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Abstract—Experimental data have been obtained for the conduction heat transfer through a rarefied

polyatomic gas (benzene or n-hexane) in a concentric cylindrical geometry. The results are of direct

relevance in evacuated solar collector technology. The data were fitted to within 7% over the whole

transition region by a simple semi-empirical equation, previously used for monatomic gases. A Monte

Carlo simulation of the system was undertaken to obtain heat conduction and temperature profiles over
the transition region in benzene and n-hexane gases.

1. INTRODUCTION

A SOLAR thermal collector converts solar radiation
into thermal energy. Energy losses from the collector
can occur by the physical processes of conduction,
convection and radiation. Radiative energy losses can
be reduced by decreasing the emittance of the solar
adsorbing surface. Tt is possible to design a surface
with low emittance for thermal radiation, whilst still
maintaining a high absorptance for solar radiation.
Such a surface is termed optically ‘selective’ [1]. Fur-
ther reductions in the energy losses from solar col-
lectors can be achieved by reducing conduction and
convection losses. A transparent cover for the adsorb-
ing surface is a feature of most solar collector designs.
Maximum reduction occurs when the space sur-
rounding the selective surface is evacuated. In a prac-
tical device it is only realistic to achieve this with a
vacuum envelope of cylindrical geometry [2]. Such a
device is called an evacuated tubular collector.

The evacuated solar collector developed at Sydney
University is of a Dewar type construction. Figure |
shows schematically the main features of this collec-
tor. Two glass tubes are mounted concentrically with
the intervening space evacuated. The selective surface
is deposited onto the outer (vacuum) surface of the
inner glass tube by d.c. magnetron sputtering [3]. The
top layer of the selective surface developed at Sydney
University is the absorber layer and consists of a
graded stainless steel-carbon cermet with amorph-
ous hydrogenated carbon at the vacuum interface. A
copper base layer provides the low emittance surface.
Prior to the final vacuum sealing of the assembled
collector tube, the collector is baked under vacuum at
500°C to outgas all the surfaces. Two ‘standard’ sized
tubes are made: (i) inner tube radius 30 mm, length
1.4 m; and (ii) inner tube radius 44 mm, length 1.7 m.

+Present address: Engineering Department, Cambridge
University, Cambridge CB2 1PZ, U.K.

The selective surface in a typical Sydney University
collector tube has an emittance of ~0.04 at 100°C
and an absorptance of ~0.92 [4]. The combination
of this surface, and the vacuum insulation, results in
very low thermal losses. Typically, stagnation tem-
peratures of ~300°C are observed in non-concen-
trated sunlight. (Stagnation refers to the condition
when no heat is being extracted from the collector and
hence the thermal heat losses equal the incident solar
energy input.) The existence of such a high stagnation
temperature implies an ability for these collectors to
supply heat with reasonable efficiencies at tem-
peratures greater than 100°C. The lower losses from
evacuated tubular collectors can also result in im-
proved performance of these devices at tempera-
tures less than 100°C, and under adverse environ-
mental conditions.

The higher stagnation temperat*ure possible in these
tubes can, however, constitute a significant dis-
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Fic. 1. Schematic diagram of an evacuated tubular solar
collector.
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NOMENCLATURE

A area V. approximate number of excited
C, molar heat capacity vibrational modes
C, heat capacity of water Z collision number.
dT  experimentally measured temperature

difference
d7(0,0) value of dTat Q =0 Greek symbols
EY™  energy in the vibrational modes o accommodation coefficient
G geometry factor in continuum heat loss & mean accommodation coefficient
k Boltzmann constant ) inverse Knudsen number
Kn  Knudsen number AT  temperature difference across gas
{ length of cylinders Ax  separation distance between two surfaces
m mass of gas molecule 0 characteristic vibrational temperature
m mass flow rate A gas thermal conductivity
M molar weight Ay mean free path
P gas pressure ¢’ collision cross-section.
0 heat loss
0. conduction heat loss in continuum region
O  conduction heat loss in free molecule Subscripts and superscripts

region 1 inner cylinder
0 measured power loss int  internal
r radius of cylinder 0 outer cylinder
re characteristic length rot  rotational
R gas constant tran  translational
T gas lemperature vib  vibrational.

advantage in low temperature systems. Higher tem-
peratures can pose significant safety hazards and may
result in the accelerated degradation of system com-
ponents. Overtemperature protection of a system
usually involves both cost and performance penalties.
Clearly it would be desirable to incorporate features
integral to the collector tube itself which reduced the
stagnation temperature without adversely affecting
the high efficiency of the collector at low temperatures.

