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In this work, a steady-state “hot wire” method is developed to study thermal transport around a microwire in a rare-gas environment. The con-
vection heat transfer coefficient (h) around a 25 µm platinum wire is determined to be from 14Wm%2 K%1 at 7Pa to 629Wm%2 K%1 at atmospheric
pressure. In the free-molecule regime, the Nusselt number is found to be inversely proportional to the Knudsen number, the slope of which is used
to determine the slip length as 7.03 ' 10%4m. In the transition regime, the slip length is found to be 20 times the wire diameter. Under a certain
pressure, h decreases with increasing wire temperature, and this trend is more sensitive at high pressures.
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T
hermal management at the microscale has become a
crucial issue as the dimension of electronics continues
to scale down with enhanced power density.1) Much

attention has been focused on the enhancement of the heat
conduction property of solids,2,3) while ignoring the con-
vective thermal transport process at such a scale. Indeed, for
materials at the micro=nanoscale, the characteristic length
in convection is comparable to the mean free path of gas
molecules. The heat convection between gas molecules and a
hot surface is of equal importance,4) and somehow can be
regarded similarly to the heat conduction performance. It has
been experimentally confirmed that the convection heat
transfer coefficient (h) at the microscale is several orders of
magnitude larger than that of the bulk material.5) To date,
quantitative analyses for comprehensively understanding
heat dissipation involving conduction, convection, and radia-
tion effects at the microscale are still insufficient due to the
lack of thermal characterization technologies. In particular,
for some extreme conditions such as rare-gas environments,
thermal characterization is even more challenging while
such knowledge is increasingly required for engineering
needs.

The heat convection effect highly depends on the buoyancy
force driven by the temperature difference and the viscosity of
gas. However, since the buoyancy force is negligible when the
sample size shrinks to the micro=nanoscale in a rare-gas
environment,6) heat convection is indeed dominated by heat
conduction between gas molecules and a hot surface. Con-
vection heat loss around a material at the micro=nanoscale is
strongly related to the characteristic length of the material and
the mean free path of gas molecules. The flow regime is classi-
fied into the following four types as a function of Knudsen
number (the radio of the mean free path of molecules to the
characteristic length):7) the continuum regime (Kn < 0.01),
slip regime (0.01 < Kn < 0.1), transition regime (0.1 < Kn <
10), and free-molecule regime (Kn > 10). In the free-molecule
regime, the gas density is small so the gas molecules hardly
collide with each other. Convection heat loss is ascribed to
the collisions between gas molecules and a hot surface.8)

In the past, Cheng et al. reported convection heat loss
around wires with different diameters at various pressures.9)

h is sensitive to pressure when the pressure is lower than 13Pa.
When the pressure is more than 104 Pa, the sample diameter

has a greater influence on h. Wang et al. proposed a model
for h prediction between a carbon nanotube and gas environ-
ment which is valid for both the free-molecule regime and
continuum regime.10) h at the microscale has been demon-
strated to be several orders of magnitude larger than that at
the macroscale.11) The increase of the surface to volume ratio
was considered as the main contributor to the enhancement
of heat convection at the microscale. In addition, h varied by
several orders of magnitude for different heater sizes even
though all of them were fabricated in nanoscale thin-film
structures.12)

In this work, we present a method to characterize thermal
transport around a microwire in a rare-gas environment by
using a steady-state “hot wire” method. h is obtained under
various rare-gas conditions. The slip length is also obtained,
which reflects the distance of thermal influence for a certain
diameter of wire. This term is determined in both the free-
molecule regime and transition regime to analyze how heat
carriers diffuse and collide with each other, which is
meaningful for the thermal design of micro=nanoelectronics.

A wire is suspended between two heat sinks in a steel
chamber as shown in Fig. 1(a). Joule heating introduced by
DC step current is generated inside the sample and dissipates
through axial conduction heat loss, convection heat loss, and
radiation heat loss to determine the temperature profile along
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Fig. 1. (a) Schematic and optical image for measuring convective heat
transfer coefficient in rare-gas environment. (b) Heat dissipation inside
the wire through heat conduction, heat convection from wire surface to
surrounding air, and heat radiation. The voltage variation of the wire during
the heating process is used to obtain the wire temperature.
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the wire, which can be expressed as ∂2T=∂x2 + (Q − Qair)=
kAcL = 0, where T is the local temperature along the wire, x is
the distance away from the sample middle point, k is the
thermal conductivity, Q is the Joule heating power, Ac is the
cross-section area of the sample, and L is the length. The term
Qair is the convection heat loss and is described as Qair =
hePL(T − T0), where P is the cross-section perimeter of the
wire, T0 is room temperature, and he is the effective con-
vection heat transfer coefficient (combining the effects of heat
convection and radiation). Assuming that the sample ends
stay at room temperature, the average temperature rise of the
wire is calculated as

