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Abstract

Equipment designed for manufacturing or testing of materials at elevated temperatures is
often open to and at the pressure of the surrounding ambient. Since, it is an open system,
with an increase in temperature the gas phase is expected to expand. This causes
reduction in the density of the gas phase within the components or samples contained
within the equipment. This reduction in density is linearly proportional to an increase in
the temperature. As a consequence, because of its direct dependence on gas density, the
rate of gaseous heat flow in the free-molecular regime within these components or
samples should exhibit a corresponding decrease with increasing temperature as well.
An analysis of this effect conducted by incorporating the effect of temperature on density
at constant pressure in the original Knudsen-Kennard formulation, showed that the rate
of gaseous heat transfer in the free-molecular regime in an open system at constant
pressure is expected to exhibit a reciprocal square root dependence on temperature in
contrast to the square root dependence of a sealed system in which the gas density is
independent of temperature.

1. INTRODUCTION

Many engineering designs in the electronic, nuclear, power generation, manufacturing and other
industries, involve the flow of heat across areas of contact between components. Such heat transfer can
occur by the combined contributions of direct physical contact, radiation and gaseous conduction. The
mechanism of gaseous heat transfer is a function of the Knudsen number (Kn),

Kn=2d &)

Where A is the mean-free-path of the gaseous species and d is the width of the gap across which the
heat is conducted. When Kn < 1, referred to as the “continuum regime”, the rate of heat flow is
proportional to the thermal conductivity of the gas, inversely proportional to d and independent of the
density of the gas. As Kn increases, the heat flow passes through the “temperature-jump” and
“transition” regimes. When Kn > 1, the rate of heat flow is independent of d and directly proportional
to the gas density. This regime is referred to as the “free-molecular regime” and is typically observed
in micro- and nano- scale components in which the width of the gap is much smaller than the mean free
path. This regime is the focus of this communication.

The generally accepted equation for the heat flux, H_ per unit area and unit time in the
free-molecular regime within the gap between parallel surfaces, as originally derived by Knudsen [1],
and as presented by Kennard [2] is:
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where a is the thermal accommodation coefficient (for simplicity assumed to be equal for both
surfaces), p, T and C, are the gas density, mean temperature and molar specific heat at constant
volume, respectively. R is the gas constant and (7, - T)) is the temperature difference between the two
surfaces. The use of the subscript, s, will become clear shortly.

Eqn (2) indicates that H_ is proportional to T!?. This is the direct result of the velocity of the gas
atoms or molecules being proportional to 7/ [2]. The absence of any other temperature dependent term
in eqn (2) indicates that in its derivation, the gas density was implicitly assumed to be independent of
temperature. For that very reason, H_ as described by eqn (2) is strictly valid for a gas at constant
volume (i.e., “sealed off” from the surrounding ambient), a boundary condition not explicitly stated in
the original derivation.

The equipment for the manufacture of materials and measurement of their properties at room and at
elevated temperatures generally contains a centrally located temperature-controlled “hot zone”, which
contains the samples to be manufactured or measured. This hot zone is thermally insulated by a porous
refractory solid, fiber blanket or powder. Usually in the manufacture of materials or the measurement
of their properties (especially in air) such as thermal conductivity by the guarded hot plate, “hot wire”
and “heated probe” methods [3-5], the hot zone and thermal insulation are not sealed off from the
surrounding ambient.

This leads to the inevitable conclusion that at steady-state the gas pressure in the hot zone and in
all other components, regardless of their temperature, will be spatially uniform and equal to that of the
surrounding ambient. As the result of thermal expansion the gas phase within the hot zone and samples
will expand with increasing temperature. In order to maintain constant pressure in an unsealed, open
system this increase in volume will be exuded to the surrounding ambient. In turn, this leads to a
corresponding decrease in the gas density, (i. e., an effective evacuation) directly proportional to the
increase in temperature. For a linear dependence between gas volume and temperature, the gas
density, p at temperature, T can be expressed p=p_ (T, . /T), where p,, and T, , are the density
and temperature of the surrounding ambient, respectively. For values of T'and T, equal to 600 K and
300 K, respectively, the gas density at 600 K is one half of the value at 300 K. At T of 1800 K, a value
not uncommon in manufacturing practice, the gas density is reduced to one sixth of its value at 300 K.
In contrast, near the temperature of liquid nitrogen of 77 K the gas density will be about four times
higher than its value at 300 K.