A method of achieving this limitation in the col-
lector operating temperature has been developed in
this laboratory [S]. Specifically, a small amount of
condensable gas is introduced into the collector during
manufacture. At low temperatures most of the gas
remains adsorbed onto the selective surface of the
inner tube, and the vacuum in the collector is at a high
level. The collector therefore operates normally with
very little heat loss to the surroundings. As the tem-
perature of the selective surface increases, more gas
molecules are desorbed from the surface. This
degrades the vacuum space and results in significant
heat losses from the inner tube surface by gas con-
duction through the annular space between the glass
tubes of the collector. The key to the success of this
approach is to make the ‘thermal switch’ (that is, the
temperature dependence of the collector heat loss)
operate over a narrow range of temperatures in order
that the low temperature performance of the system
is not compromised. To achieve this the desorption
of gas molecules from the selective surface should

be strongly dependent on temperature. In addition,
heat losses through the low pressure gas must be
significant.

Evacuated collector tubes using the desorbable gas
method of temperature limitation (henceforth called
temperature limited evacuated collectors) have been
constructed [5]. Some typical data for the heat loss
characteristics of these tubes are shown in Fig. 2. Note
the significant reduction in the stagnation temperature
as the collector is dosed with increasing amounts of
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F1G. 2. The temperature dependence of the total radial heat
loss in an evacuated solar collector tube dosed with various
amounts of benzene vapour (shown on the graph in units of
10'7 molecules). The data for the above graph were obtained
on a non-standard sized tube with a stagnation power of
~65 W. The temperature shown refers to the temperature
of the inner tube. The outer tube surface was maintained at
20°C.
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gas. There are three distinct but interrelated problems
involved in the operation of the system—the adsorp-
tion of gases onto thin films ; the relationship between
the film structure and the gas adsorption process ; and
the conduction heat transfer between the inner and
outer tubes of the collector. The adsorption problem
has been addressed elsewhere [5]. This paper addresses
the heat conduction process.

The pressure range over which a typical tem-
perature limited collector tube operates (~10~* torr
to ~107" torr) corresponds to a Knudsen number
(Kn) range of ~100 to ~0.1, where Kn is defined as

(6]

kT

Fe \/Emszrc
where 4, is the mean free path of a gas molecule, r,
is some characteristic length (in this case the radial
distance between the inner and outer cylinders), 67 is
the collision cross-section, k is Boltzmann’s constant,
P is the gas pressure and T is the gas temperature. It
is seen that a temperature limited collector operates
over the free molecule region and well into the tran-
sition region. The heat conduction problem is there-
fore not simple because of the general difficulty in
solving molecular transport problems in the transition
region. Moreover, the desorbable gases of use in the
temperature limited collector consist of large poly-
atomic molecules, which complicates the analysis.
Previous experimental heat conduction studies in
the transition region have been limited to simple
molecules, such as nitrogen [7] and monatormic gases
[6, 8]. In this work experimental data and Monte
Carlo results are presented for heat conduction trans-
fer through benzene and n-hexane over the whole
transition range of the Knudsen number. The
geometry of the collector tube is that of concentric
cylinders, although it should be noted that the cur-
vature of the system is always small. It should also be
stressed that there is no provision for control of the
surface conditions. Therefore, when theory and exper-
imental data are compared the emphasis is simply to
demonstrate the applicability of theoretical expres-
sions to engineering problems involving polyatomic
gases.

6

2. EXPERIMENTAL

Conduction heat losses are measured by a calori-
metric method. Water is circulated through the inner
tube of the solar collector and the difference between
the inlet and outlet temperatures is used to determine
the heat loss along the tube. End loss effects are neg-
ligible due to the adoption of a guarded design and
temperature drops across the glass walls are readily
accounted for. A feature of the design is the main-
tenance of near isothermal conditions along the inner
and outer tubes of the collector. This method gives
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accurate data for the heat loss even at low pressures
and small radial temperature gradients.

The experimental arrangement is shown in Fig. 3.
The evacuated collector tube is connected to a high
vacuum pump and an associated gas handling system.
There are no O-ring seals in that part of the apparatus
which is valved off from the pumps during an exper-
iment. This significantly reduces the outgassing rate
of the system. The pressure in the sealed off section
increases at a rate of less than 3x107° torr h™".
Capacitance manometers (MKS type 127A baratron,
accuracy is 0.2% of reading, useful resolution is 0.2
mtorr for a 1 torr baratron and 10 mtorr for a 100
torr baratron) are used to measure the system pressure
from 102 torr to 100 torr. A spinning rotor gauge
(Leybold Viscovac VM21 1, accuracy is 3% of reading,
useful resolution is 1 x 1077 torr) is used to measure
pressures below 10~ 7 torr. The reading of each MKS
baratron is corrected by the calibration data of each
instrument. The base pressure in the sealed collector
tube is approximately 5 x 10~ ° torr.

