for
calculating the coefficient of thermal conductivity for mixtures of
gases. In the case of monatomic gas mixtures, the formulae have
achieved a certain amount of success. However, in the case of
polyatomic gas mixtures, a rigorous equation is hard to produce which
correctly takes into account the transfer of internal energy between
molecules. A camon semi-empirical method of overcoming this

Hirschfelder (1954) is:-—

To calculate the themmal conductivity of the gas mixture,
assuming the gases to be monatomic; this result is denoted by
K .

mon

To campute a correction term for each camponent Ei where

E, = (Ki) i;/(Ki)mn"""'G‘l'z

An empirical expression for the coefficient of the thermal conductivity

for the mixture is then;

K . ﬁ (X, E)evevenenne6.1.3

mn 1 1

where x, is the molar concentration of gas species i.
1
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A more general equation suggested by Lindsay and Bramley (1950) for the

thermal conductivity ooefficient of a mixture of gases based on an

equation by Wassiljewa (1904), is of the form:-

Koix = cveeeess6.1.4
2

n
-— A.. X..
1] ]

=] X]_ =

...6.1.5

Where A.. =3 |1+ [M (”H-)i (1 +55,7) L (1 + 85,7)

J — | —
Hj MJ. (1+sj/T) (]+S1’/T)

Where B; is the viscosity coefficient, M, the mass, and S; the
sutherland constant approximated by Si =1.5 Tbi , where Tbi is the

normal boiling point of the i camponent,while Sij is the geametric mean

- .5
of Si and Sj' Thus Sij = (slsz) .

If one of the constituents is strongly polar then Sij=0.733(slxsz)'5.

Masan and Saxena (1958) approximated Aij to 6.1.6 below:

1 f14m -1 1 ofkmn\ 1/, \17]z=
Aij = - - —i-.n —1 00006.106
Mj K
22 3 MJ

where Knm = 2.5 CV and Cv =1.5 RM (R is the gas constant.
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Equations 6.1.5 and 6.1.6 were computed for relevant gas mixtures,

using data as shown in table 6.1.1 these camputations being shown in

table 6.1.2.

6.2 Camparison of thearetical and experimental results.

To campare the experimental results with the Lindsay and Bramley

equation, and the Mason and Saxena equation

data as shown in table 6.1.2, was used to campute equation 6.1.4.
These theoretical results were then compared with our experimental
results as given in tables 5.7.2-5.7.4. The comparisons are shown in

tables 6.2.1-6.2.3.

It can be seen from these camparisons that in the majority of cases the
Mason and Saxena expression provides values that differ by less than
than 5 percent from the experimental results. The Lindsay and Bramley
equation, on the other hand, does not even fit the results to 10
percent in many cases. However in the case of Nitrogen versus Water
the Lindsay and Bromley equation fits the results to 5 percent whilst

the Mason and Saxena equation only fits to within 10 percent.

This is similar for the experimental results of Dijkema et al for

nitrogen/water vapour, see table 6.2.4. Also fram the experimental

data of Dijkema et al it can be seen that the Lindsay and Bramley
equation fits the best for oxygen and water; see table 6.2.4.
Therefore, for calculations, it is proposed to use the Mason and Saxena
equation for the Aij terms for the Halocarbon mixtures and the Lindsay

and Bramley Aij terms for the nitrogen/water and oxygen/water terms, to
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TABLE 6.1.1

Gas Temperature Viscgsity -2 l?oiling Pt. Mass
Centigrade x 107 N.S.M in Klevin AMU
Hal. 11 30 1.07 296.97 137.35
Hal., 12 30 1.288 243.36 120.9
Hal. 13 30 1.460 191.75 104.45
Hal. 21 30 1.164 282.07 102.9
Hal. 113 30 1.038 320.72 187.35
Sulphur Hex. 30 1.588 - 146
Krypton 30 2.56 119.80 83.80
Water 30 0.977 373.15 18
Nitrogen 30 1.793 77.35 28
Oxygen 30 2.067 90.33 32
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TABLE 6.1.2

A(1,9) Lindsay & Lindsay & Mason &
Bromley Bramnley one Saxena
species pol.
A(H20,H11) 2.378 1.983 2.227
A(Hll,H20) 0.5673 0.473 .3197
A(H20,N2) .8192 .7193 .9189
A(N2,H20) 1.077 .9461 1.082
A(H20,O2) .8019 .7000 .9041
A(OZ'HZO) 1.119 .9768 1.093
A(N2,H11) 2.405 2.123 2.757
A(Hll,Nz) .4361 .3863 .3360
A(N2,02) .9709 .8951 .9868
A(O2'N2) 1.030 . 9496 1.013
A(Oz,Hll) 2.543 2.239 2.897
A(HL1,0,) .4347 .3827 .3440
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TABLE 6.2.1

THERMAL CONDUCTIVITY OF WATER MIXTURES x 10° inwM 1k lat 30C.
% Conc. of Exp. Results Lindsay & Lindsay & Mason &
gas vs water Bromley Bramley one Saxena

species pol.

