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On measuring the contributions of various
components to heat transfer in air

E.Yu. Shamparov!” and I.N. Zhagrina?

The Kosygin State University of Russia, Moscow, Russia

Abstract. In the horizontal non-convective configuration, the thermal
conductivity of an air volume bounded by polystyrene sidewalls and
isothermal parallel surfaces of the heater and cooler was measured at
thermal energy emissivities close to 0 or 1. In the vertical configuration,
the maximum natural convection-induced increase in thermal conductivity
of the same volume was measured, depending on the gap thickness
between the heater and cooler. The relationships between radiative,
conductive, and convective contributions to heat transfer were determined.
The conditions for the onset of natural convection were investigated.

1 Introduction

Among the naturally occurring media around us, air is the most complex in terms of heat
transfer properties. This complexity arises from the fact that air involves several distinct
mechanisms that simultaneously play a significant role in heat transfer, and these
mechanisms are interrelated. Consequently, heat transfer in air is referred to as “"complex"
[1].

Understanding the heat transfer properties of air is fundamental for developing
insulation materials filled with it. In modern insulating materials, the volume occupied by
air can reach 99% [2, 3]. Yet, in most cases, the developers of such materials are unfamiliar
with the properties of air itself. Typically, the design of lightweight insulating materials is
handled by specialists in "light industry materials science™ or "construction materials
science." However, their education lacks the fundamental depth required to work with
"complex" heat transfer [4-6].

In this work, we demonstrate the diversity of air’s heat transfer properties. We describe
the apparatus and measurement techniques for characterizing these properties. We perform
direct measurements of thermal resistance and optimize the structure, shape, and size of air-
filled cells in the material. We present an alternative approach that can be effectively used
in the development of "smart" ultralight insulating materials with a multiple-fold
improvement in weight-per-unit-area to thermal resistance ratio.

Currently, the insulation market is overwhelmingly dominated by a "technological"
approach. The foundation of this market for lightweight industrial and construction
materials consists of foamed plastics or organic and mineral wools, produced in uniformly
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thick sheets. Structural engineering using these materials as semi-finished products has yet
to emerge as a new development direction. Metallization [7] and other types of reflective
coatings [8] are rarely used. An exception is foamed polyethylene, which is sometimes
produced in combination with aluminum foil or metalized polyester film.

Among mass-produced lightweight insulating materials, expanded polystyrene (EPS)
(density ~30 kg/ms, effective thermal conductivity [9] ~0.033 W/(m-K)) offers the best
weight-per-unit-area to thermal resistance ratio. An additional advantage of EPS (foam) is
its considerable mechanical strength. It is practically the only lightweight insulating
material that can support its own weight and serve as a base for complex mechanical
structures—a feature successfully utilized in packaging production. The technologies and
equipment for shaping foam products into desired forms are readily available.

In this work, we demonstrate what the dimensions of air-filled cells in such an
insulating structure should be—and why.

2 Problem statement

The ambient air atmosphere around us contains several heat transfer mechanisms
simultaneously. We list them in order of their contribution magnitude:

Thermal radiation plays the dominant role in heat transfer within the atmosphere. Radia-
tive heat transfer [10-12] is characterized by the medium's radiant thermal conductivity
coefficient Ar, which is directly proportional to its thermal radiation penetration depth a [1].

A, =160T%a/3, @)

where o is the Stefan-Boltzmann constant and T is the absolute temperature of the me-

dium. In air, the average thermal radiation penetration depth is approximately 3 kilometers
[1].