The outside tube of the evacuated collector is
enclosed within an insulated water jacket. The tem-
perature of the water jacket is controlied from 0°C to
100°C using a Tampson TC10 circulating water bath
and the temperature stability is better than 20 mK
over 10 min. Thermistors monitor the water tem-
perature at the inlet and outlet of the water jacket. A
high flow pump (10 | min™') ensures that the tem-
perature difference along the jacket is less than 0.5°C
for a heat loss of 70 W.

A water circulating insert was constructed for the
temperature control of the inner tube. The insert con-
sists of three sections. A long central section is the
region over which heat loss measurements are made.
Water is forced through a tee junction at the base of
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F1G. 3. Experimental arrangement for the measurement of
heat losses and accommodation coefficients in an evacuated
collector tube.
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this section and drains through a single outlet at the
top. The temperatures of the inlet and outlet are mea-
sured with thermistors. Copper wire is wound around
the entire length of the central section to prevent the
formation of a laminar flow layer which would give
rise to a radial temperature gradient. Immediately
following the inlet thermistor a 68 Q2 resistor is inserted
into the water flow. By applying a known power to
the resistor and measuring the change in temperature
between the inlet and outlet thermistors, the heat flux
of the system can be calibrated using

O = mC,[dT—-dT(0.0)] (2)
where O is the power/heat lost (or gained) by the
system, d 7 is the temperature change between the inlet
and outlets, d7°(0, 0) is the value of d7 when Q is zero,
m is the mass flow rate of water and C, is the heat
capacity of the water. Values of #C calculated this
way agree with the less accurate method of calculating
m and C,, separately. Power to the resistor is supplied
by a BWD 272A stabilized power supply and a four-
wire measurement is made of the voltage and current.
The resistor and its wires are covered with a thin layer
of epoxy resin to prevent hydrolysis of the water when
a voltage is applicd. The important point about using
equation (2) to determine heat loss is that the method
is a difference technique. Temperature fluctuations in
the control bath, heat losses in the pipes and radiative
losses from the tube inner are all factored out when
the ‘zero’ value of dT (i.e. d7°(0,0)) is found prior to
the admission of gas into the collector tubc.

At either end of the insert are two shorter sections
which serve as heat loss guards for the central sec-
tion. Water is circulated in series first to the central
measuring section, then to the top guard and then to
the bottom guard. In this way the heat loss from the
central section is almost entirely radial. It is estimated
that end losses represent less than 0.5% of the mea-
sured heat loss. Another important function of the
guards is to ensure that the surface under study is
uniform over the entire central (measurement) section
since the production process gives rise to different
surfaces at the ends of the collector tube.

The temperature of the insert is controlled to better
than 0.003 K by a Julabo EO6 circulating bath and
all the water lincs are thermally insulated. The water
lines running down the inside of the insert are separ-
ated from each other and the walls by teflon spacers.
This ensures that negligible heat transfer can occur
between the water lines. The temperature of the inner
tube is isothermal to within 2.0°C when the power
loss is 70 W (this is a worst case condition). Obviously
the tube can be made morc nearly isothermal by
increasing the water flow rate but this will decrease
the resolution in the measurement of d7. Two flow
rates are available in this experiment (0.0111s ' or
0.006 1 s~ "), with the high flow rate being used when
the heat loss increases above ~15 W.

The thermistors used are nominally 2 kQ at 25°C
and are encapsulated in glass. They are protected by
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mounting in a stainless steel tube. The thermistor
resistance is measured with an HP 3455A digital volt-
meter using the four-wire technique. The resolution is
0.001 Q for resistances less than 1 kQ and 0.01 Q for
resistances greater than 1 kQ. Each thermistor was
calibrated against a platinum resistance thermometer,
which in turn had been calibrated from 0°C to 100°C
with an accuracy of 0.02°C. By checking at various
temperatures it is estimated that the accuracy of the
temperature as measured by the thermistors is
+0.04°C over the range 10-90°C.

Three gases were used, namely helium (99.99%
purity), benzene (99.7% purity) and n-hexane (99.5%
purity). All gases were dried by passing through type
3A molecular sieves. Dissolved gases in the benzene
and hexane were removed by the freeze-thaw method
[9].