Conc. Greatest %
Nitrogn diff. v Exp. -10% ~-4.5% -12%
20 21.5 20.2 21.1 19.9
40 24.3 21.9 23.3 21.4
60 26.1 23.5 23.9 23.0
80 26.8 24.9 25.9 24.6
Conc. Greatest %
Krypton diff. v Exp. -8% -1.7% -5%
20 17.46 16.5 17.2 16.9
40 15.5 14.7 15.7 15.1
60 14.0 12.9 13.8 13.3
80 11.8 11.2 11.8 11.4
Conc.Sulphur Greatest %
Hexafluoride diff. v Exp. -17% -11% -6.6%
20 19.2 16.0 17.1 17.9
40 17.6 14.5 15.8 16.7
60 16.0 13.7 14.7 15.3
80 14.7 13.2 13.7 14.0
Conc. Greatest %
Hll. diff. v Exp. -14% -5.7% -4%
20 15.8 14.0 15.1 15.4
40 13.4 11.5 12.6 12.9
60 11.3 9.9 10.8 10.9
80 9.24 8.82 9.28 9.33
Conc. Greatest %
H12 diff. v Exp. -12% -4% -3%
20 16.6 15.1 16.2 16.5
40 14.6 13.0 14.2 14.5
60 13.2 11.6 12.6 12.7
80 11.3 10.6 11.2 11.2
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TABLE 6.2.2

THERMAL, CONDUCTIVITY OF WATER MIXTURES x10° in wM 1k} at 30C.
% Conc. of Exp. Results Lindsay & Lindsay & Mason &
gas vs water Bromley Bramley one Saxena

species pol.

Conc. Greatest %
Nitrogn dif. v Exp. -10% -4.5% -12%
20 21.5 20.2 21.1 19.9
40 24.3 21.9 23.3 21.4
60 26.1 23.5 24.9 23.0
80 26.8 24.9 25.9 24.6
Conc. Greatest %
H21 diff. v Exp. -8% +3% +2%
20 15.4 14.8 15.8 15.8
40 13.44 12.4 13.6 13.5
60 11.6 10.7 11.7 11.5
80 9.97 9.4 10.0 9.90
Conc. Greatest %
H113 diff. v Exp. -18% -9.2% -4%
20 16.3 13.7 14.9 15.6
40 13.8 11.4 12.6 13.3
60 11.6 10.1 11.0 11.4
80 9.78 9.39 9.82 10.0
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THERMAL CONDUCTIVITY OF NITROGEN MIXTURES x10° in wM K~

TABLE 6.2.3

1

at 30C.
% oonc. of Exp Results Lindsay & Lindsay & Mason &
gas vs Nz. Bromley Bramly one saxena

species pol.

Conc. Greatest %
H1l diff. v Exp. +1% +7.6% -2.3%
20 19.4 19.3 20.3 19.0
40 14.8 14.9 15.9 14.6
60 11.8 11.9 12.7 11.7
80 9.70 9.74 10.1 9.62
Conc. Greatest %
H113 diff. v Exp. +1% +7.6% -2.3%
20 15.4 18.9 19.9 18.8
40 15.0 14.7 15.7 14.7
60 11.9 12.1 12.8 12.1
80 9.80 10.3 10.6 10.2
Conc Sulphur Greatest %
Hexafluoride diff. v Exp -4.9% -3.0% -2.6%
20 21.8 21.5 22.5 22.0
40 19.0 18.3 19.4 18.8
60 16.8 16.0 16.8 16.4
80 14.5 14.2 14.6 14.4
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TABLE 6.2.4

THERMAL CONDUCTIVITY x 10° in wM 1kt
RESULTS FROM DIJKEMA ET AlL.

WATER Vs NITROGEN
% Conc. Exp. Lindsay & Lindsay & Mason &
of water Results Bramley Bramley one Saxena

species pol.

Greatest %

diff v Exp. ~6.7% ~-3% -7.9%
20 26.7 24.9 25.9 24.6
40 25.9 23.5 24.9 23.0
60 23.9 21.9 23.3 21.4
80 21.3 20.2 21.1 19.9

WATER A% OXYGEN
% Conc. Exp. Lindsay & Lindsay & Mason &
of water Results Bramley Branley one Saxena

species pol.
Greatest %
diff v Exp. -6% -2% -7%
|20 27.1 25.5 26.5 25.2

40 26.3 23.8 25.3 23.4
60 24.2 22.1 23.5 21.7
80 21.7 20.3 21.2 20.0
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predict the thermal conductivity of the gases arising in the solar

collectors.