In enclosed spaces, heat transfer via radiation is obstructed by walls. The radiation does
not have sufficient place to interact with the air and instead transfers heat directly from hot
walls to cold ones. Near an opaque wall, a temperature jump AT forms, equal to the differ-
ence between the wall temperature and the radiation temperature inside the enclosure, and
proportional to the radiative heat flux density J;:

J,=Z, AT =ATIR,. @

The wall is characterized by its thermal conductance Z, (or its inversely proportional
thermal resistance Ry), which amounts to [1]

2,="30T 3<—8 > ©)
3 2-¢

where ¢ is the thermal emissivity of the wall. According to Kirchhoff's law, the thermal
emissivity equals the absorptivity. For a wall whose emissivity depends on the radiation
frequency o,

y=<zis>=U:2i8f’dcoj/(4oT3), (@

where f is the spectral power density of blackbody radiation (the Planck function).
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In simple cases: for a perfectly reflecting (mirrored) wall € ~ 0 and y ~ 0, for a black
wall - € = 1 and y = 1, for a transparent and diffusely scattering partition - € = 1/2 and y =
1/3.

The second most significant heat transfer mechanism is forced convection (wind). Es-
sentially, this is a manifestation of natural convection (see point 4) but not on the scale of
enclosed volumes (rooms), rather on the scale of the entire atmosphere. Within the scope of
the problem addressed in this work, this mechanism is irrelevant. Heat transfer to air pass-
ing through the space can be prevented using airtight partitions.

The third mechanism is heat transfer through evaporation and condensation of moisture.
In our problem, it also plays no role.

The fourth mechanism is natural convection [13, 14], which arises by itself even in
hermetically sealed volumes. Heat transfer occurs due to the movement of the medium
(air). Near a hot wall, air heats up and absorbs heat, while near a cold wall it releases it. Hot
air has lower density and therefore rises under the action of Archimedean force. Cold air,
conversely, descends. Air movement is hindered by viscosity, which slows it down near
stationary walls.

Natural convection is the most difficult heat transfer mechanism to describe. An analyt-
ical solution to the problem does not yet exist, even for the simple geometry we are using.
And numerical solutions using ready-made programs work under the approximation when
the thickness of the near-surface layer [13, 15, 16] is much smaller than the object's dimen-
sions, meaning at high convection. We investigate and attempt to minimize the contribution
of natural convection to heat transfer at maximum air cell sizes in the material. Therefore,
direct experimental measurements are one of the most promising ways to obtain reliable
information about the contribution ratios of different mechanisms to overall heat transfer in
air.

According to Newton's law of viscosity, the flow velocity of the medium immediately
adjacent to walls equals zero. Therefore, heat is transferred from walls to the medium only
through conduction [13] (see point 5). In reality, natural convection never occurs by itself;
instead, convective-conductive heat transfer is realized.

And only the fifth most significant heat transfer mechanism in air is conduction. It is
proper to call conduction (not thermal conductivity) [1, 17-19] the heat transfer caused by
diffusion of molecular Kinetic energy transmitted through mutual collisions. For this heat
transfer mechanism, Fourier's equation is valid. Here, the conductive heat flux density:

J.=dW, /ds (6)
is proportional to the temperature gradient of the medium

J. =-AVT, 7
where W, is the conductive heat flux, s is the area it acts upon, and A is the coefficient
of conductive thermal conductivity of the medium.

In solid and liquid media, conduction is typically the dominant heat transfer mechanism.
The coefficient of conductive thermal conductivity of air (equal to 0.025 W/(m-K) [1] un-
der normal conditions) is orders of magnitude smaller than that of any solid or liquid sub-
stances. In lightweight insulating materials, radiative-conductive heat transfer is observed
[17-19]. However, it is not conduction that determines the heat transfer properties of air.
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For instance, in radiative heat transfer within a medium, the same form of law (7) holds true
as in conductive transfer [1]. Moreover, the coefficient of radiant thermal conductivity of
air Ar is a million times greater [1] than the coefficient of conductive thermal conductivity
Ae.

The experiments were conducted using our specially developed “Apparatus for Non-
Convective Measurements of Thermal Permeability of Materials” [20]. The configuration
of the apparatus components in the “non-convective” mode is shown in Figure 1a.

A cooler (2) is horizontally positioned on the base platform (1). A foam cap (3) is placed
over the platform, beneath which the heater (4) is fixed. Inside the cap, there is a thermal
shield made of thick (0.5 mm) copper foil. The test sample is placed in the working zone of
the apparatus between the heater and the cooler.