Three large (1.8 m long) collector tubes were used
in the experimental study. Two of the collector tubes
contained an inner tube coated with selective surface.
The radial distance between the inner and outer cyl-
inders was slightly different for each (2.65 mm and 2.1
mm). The third collector tube contained an uncoated
pyrex glass inner tube. The results from this collector
tube were used solely to find the accommodation
coefficient for the various gases on pyrex glass. All of
the collector tubes were carefully constructed to be as
concentric as possible. In a typical experiment the
entire collector tube is baked at 250°C for 1 h to
remove adsorbed gas. The oven is then removed and
the water jacket and insert put in place. The values of
mC and d7(0,0) are then found. Various quantities
of gas may then be admitted into the system and dT
measured at a given pressure. After the admission of
a dose of gas the system will thermally equilibrate
within 4 min.

The conduction heat loss through the gas is pre-
sented as the power which flows per unit area of the
inner cylinder (units W m " %). Also, since the heat loss
is proportional to the temperature difference between
the inner and outer walls of the collector tube (AT),
the data is often normalized by dividing by A7 (units
Wm K1), All the data are corrected for end losses
and temperature drops across the glass walls of the
collector tube. Both corrections are small. The effec-
tive temperature of the gas (7) is taken as being
(T,+ T,)/2, where T, is the temperature of the inner
surface and T, is the temperature of the outer surface.

3. MONTE CARLO METHOD

A quantitative description of heat loss in the tran-
sition region is difficult since the Boltzmann equation
must be solved with the appropriate boundary con-
ditions. Significant progress on the problem has only
been made since about 1960. The theoretical methods
developed since that time, particularly using the
linearized Boltzmann equation, have been successful
in describing the transport properties of stationary
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monatomic gases over the whole range of Knudsen
number.

There are four general means of obtaining theor-
etical heat loss results in the transition region. These
are:

(i) direct numerical solutions of the Boltzmann
equation or approximations of the Boltzmann
equation;

(ii) moment methods [10, 11];

(ili) variational methods [8, 12], in which the line-
arized  Bhatnagar-Gross-Krook  (BGK)
model [13]is used ; and

(iv) Monte Carlo simulations [14].

All of these methods give reasonably good agreement
with experimental results for monatomic gases [6],
with the moment method of Lees and Liu [11] giving
the best solution that can be written in a closed form.
A molecular level description of heat transfer in a
rarefied polyatomic gas would seem to be best
approached using either the variational or Monte
Carlo methods.

In this study, the direct simulation Monte Carlo
method of Bird [14], is used, based on a variable hard
sphere model. The treatment of internal degrees of
freedom is based on the Larsen-Borgnakke model
[15]. The collector tube is cylindrically symmetric so
the simulation is constructed solely in terms of the
radial distance from the axis of the central cylinder.
The radial distance is divided into 80 cells, which in
turn are divided into four sub-cells. The average value
of a quantity at some radial position in the gas is
found by sampling and averaging over the four sub-
cells. A full description of the sampling procedure and
the molecular collision model used is given in refs.
[14] and [15]. Table 1 gives values for the various
parameters used in the simulation. Typically about
2000 molecules are used. The hard sphere collision
diameter is calculated at the stream temperature and
the temperature variation of the diameter is given
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approximately in terms of the viscosity coefficient [10].
The only difference between the present work and the
technique given in refs. [14] and [15] is that molecules
with many internal degrees of freedom must be mod-
elled, and therefore some of the collisions will be
inelastic. Also, the molecular interaction will not gen-
erally be spherically symmetric. Both of these prob-
lems can be overcome to some exient.

The use of a spherically symmetric model for poly-
atomic molecules proves to be satisfactory because
the collision dynamics are determined by a potential
averaged over all molecule orientations. The orien-
tations appear random prior to and during a collision.
Detailed molecular potentials, such as that given for
benzene by Evans and Watts [16, 17}, are therefore
unnecessary in a kinetic description of heat transfer
at this level. It is best to use experimentally determined
model parameters [18].

For a spherically symmetric potential the only
major change brought about by the internal molecular
states is that one of the collision invariants becomes
the total energy rather than just the kinetic energy. In
the Monte Carlo simulation, the molecule-molecule
energy transfer process is described by partitioning
the energy of a molecule into translational, rotational
and vibrational components, which are then allowed
to relax to equilibrium via the molecular collisions.
The number of collisions required for the internal
modes to equilibrate with the translational modes is
given by rotational (Z™") and vibrational (Z**) col-
lision numbers. The collision number has proved to
be a most convenient means of presenting average
molecular collision data and values of rotational and
vibrational collision numbers are tabulated for many
molecules [18-20]. The magnitude of Z*" is strongly
correlated with the frequency of the lowest vibrational
mode. This occurs because vibrational-vibrational
(V-V) energy transfer in the molecule is rapid so that
the vibrational-translational energy transfer is ap-
proximately rate limited by the relaxation of the