Because of the small dimensions of the spaces between the particles, gaseous heat flow in nano-
sized powders is expected to occur primarily in the free-molecular regime. As the direct result of its
dependence on gas density the rate of gaseous heat flow in such powders in an open system at constant
ambient pressure should exhibit a corresponding decrease with temperature. The original study of
Knudsen [1] and the texts of Kennard [2], Loeb [6], Jeans [7] and Kaganer [8] appear to have focused
on sealed systems only, apparently without having recognized that in practice many systems are
unsealed and operate at ambient pressure. Experimental [9-20] and modeling studies [21-31] of the
effective thermal conductivity of powders or packed beds focused on gaseous heat transfer in the
continuum regime not affected by the gas density and therefore applicable to both sealed and open
systems.

The purpose of this communication is to present an analysis of this effect with primary emphasis
on its temperature dependence, which on dimensional grounds is independent of geometry. Hence,
the complexity of the geometry of the open spaces in powder or fibrous insulating materials is
avoided. This allowed us to adapt the original analyses of Knudsen and Kennard based on a parallel
plate model with sealed ends to the same model but with ends open to the ambient atmosphere as
shown in Figure 1. The length of the gap is assumed to be much greater than the width of the gap so
that at thermal equilibrium end-effects, if any, can be regarded as negligible.
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Figure 1. Schematic representation of the systems considered for the analysis of heat flow in the
free-molecular regime across a gap between two parallel plates. (a) Sealed gap (b) Open
(“unsealed”) gap

2. ANALYSIS

In the derivation of the rate of gaseous heat transfer, H, in the free-molecular regime eqn (2), the
pressure of the gas between the plates was taken as P_ .. the pressure of the surrounding ambient
atmosphere. As presented by Kennard [32], the gas density, p, can be expressed in terms of P and
the temperature T, by eqn (3).

pP= Pamb/RT (3)
C, in eqn (2) can be replaced with molar specific heat at constant pressure, Cp, by;
C, = Cp - R 4

Substitution of eqn (3) and eqn (4) into eqn (2) yields;
1 /2 1
a
H=P |— | —— C ——R(T,-T
0 mtb[z_aI2n_RT] [ P 2 J( 2 1) (5)

3. DISCUSSION AND CONCLUSIONS

Comparison of eqns (2) and (5) shows that in an open system the rate of heat flow exhibits a negative
T-'”? temperature dependence, in contrast to the positive T/? for a sealed system. This difference is
the direct result of the 7-/ dependence of gas density on temperature for the open system. Note that
eqns (2) and (5) are continuous at =T, and therefore should be applicable to both elevated and
sub-ambient temperatures. Due to the decrease in gas density at T>T .. H > H , whereas due to the
increase in gas density at T< T, .. H <H . The expected temperature dependence for both H_ and H
is shown schematically in Figure 2.

Log H

Tamb
Log T

Figure 2. Schematic representation of the effect of temperature on the free-molecular heat
transfer in a sealed and an open system
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For the purpose of illustration let us consider two numerical examples. For T = 600 K and
T,,.,= 300 K, considered earlier, Eq. (2) yields H_at 600 K to be higher by a factor ~1.4 than at
300 K. In contrast H_  at 600 K is ~0.71 of the value at 300 K, with the overall result of
H,/H =~0.5.AtT="77K, H=~0.5 of the value at 300 K, whereas H  is approximately twice the
value at 300 K, yielding H / H = ~4. These differences between heat fluxes for sealed and open system
at both these temperatures are very significant.

Since most of the studies do not specifically target towards gathering the data for both; an open and
a closed system, the predicted behavior shown in Figure 2 does not seem to have appeared in the
literature. Obtaining such a data may well be regarded as a significant contribution to the heat transfer
literature mainly due to its practical significance.

The above results lead us to conclude that estimates or interpretations of experimental data for
gaseous heat fluxes in systems open to the surrounding atmosphere, based on eqn (2), strictly valid for
a sealed system, could be in considerable error. This will be particularly so for temperatures which
differ significantly from ambient. The results of this study indicate that in engineering practices and in
fundamental studies of gaseous heat transfer it is imperative to explicitly define whether the system is
sealed off or open to the ambient atmosphere.

The effect that has been identified in this work may have significant implications in the engineering
design, specifically the “thermal management,” of any system which operates at elevated temperatures.
As an example, solid-state electronic components subject to a given heat flux should be sealed in order
to keep a peak temperature to a minimum. However, systems which require optimum thermal insulation
should be open as much as possible in order to minimize the energy consumption.
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