Both the cooler and heater have the same square shape with a side length of 85 mm (ar-
ea s. = 7.23 x 1073 m?). The working surfaces of the cooler and heater consist of monocrys-
talline silicon plates (0.4 mm thick).

In the cooler, the silicon is bonded to a ceramic plate (aluminum oxide), which is, in
turn, attached to a water-cooled copper radiator.

The heater is a double-sided copper-clad fiberglass board, with circuit traces on the
lower side and uniformly distributed chip resistors soldered across the surface. The distrib-
uted heater has an electrical resistance r, = 20.0 Q.

The board is encapsulated in epoxy adhesive filled with quartz powder, ensuring no
voids, and the silicon is securely bonded.

The design ensures:

Uniform temperature distribution across the entire heater (and cooler) surface.

A blackbody-like working surface (with emissivity € = 1).

(@) TS

Fig. 1. Arrangement of components in the measurement setup

During measurements, we fix the gap thickness between the heater and cooler at a
predetermined value. Using an electronic thermostat, we maintain the shield temperature at
a set level (typically 50°C). We increase the power dissipated in the heater and, by
adjusting the applied voltage, achieve a steady state where the heater temperature remains
constant and equals the shield temperature. At this point, the heat flux from the heater to the
shield becomes negligible due to two factors:

First, because of the expanded polystyrene thermal insulation between them.

Second, because their temperature difference approaches zero.
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Therefore, nearly all power Wy, generated in the heater,
W, =U,’/r, ®)

flows through the sample to the cooler. By recording the steady-state values of the
heater voltage Uy, and the temperatures of the heater Th and cooler T, we can determine the
thermal conductance of the sample Zs,

W
Z,=—t
© s (T, -T,) ©)

c
for a given sample thickness d.

3 Results and discussion

In the first series of measurements with horizontal configuration (Fig. 1a), air served as the
sample. In general case, small enclosed air volumes exhibit parallel radiative and
conductive-convective heat transfer mechanisms. However, in this particular configuration,
the hot air is already positioned above the cold air and cannot rise further. Therefore,
convection is explicitly absent.

For parallel radiative and conductive heat transfer, theoretical considerations (3, 7, 9)
predict the thermal conductance should be:

Z, =80T,y /3+2, /d, (10)

where Ty is the average of heater and cooler temperatures (314.9 K). Accordingly,
Figure 2 presents the dependence of measured thermal conductance on inverse thickness
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Fig. 2. Dependence of thermal conductance of the air gap on its inverse thickness
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For large d, the data points fall as expected on the predicted straight line. However, at
small thicknesses we observe a systematic measurement error. We believe this is related to
the position of temperature sensors behind the silicon plates and at the periphery of the
setup's working zone. Despite the uniform distribution of heat sources across the heater
area, edge effects cause temperature differences between the center and periphery of the
heater (cooler). This effect is proportional to the power dissipated in the heater and
inversely proportional to the gap thickness.

Therefore, to eliminate the systematic error, we approximated the data with the best-fit
dependence of the form:

Z, =A+B/d-C/d?

(shown as a parabola in the figure). The obtained parameters of the dependence are A =
4.3 W/(m?K), B = 0.027 W/(m-K), and C = 2x10"° W/K. Note that 8cTo*/3 = 4.72 W/(m?K).
Then y = 4.3/472 = 0.91, and the emissivity of the heater and cooler surfaces (4) € =
2y/(1+y) =~ 0.95, which agrees perfectly with our expectations. Additionally, the conductive
thermal conductivity coefficient of air Ac = B = 0.027 W/(m-K) matches almost exactly the
reference value at our measurement temperature [1].