Table 1. Parameters used in the Monte Carlo simulations; these represent
the ‘standard’ case and have been chosen to represent the best available
experimental data (the benzene parameters are for a collector tube baked at
300°C and the n-hexane parameters are for a collector tube baked at 500°C)

Parameters Benzene n-Hexane
Inner radius (m) 0.0209 0.02085
Quter radius (m) 0.0236 0.02295
Stream temperature (K) 310 310
Temperature of inner cylinder (K) 340 340
Temperature of outer cylinder (K} 280 280
Accommodation coefficient at inner 0.88 0.87
Accommodation coefficient at outer 0.89 0.914

Mass of molecule (kg) 1.295x 107 1,431x107%°
Hard sphere diameter (m) 7.17x107'° 8.03x10°'°
Viscosity coefficient 1.08 0.90
Rotational degrees of freedom 3 2
Rotational relaxation number 3.5 0.5

v, 138 22.9

8 986 760
Vibrational relaxation number 43 1
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lowest vibrational mode. This is strong justification
for the use of a single value of Z*"* even though there
may be many vibrationally active states.

Rotational relaxation is more difficult to investi-
gate experimentally. Rotational-translational energy
transfer is very rapid, however, and one would expect
that the rotational relaxation number (Z™') is of order
unity. At room temperature all heavy molecules show
a single rotational relaxation time and one can usc the
classical theory of rotational energy exchange [18] to
show that Z' ~ 5 for benzene and Z™ =~ | for n-
hexane at room temperature. Moments of inertia can
be found using spectroscopic data [21].

The amount of energy stored in the translational
modes is 3k T per molecule. The rotational states are
fully excited at the temperature used and the energy
stored per molecule in these states is kT for linear
molecules and 347 for non-linear molecules. The
energy in the vibrational states is

) 0,
£ = AZ;’TFA] 3

which is simply expressing .equation (3) in terms of
vibrational mode. Benzene has 30 vibrational modes
and n-hexane has S5, and the application of equation
(4) to these gases is prohibitively time consuming in
the simulation. Alternatively, since the absolute value
of EY™ is the only quantity of interest, one can write

kV,0

E™ = e i'l','lv'l] 4)
which is simply expressing equation (4) in terms of
only one vibrational mode, of characteristic tem-
perature 0. This seems satisfactory in light of the very
rapid V-V energy transfer process. V, is approxi-
mately equal to the number of excited vibrational
modes. The values of 0 and ¥V, were found by fitting
experimental heat capacity data [22] over the required
temperature range. Using the values of § and V, given
in Table 1 the value of £*" calculated using equation
(4) differs from that calculated using equation (3) by
<1.4% for benzene and <0.6% for n-hexane over
the temperature range from 280 to 340 K.

Collisions between the gas molecules and the
boundaries are modelled using diffuse-specular
accommodation coefficients. No distinction is made
between internal (™) and translational («'"") accom-
modation coefficients because the primary aim of the
simulation is to find the total heat transfer between
the system boundaries.

4. RESULTS AND DISCUSSION

4.1. The continuum region

Figures 4, 5 and 6 summarize the experimental data
obtained for benzene and n-hexane over the whole
Knudsen range studied (10 * < Kn < 10). Figure 4
demonstrates that the experimental data scales with
AT. As expected, the heat flux is essentially constant
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FiG. 4. A comparison of results for the conduction heat loss
through benzene over the whole Knudsen range studied. The
collector tube (4; = 0.199 m?, radial gap 2.65 mm) has been
baked at 300°C. The heat loss is normalized by dividing by
AAT. (a) Normalized heat flux as a function of the inverse
Knudsen number. (b) The percentage deviation of the exper-
imental and Monte Carlo results from the results given by

1Q = 1/Qw+ 1/Q..

in the continuum region (Kn < 10~ %). The conduction
heat loss in the continuum region (Q.) can be written
as [23]

Q. = GIAT (5)

where G is a term relating to the system geometry and
/ is the thermal conductivity of the gas. Expressions
for G which are useful in this work arc:

G = 2nl/In (#,/r) (6)
for heat loss between two concentric cylinders, and
G = A/Ax (7)

for heat loss between two plane parallel plates. In
these expressions, / is the length of the cylinders, r,
the radius of the outer cylinder, r; the radius of the
inner cylinder, 4 the area of the plates, and Ax the
plate separation. Using equations (5) and (6) one
can calculate, using published values of 4 [22], that
G = 8047 m for the 2.65 mm gap collector tube and
G =99+18 m for the 2.1 mm gap collector tube.
These values compare favourably with the exper-
imentally determined values of G =77+5 m and
G = 974 6 m respectively. The large errors in the cal-
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F1G. 5. A comparison of results for the conduction heat loss
through n-hexane over the whole Knudsen range studied.
The collector tube (4; = 0.198 m?, radial gap 2.1 mm) was
baked at 500°C. The heat loss is normalized by dividing by
A;AT. (a) Normalized heat flux as a function of the inverse
Knudsen number, (b) The percentage deviation of the exper-
imental and Monte Carlo results from the results given by