6.3 Multi-camponent mixtures

Thermal conductivity measurements of a few multi component mixtures
were made. The results of these are shown in table 6.3.1. Using the
Aij terms as listed in table 6.1.2, in the way described in section
6.2, the theoretical thermal oconductivity of these mixtures were

obtained and are shown in table 6.3.1.

Tt can be seen from these results that the theory fits the results to

within 5%.
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TABLE 6.3.1

1.1

THERMAL CONDUCTIVITY WM "K — at 30C.
[Gas Mixture Experimental Theoretical Percentage Error
Results x10° Results
33.3% H1l
33.3% H.O 15.9 15.1 5%
33.3% Ng
80% Hll
15% H,0 9.2 9.41 2%
5% N
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6.4 Discussion

As previously described Halocarbon 11 will be infilled into the
collectors, to a pressure of fifteen Torr, at the production stage to
mask the effect of the spurious gases. The Aij terms determined from
a camparison between current theories and experimental results, see
table 6.1.2, can be used to predict the thermal conductivity for
various relevant gas mixtures. This data when used in conjunction with
the results shown in figure 4.4.1 can be used to predict the variation
of thermal conductivity, and hence conductive heat loss during the life
of the collector. The result of such an analysis is shown in figure
6.4.1 which shows that over a period of 10 years the conductive heat
loss due to gas will only increase by 24%. This results in an increase

in total heat loss from the proposed solar collectors of less than 10%;

this result is discussed in more detail in section 7.3.
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7 THE COMPLETED COLLECTOR

7.1 The design

A preliminary design of the partially filled collector is described by
Roberts (1979). This initial design consisted of individual tubes all
being sealed separately. This would mean that each tube has to be
evacuated, baked, and infilled with the low thermal conductivity gas
separately. In addition a camplex tube arrangement would be required to
connect the fluid carrying pipes together; this would have to include a
lot of insulation to ensure that little heat loss occurred at these
junctions. Because of the above problems a more elaborate design was

developed; as discussed in chapter 3 and Roberts (1985).

As shown in figure 3.1.2 a number of collectors are cambined together

on one single manifold. This means that:

1 Vacuum tight seals are not required for the fluid carrying tube

as it enters and leaves individual evacuated tubes.

2 Heat losses are reduced from the fluid carrying pipe as it
leaves and enters the individual tubes, as the pipe does not

leave the vacuum.

3 Evacuation of a system of tubes may be done at one point.
The manifold design and internal arrangement of the glass tubes is
shown in figures 7.1.1 and 7.1.2. The internal design of each glass

tube is similar to that described by Roberts (1979) and used for
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example by Corning France in their evacuated collector. Figure 7.1.2
shows the internal arrangement for each glass tube. The oollector
Plate is a copper sheet of thickness 0.2mm, fixed to the copper fluid
carrying tube. The plate is coated on both sides with a selective
surface, the one used was supplied by Wiggin Electrochemical Products,
Birmingham, England. By ensuring that the copper sheet campletely
Covers the copper tube both sides of the collector plate may absorb

radiation.

An aluminium foil reflectar is fixed to the inside of the glass tube
with suitable wire supports, which also support the collector plate.
The geametry of the reflector is such that almost all incaming
radiation within an acceptance angle of 120 degrees will be directly
incident on, or reflected onto the plates. Due to the small gap
between the lower side of the plate and the reflector, the specular
view factor between lower side of the plate and the reflector is

approximately unity, with the result that the radiative heat loss is

reduced.

A collector system as just described was constructed; The collector
system was evacuated and put through a baking cycle, as described in
chapter 4. After the baking cycle was completed the system was

infilled with halocarbon 11 to a value of 15 torr.
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7.2 Testing of campleted units

A collector test system was set up at the Polytechnic of Wales; the

test apparatus is shown in figure 7.2.1. The test method assumes that
under steady state conditions the power balance of the collecter is

given by:-

Q=IF et - F UL(Tm - Ta ) 7.2.1

see Duffie and Beckman {(1974).

0 is the output power of collector per unit effective area
I is the solar irradiance / unit area

o is the effective absorptance of collector plate

t is the effective transmittance of the glass cover

T is the mean fluid temperature, ( T2 + T3 )/2

T is the ambient air temperature

a
U, is the heat loss coefficient between collector plate
and ambient air.
U is the heat loss coefficient between fluid and ambient air.
o

F° is the collector efficiency factor, given by F’'=U o/UL

The purp, as shown in figure 7.2.1, circulated the water fram the
constant temperature reservoir around the system at a reasonable

constant flow. The constant temperature reservoir being set at

approxi tely 12C below the required temperature of Tm = (T2+T3)/2.