� �T ¼ Q

heLP
� 2Q

heL2P
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
heP=kAc

p tanh
L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
heP=kAc

p
2

� �
: ð1Þ

After subtracting the radiation heat loss, h is obtained as
h ¼ he � "�ð �T4 � T4

0Þ=ð �T � T0Þ, where ε is the emissivity
(0.05 for the platinum wire)13) and σ is the Stefan-Boltzmann
constant. We choose a wire material with its electrical resist-
ance very sensitive to temperature. The wire itself is em-
ployed as a temperature sensor so that the voltage variation
recorded during the heating process can provide temperature
information.14) When the wire is heated under different DC
step currents at various pressures, h can be obtained from the
average temperature rise of the wire with a constant thermal
conductivity.

This steady-state “hot wire” method shares a similar
experimental setup to the conventional hot wire method but
has a different measurement principle.15) The conventional
hot wire method is based on a transient thermal transport
process, and heat conduction along the wire is not con-
sidered. Actually, the temperature profile along the wire is
not uniform; thus, heat conduction, heat convection, and heat
radiation are all involved. In our method, heat conduction
along the wire is taken into account.

The platinum wire (above 99.95% purity from manufac-
turer) used in this experiment has a diameter of 25 µm and
length of 19.44mm. Platinum wire possesses very stable
thermal conductivity (71.6Wm−1 K−1) for temperatures from
73 to 1273K.16) The wire is suspended between two large
copper electrodes with its ends firmly attached by silver paste
to reduce contact resistance. The copper electrodes are used
as heat sinks due to the large thermal conductivity and heat
capacity. Thus, the assumption that the sample ends stay at
room temperature in the physical model is reasonable.17,18)

Even there is a little temperature rise or there is another heat
dissipation effect induced by the sample end, such effects
can be considered in the data processing to reduce the
uncertainty.19,20) The pressure in the chamber is controlled by
a valve from 7Pa to atmospheric pressure. The steel chamber
is much larger than the sample to ensure a constant tem-
perature for the chamber in the measurement. The wire is
heated under different DC step currents (Keithley 6220) from
10 to 86mA. The voltage signal is recorded by a data
acquisition card (NI USB-6003).

We firstly calculated h and then calculated the different
types of heat loss in the heat convection process. Axial con-
duction heat loss (Qcond) is larger than convection heat loss
(Qconv) for pressures lower than 10 Pa (Qcond=Qconv > 1) as
shown in Fig. 2(a). When the microwire is heated by a power
of 1.866mW in air at 7 Pa, Qcond is 1.2 times Qconv with � �T

of the wire around 40K. As the pressure is increased, heat is
dissipated more through convection. It is found that Qcond

along the wire cannot be neglected since it still accounts for
9% of the convection heat loss at atmospheric pressure, which
confirms our prerequisite that heat conduction along the wire
still matters. Figure 2(b) shows h as a function of pressure
when � �T of the wire is around 40K. h varies from 14
Wm−2 K−1 (7 Pa) to 629Wm−2 K−1 (atmospheric pressure),
which is in good agreement with reference results.21) In a
rare-gas environment, the buoyancy force is not significant so
that h determined in this work is valid for a microwire placed
in different orientations.22)

It is found that h firstly experiences a rapid increase at
lower pressures, and then a slower increase toward atmos-
pheric pressure. There is a transition point around 28 Pa.
Below this point, h increases rapidly with pressure and
thermal transport is defined as ballistic thermal transport.
That means gas molecules have little chance to collide with
each other after reflecting from the hot wire. When the
pressure is higher than 28 Pa, heat convection is gradually
dominated by diffusion thermal transport.

Since the wire temperature is determined by the voltage
variation during the heating process, the uncertainty of h is
mainly contributed to the noise in the voltage signal. Each
voltage signal is repeatedly measured multiple times then
averaged to minimize uncertainty. The thermal conductivity
of the platinum wire remains constant during the heating
process. When the thermal conductivity is changed within the
highest level (say 5%), the corresponding maximum relative
uncertainty of h is around 9% at our lowest pressure and
0.26% at atmospheric pressure. In the measurement, it is
highly recommended to use a stable wire as the temperature
sensor, especially in low-pressure measurement. Schiffres
and Malen employed a metal-coated SiO2 wire with lower
thermal conductivity than that of a pure metallic wire to
reduce heat conduction along the wire. Then, it was much

(a)

(b)

Fig. 2. (a) Ratio of conduction to convection heat loss for different
pressures. (b) h with respect to pressure at a constant temperature rise.
The inset shows the linearly increasing trend of h with pressure.
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easier to characterize the heat convection effect of the wire in
low-pressure measurement.23) However, it is assumed in our
measurement that the thermal conductivity of the wire is very
stable in the case that the variation of k during the heating
process leads to large uncertainties in determining h. The
metal-coated wire might be unsuitable for fulfilling such a
requirement.