1/Q = 1/Qm+1/Q.

culated value of G result from the difficulty in obtain-
ing accurate values of r; and r,. Moreover, it is unlikely
that the cylinders of the collector tube are precisely
concentric. The experimental value of G is therefore

Heat loss per unit area
per unit temperature

>

f

—#— n-hexane, 2.1mm gap
—o— Henzene, 2.1mm gap

—&— Benzene, 2.65mm gap

0 T T T T T
-1 0 1 2 3 4 L

tog{1/Kn)

F1G. 6. Variations in the normalized conductive heat loss

arising from changes in collector tube geometry and from

the use of different gases. The gap refers to the radial distance

between the inner and outer cylinders of the collector tube.

The points represent experimental data and the lines are the
results obtained from 1/Q = 1/Q+ 1/0..
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considered a more accurate measure of the effects of
system geometry in the continuum region, and it is this
value of G which will be used in all further discussions
concerning the experimental data.

4.2. Free molecule heat loss and accommodation
coefficients

For systems which can be described using only one
geometric variable, the free molecule heat conduction
(Qrn) can be written [6] :

£ -1
oo a[ L (Y(L )] R g
&\ \% J(@rMRT)

(8)
where o; and o, are the energy accommodation
coefficients at the inner and outer surfaces respec-
tively, R is the gas constant, M is the molar weight,
C,- the molar heat capacity at constant volume, and
b is a constant equal to 0 for parallel plates, 1 for
concentric cylinders and 2 for concentric spheres. The
terms P and T relate to equilibrium properties of the
gas.

The energy accommodation coefficient is defined as
[24)

Ein - Er

B Ein - Ew

©

where E,, is the energy flux of molecules incident on
the surface, E, the reflected energy flux and E,, the
energy flux of the reflected molecules if the molecules
were in thermal equilibrium with the wall. For poly-
atomic molecules the interpretation of o is com-
plicated by the fact that the internal states of the
gas molecule may accommodate with the surface to
different degrees. Translational, rotational and vibra-
tional accommodation coefficients can be defined
in an analogous manner to equation (9). As one
would expect the rotational states take longer to
equilibrate thermally than the translational states and
the vibrational states take still longer. One therefore
expects that ¢"™" > o™ > o' and this has been veri-
fied experimentally [25]. All values of « tend to unity
as the residence time for the molecule on the surface
becomes longer (that is, the temperature decreases or
the gas-surface potential becomes stronger).

The low pressure method [24] is the basis of
measurements of o used in this study. Experimentally
it was verified that the measured free molecule heat
flux (Qp,) varies linearly with AT and the pressure.
The slope of the O, vs P plots was found by a least
squares method and hence the mean accommodation
coeflicient &, defined as

0,0
% +ai(] _mo)Ai/Ao ’

could be found using equation (8). By finding & for
the all-glass collector tube, in which «; = «,, the ac-
commodation coefficient for the gas on the selective
surface can be found by substituting the glass accom-
modation coefficient for a,. Values of the exper-
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imentally determined accommodation coefficients are
given in Table 2. Note that the specular—diffuse
boundary condition is used in the Monte Carlo simu-
lations rather than the energy accommodation
coefficient. Loyalka and Thomas [26] have shown that
either definition of o will give results within 3% for
the heat transfer between parallel plates over the
whole range of Knudsen number.

Benzene and n-hexane are strongly adsorbed onto
both the selective surface and the pyrex [9]. One would
expect that «™ = ™" because the molecules are cer-
tainly resident on the surface long enough for the
vibrational states to equilibrate. The fact that o < 1
suggests that « is determined by the ability of the
surface to trap the incoming molecule (™" < 1)
rather than o™ « o'™",

At room temperature the interaction potential
between a helium gas molecule and a surface is so
weak that the average gas molecule has little time to
equilibrate with the surface and the energy exchange
is similar to an elastic collision between two masses.
The decrease in « for helium on pyrex after baking is
presumably due to the loss of hydroxyl groups from
the glass surface. The atomic bonding of Si—O-Si
structures is stronger than that of Si-OH type struc-
tures, so that the effective mass of the dehydroxylated
surface appears to increase and o to decrease. There
is no apparent change in a for helium on baking the
selective surface. It would seem that even though sig-
nificant quantities of hydrogen, carbon monoxide and
hydrocarbons are evolved from the film during a
bakeout [27] and the top layer of the film becomes
partially graphitic, the actual surface of the film has
not changed significantly as far as o is concerned.
Presumably the helium molecules are still colliding
with carbon atoms and the effective mass of these
atoms has not changed. This also appears to be the
case for benzene on the selective surface.