In the second series of measurements, the working surfaces of the heater and cooler
were covered with new thin (10 um) aluminum foil using drops of sugar syrup. To avoid
contaminating the surface, the foil was handled only with tweezers or through cotton fabric.
The foil is made of very pure aluminum. The oxide layer on it is extremely thin. The
emissivity of such surface is close to zero. The measurement results are presented in Figure
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Fig. 3. Dependence of thermal conductance of the air gap on its inverse thickness when the heater and
cooler are foil-covered

The figure also shows the approximating dependence Zg =~ 0.32 + 0.0355/d —
0.00005/d2. By using the foil, we managed to reduce radiative heat transfer by
approximately 14 times. The remaining noticeable radiative contribution of about 0.32
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W/(m2K) we attribute not to the foil's emissivity, but to radiation from the expanded
polystyrene side walls.

In the third measurement series, we kept the foil but changed the measurement
configuration from horizontal to vertical, as shown in Figure 1b. The results of thermal
conductance Zsg. measurements are presented in Figure 4a. For comparison, the
approximating curve from the second measurement series is also shown there. Figure 4b
shows the addition Zs. — Zs contributed to thermal conductance by convection, plotted
against gap thickness d.
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Fig. 4. Dependence of thermal conductance of the air gap on its inverse thickness when the heater and
cooler are foil-covered in vertical configuration (a), and convective contribution to thermal
conductance (b)

The vertical configuration provides maximum height where heated air rises near the
heater and cold air sinks near the cooler. This is illustrated in Figure 1b. Among all possible
rotation angles of the setup's working zone, this position should yield the maximum
convective contribution.

It is evident that at small gap thicknesses, the convective contribution is negligible.
Viscosity keeps the air stationary. For thicknesses between 10 and 18 mm, the contribution
increases sharply as the air accelerates. Subsequently, the contribution shows a tendency to
saturate. The accelerated near-surface air layer manages to absorb nearly all heat from the
heater or deliver heat to the cooler, while a broad central region with nearly uniform
temperature begins to form [15].

The maximum increase in convective contribution is observed at a gap thickness of 14
mm. Accordingly, 7 mm represents the effective thickness of the near-surface layer. The
entire convective addition (approximately 2 W/(m?K)) from the hot wall to the cold wall
can be transported by air moving with an average velocity of about 20 cm/s. At such low
velocities, the air flow can be considered laminar.

4 Conclusions

Thus, we have demonstrated the capability to measure radiative, conductive, and
convective components of heat transfer in air. The relationships between the contributions
of these components have been determined. For "black-walled" air cells, the radiative heat
transfer component exceeds the conductive component at gap thicknesses as small as 5 mm.
However, using highly reflective shields can reduce the radiative component by a factor of
10 or more. In this case, the radiative component becomes significant only at gap
thicknesses exceeding 50 mm.
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In vertical configurations with gap thicknesses below 10 mm, the convective component
remains small. Beyond this thickness, it begins to increase rapidly. Notably, the thermal
conductance of the air sample shows almost no decrease with increasing gap thickness,
while its effective thermal conductivity increases proportionally with thickness.

It should be emphasized that, considering the role of boundary walls, our experimental
setup effectively models the behavior of air cells in foam structures (insulation panels). The
optimal gap thickness for constructing such ultralight insulating materials falls within the
10-13 mm range. This configuration maximizes the advantages of air - its low thermal
conductivity and negligible weight - while keeping the contributions of radiation and
convection relatively small.

At 10 mm thickness, our air sample with aluminum shields demonstrates an effective
thermal conductivity of 0.035 W/(m-K), comparable to that of expanded polystyrene.
However, a 1 cm layer of foam weighs five times more than two layers of our aluminum
foil. Furthermore, the foil could be replaced with genuine metallized polyester film (3 pm
thick), which weighs six times less still. For practically complete reflection, an aluminum
layer of merely 100 nm thickness suffices [7]. Currently, such thin layers are deposited
through vacuum coating processes, making these films substantially more expensive than
conventional foil.

In conclusion, we have demonstrated the practical value of understanding complex heat
transfer phenomena in air, which enables the design and optimization of smart air-filled
materials with tailored composition and structure.
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