The heater may heat the water temperature by accurately determined

electrical power SO that T may be varied to a desired value for the

test, and accurately determined flow rate is obtained by:-

p=(mn (T2-Tl) ........ 7.2.2
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P is the input electrical power

C is the specific heat capacity of water

M  is the mass flow rate of water

T1 and T2 are water temperature determined by sensors in positions

as shown in figure 7.2.1

When the water flows through the collector it is heated to a

temperature of T3, where
QA = On(T3-'I'2) ........ 7.2.3

and A is the effective collector area.

Cambining 7.2.2 and 7.2.3 then gives:-
QA = P(T3T,)/(Ty"T;)...7.2.4

All four temperature sensors were the platinum film type. The maximm
error due to all temperature measurements being given at +/- 1.5%. The

power to the heater could be evaluated to within +/-0.5%.

The pyranameter, as shown in figure 7.2.1, was an Eppley Model PSP, the
calibration of which is stated to be within 2.5%. Hence the accuracy

of the test system was evaluated to be within 4%.

Testing was undertaken outside, with the collector and pyranometer
supported on a frame at an elevation of 45 degrees, and facing due

south. The pyrancmeter was placed as close as possible to the center of

the collector under test.

At the beginning of each test, pump speed, heater power, and the
temperature of the reservoir were set to predetermined values,
depending on the conditions required for the test. After these initial
adjustments the test would continue over long periods of time, with the
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measurements and calculations being undertaken by the camputer. Results
could be taken when the variations of I, the solar irradiance, was
reasonably constant, as the time constant of the pyranometer was 28
minutes. The estimated error in tests taken due to variations of I,
and the long time constant of the pyranareter was less than 2%.

Therefore all results were correct to within 6%.

The efficiency of the collector, as mentioned before, is given by
equation 7.2.1. In these test F’ was assumed to be 1. Therefore the
tests were to determine t and UL' The results of the experiments
done on the collector system described in section 7.1. are displayed in

figure 7.2.2. From these results:-

&t = 0.86 +/— 0.02
U = 3.3 +/- 0.2 wM et

Figure 7.2.2 also shows, for camparison, the efficiency plots for

typical flat plate and vacuum installed collectors; Data for the

typical collectors cames fram BS 5918 (1980).

It can be seen from Figure 7.2.2 that when T. T is low and I is high,
that the efficiencies of all the collectars are similar. However, as
conditions change, the partially evacuated and ‘totally” evacuated
systems have much higher efficiencies than the flat plate collector.
For example, under very cloudy conditions when I is approximately 150
WM-Z, evacuated systems could deliver energy at T -T_=40C with an
efficiency of approximately 25%, the efficiency of all flat plate

devices would be zero.
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Figure 7.2.2 Plots of instantaneeus efficiency versus (Tn-Ta)/I
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7.3 Loss of efficiency of collector with time.

As shown in section 6.4 the thermal conductivity of the gases in the
solar collector will rise with time, due to the permeation through the
seals of spurious gases. The percentage increase in thermal
conductivity is shown, in section 6.4, to be 24%. Using the results of
the efficiency tests of the campleted unit, given in section 7.2, in
cambination with the theoretical treatment for the loss of heat by
conduction through the gases, given by Roberts (1979), the percentage

heat loss due to conduction may be estimated.

Roberts shows that the heat loss due to conduction may be approximated

to:

qc= 4 KL AT caeel.3.1.

Where:

q. = Heat loss due to conduction fram the absorber plate.
K = Thermal conductivity of gas.

I, = length of plate.

Conductive flow expres sion.

$

Using the theoretical determined values of ® from Roberts (1979).

qcr_l.34 ( Tm—TA). 2
far the collector filled with pure halocarbon 11, per M . (In
obtaining a value for ® an effective width of 52 mm was taken for the

absorber plate; this takes into account the reflector.) Using the

e;qperinﬂ'ltally found value for U it can be seen that the theoretical

value for the heat loss due to conduction is 40% of the total heat
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loss fram the collector.

After ten years the thermal conductivity of the gas in the collectors
is predicted to rise by 24% as stated in section 6.4. Therefore the
Percentage rise in heat loss from the collectors will be approximately
9.6%. so after 10 years:

Xt = 0.86

2.1

UL= 3.6. WM °C ",

The predicted value for Up,r after 10 years, still being far better than
for a flat plate collector, and yet achievable at a similar production

cost.

It can clearly be seen that this type of collector campares well with a
high vacuum type, over a period of ten years and yet has considerable

advantages over it in production costs.
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