4.3. The transition region—results
The experimental results for the heat loss (Q) over
the transition region can be fitted by the equation [6] :

Lot (10)
Q_ Qfm Qc

Table 2. Experimental values of the accommodation co-
efficient of helium, benzene and n-hexane on the surfaces of
a collector tube

2 (selective o

Bakeout temperature
] surface) (pyrex)

and test gas a

Helium : 300°C bake 0.2440.015 0.374+0.05 0.3840.03
500°C bake 0.224+0.01 0.4240.06 0.29+0.02

Benzene: 300°C bake 0.80+0.03 0.88+0.06 0.89+40.04
500°C bake 0.86+0.06 0.87+0.07 0.99+0.04

Hexane: 500°C bake 0.81+0.03 e —
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Monte Carlo results
--- Ratio of radii 0.885,
accommodation coefficients
equal unity

Heat loss per unit area
per unit temperature

01 T T T

log(1/Kn)

F1G. 7. The variation in the radial conduction heat loss with
radius ratio r;/r,. The results are for the transport of heat
through benzene in a concentric cylindrical geometry with
o; = 0.88 and a, = 0.89 unless otherwise noted. The mean
temperature is 310 K. The lines represent data calculated
from 1/Q = 1/Q¢+ 1/Q. and the points are Monte Carlo
results. The value of r;/r, is shown for each curve.

where the free molecule heat loss Qy, is given by
equation (8) and the continuum heat loss Q, is given
by equation (5). This expression is entirely empirical
over the transition region. It has been found that for
a monatomic gas, equation (10) is identical to that
given by the moment method of Lees and Liu [11]
for one-dimensional heat transfer problems. The
percentage derivation of the experimental data
from equation (10) is defined as 100 x (Qeperimental _
Qo) @™, Figures 4(b) and 5(b) show that the
theory and experiment deviate at most by about
7% over the whole Knudsen range. One can dis-
cern a slight trend in the transition region, in that
Qexperimenlal > chcory.

Figures 6, 7 and 8 show that equation (10) fits
equally well for two quite different gases (benzene and
n-hexane) and for two different sized collector tubes.

350

330

310

\

mean gas
temperature

290

Translational temperature (K)

270 T T T T T T
-0.2 -0.0 0.2 0.4 0.6 0.8 1.0 1.2

Normalized radial distance

Fic. 8. Monte Carlo results for the transitional gas tem-

perature profile in benzene between the inner and outer sur-

faces of a concentric cylindrical system (r; = 20.9 mm, r, =

23.6 mm). The radial distance is normalized such that the
distance between the cylinders is unity.
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Thus it appears that equation (10), which has proved
useful in the study of monatomic gases, can be directly
applied to the case of large polyatomic molecules.

The Monte Carlo results are also plotted in Figs. 4,
S and 6. These results are satisfactory for 1/Kn < 10,
which suggests that the molecular model adopted is
not unreasonable. For 1/Kn > 10, the heat loss as
predicted by the Monte Carlo method becomes pro-
gressively too large, which is probably due to the
inherent difficulty of the Monte Carlo method in
obtaining reliable data for high 1/Kn. The Monte
Carlo method provides the best quantitative means of
understanding aspects of the heat loss problem that
are difficult to investigate experimentally or theor-
etically. Results may be found for arbitrary system
geometries or for non-linear problems, where AT is
large. The temperature and density can also be found
at any position in the gas. Two examples will now be
given.

Figure 7 shows the variation in the heat flux
between two concentric cylinders as the ratio of their
radii (r,/r,) changes. The characteristic length used in
calculating Kn is defined as r;In(r,/r;). This seems
appropriate for cylindrical geometries [11]. The effect
of narrowing the gap between the cylinders is to
cxtend the pressure region over which free molecule
conditions prevail, which is a useful feature for the
temperature limited collector tube. The solid lines in
Fig. 7 represent results calculated from equation (10).
The fit to the data is worst for the small radius ratio
(0.212) but becomes progressively better as r/r,
increases. Again, it is believed that this occurs because
the statistical errors for the Monte Carlo results are
not sufficiently small. In this regard it should be noted
that the heat flux becomes smaller as r, decreases.

Figure 8 shows some typical Monte Carlo results
for the temperature profile between the inner and
outer surfaces of a concentric cylindrical system. The
temperature jump near the walls has been drawn as a
solid line. In the cylindrical cases considered here, the
curvature of the system causes the gas to be colder
near the outer wall simply because these regions receive
a proportionally higher flux of cold molecules. There
is no significant difference between the translational
and internal temperature profiles. Significant differ-
ences would only occur if o™ « o™ or if Z™ — oo
(that is, the internal modes are ‘frozen’).

4.4. The transition region—discussion

Previous experimental investigations of the con-
duction heat loss in a polyatomic gas over the tran-
sition region are limited to only two studies of conse-
quence. Teagan and Springer [7] measured the heat
loss and density profile between two parallel plates
for nitrogen. These data are fairly sparse and there is
some doubt about the accuracy of the accommodation
coefficient. Semyonov et al. [28] measured the heat
transfer through nitrogen, air and carbon dioxide in
a concentric cylinder geometry. The central cylinder
was a fine wire. Semyonov er al. also fitted all their
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experimental data to within ~8% using Lees and
Liu’s moment result [11], with a similar exerimental
scatter in Q/Q;,, for both monatomic and polyatomic
molecules.

Variational techniques have proved to be the most
fruitful means of obtaining theoretical results for the
transport properties of polyatomic gases over the
transition region. Reasonable agreement (differences
of <10% in Q/Qy,,) has been obtained between theor-
etical expressions which have been solved numerically
and the above mentioned experimental data [29, 30].
In contrast, Cipolla [31] has obtained a closed form
solution for the heat transfer through a polyatomic
gas between parallel plates, valid at all degrees of
rarefaction. This theory was tested against the exper-
imental data and found to be entirely unsatisfactory.
The reason for this failure is not clear since the molec-
ular model [29] and the variational technique used {8]
have previously been found to give good numerical
results [30].

In summary, previous experimental results have
been restricted to simple polyatomic gases with two
rotational states being excited. In this study, benzene
and n-hexane are used as the test gases at room tem-
perature. There is little doubt that the internal modes
of such complex molecules play an important role in
the heat transfer problem. However, a strong com-
parison between theoretical and experimental results
is difficult because the small system curvature [6] and
the fact that o™ ~ ™" render Q/Q;, insensitive 1o
the various parameters of the problem. This is not a
serious shortcoming because the primary goal of this
work is to calculate the heat flux at a given Knudsen
number. However, it is perhaps not surprising that
even a crude estimation of Q, as given by equation
(10), gives a reasonable result for the present system.
It is important to note that AT is small (AT < 80°C),
so that non-equilibrium effects are not large. This,
and the fact that o™ = o'™", suggests that under such
conditions simple expressions derived for monatomic
gases (such as equation (10)) can also be applied to
polyatomic gases. A stronger test for any theoretical
description is to predict the correct temperature or
density profile between the system boundaries. The
Monte Carlo method offers an easy means of obtain-
ing such data, even for large values of AT.

5. CONCLUSIONS

Accurate data have been obtained for the con-
duction heat transfer through benzene and n-hexane
over the whole transition region. A concentric cyl-
indrical geometry is used. The results were fitted to
within 7% by equation (10) (1/Q = 1/Q,+1/0Q.).
This formula is identical to the moment method solu-
tion of Lees and Liu [11] for monatomic gases. The
validity of equation (10) probably stems from the
simple geometry of the problem and the fact that the
system is not too far from equilibrium.

A Monte Carlo simulation of the system was under-
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taken, with the energy exchange between large poly-
atomic molecules being described using a simple
model. The results are satisfactory for both benzene
and n-hexane. The simulation was used to study the
effect of the Knudsen number and the radius ratio
r,/r, on the heat loss and the temperaturc profile of
evacuated tubes containing desorbable gas. Such data
are difficult to obtain experimentally.

The accommodation coefficients (%) for helium,
benzene and n-hexane were found for the selective
surface and pyrex glass. Annealing the surfaces at
500°C did not change o for the selective surface but
o changed markedly for the pyrex surface. This is
interpreted as being due to the removal of hydroxyl
groups from the pyrex surface.

The results show the considerable variation in heat
flux at all degrees of rarefaction due to changes in
gas type and the collector tube geometry. This is of
considerable practical importance and demonstrates
that:

(i) close tolerances must be maintained on the
tube geometry in order that the temperature
limitation of the collector tube is reproducible :
the heat flux in a temperature limited collector
tube is more strongly dependent on tem-
perature if the conducting gas has a higher
continuum thermal conductivity and if the gap
between the inner and outer cylinders is
smaller ; and

the effects of variations of the accommodation
coefficient caused by annealing are negligible
compared with (i) and (it).

(ii)

(iii)
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