In addition, h obtained in this measurement is an averaged
value along the wire. It is noticeable that the selection of a
suitable wire length is important for characterizing the local h
on the wire. A long wire means heat convection and heat
radiation accounts for a larger proportion of heat dissipa-
tion and the effect of contact resistance may be neglected.
However, a larger difference occurs when characterizing the
local h with the average h in our mode because the tem-
perature difference along the wire is enlarged. The fluid
around the wire can be changed into other liquids or rare
gases. For materials with unknown thermal conductivities,
we can first obtain the thermal property of a solid wire and its
temperature dependence in vacuum.24) Then h under different
heating powers and pressures can be obtained using our
technique.

The ballistic thermal transport, characterized by the Nusselt
number in the free-molecule regime, is introduced as25)

Nufree ¼ 1

�1

þ D1

D2

� �
1

�2

� 1

� �� ��1 ð� þ 1Þ
Knð9� � 5Þ

ffiffiffiffiffiffiffiffiffiffiffiffi
Tm,DF

Tm,FM

s
;

ð2Þ
where α1 is the thermal accommodation coefficient at a hot
surface (0.87 for the air molecule-platinum interaction),26) α2
is the thermal accommodation coefficient at a natural con-
vection boundary, D1 is the wire diameter, D2 is the slip
length, γ is the specific heat ratio (1.4 for the air molecules),
Tm,DF is the effective mean temperature used to calculate
Kn, and Tm,FM is the effective temperature of the air. In
the calculation of the Knudsen number (Kn = λ=D1), the
mean free path of gas molecules (λ) is defined as � ¼
kBTm;DF=ð

ffiffiffi
2

p
�d2PÞ,27) where kB is the Boltzmann constant,

d is the air molecular diameter (3.72 × 10−10m28)), and P is
the gas pressure in the chamber. If the temperature rise of
the wire is small, there is not much difference between Tm,DF

and Tm,FM, and the value can be defined as the average
temperature of the wire and environment.

Since hfree is closely related to Nufree (Nu = hD1=kair), D2 in
the free-molecule regime can be derived from hfree based on
Eq. (2). As demonstrated in Fig. 3(a), hfree decreases as Kn is
increased in the free-molecule regime. Kn reveals the degree
of rarefaction in a flow.29) As Kn becomes infinitely large
(1=Kn approaches zero), the density of air molecules is
infinitely small and there is no convection heat transfer. The
theoretical curve based on Eq. (2) remains a constant smaller
than the characterized hfree. In Fig. 3(b), Nufree is sensitive
to the inverse Knudsen number (1=Kn) in the free-molecule
regime. From Eq. (2), Nufree is a linear function of 1=Kn,
which means that the intercept of the linear fitting for Nufree
versus 1=Kn should be zero. However, the intercept of the
linear fitting for Nufree versus 1=Kn is determined as 0.007.
The nonzero value of the intercept is from the contact at
the sample ends. Specifically, the contact points have some
electrical resistance even if silver paste is employed to attach
the sample ends to the heat sinks. The total Joule heating

is included in the calculation while only the temperature
rise of the wire is used for deriving hfree. Both the addi-
tional heating effect from the contact resistance and the
interaction at the hot surface of the contact points with
air molecules affect the measurement results, and lead to
the overestimated value of hfree. By subtracting the constant
value of the intercept, the values of the Nusselt number can
be corrected based on the intercept of the fitting line in
Fig. 3(b).

The values of Nufree after correction are shown in Fig. 4.
In the free-molecule regime, heat is transferred by single
collisions between gas molecules and the hot wire surface.
Thermal transport is sensitive to 1=Kn with a fitted slope
of 0.274 ± 0.0040. By using an accommodation coefficient
of 0.92 for the steel-air interaction,28) the slip length of the
transport process is determined as 7.03 × 10−4m based on
Eq. (2). It means that the effect of heat dissipation in the free-
molecule regime is from the hot wire and extends to a

(a)

(b)

Fig. 3. (a) hfree as a function of Kn in free-molecule regime, compared
with theoretical curve obtained based on Eq. (2). (b) Relationship between
Nufree and 1=Kn in the free-molecule regime. The intercept of the fitting line
(red line) for Nufree versus 1=Kn is determined as 0.007, which can be used in
data correction.

Fig. 4. Values of Nufree after correction as a function of 1=Kn in the free-
molecule regime.
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distance of almost 30 times the wire diameter. Similar free-
molecule convection has been observed in other studies.
For example, Hsu et al. compared different heat dissipation
paths of individual single-walled carbon nanotube (CNT)
bundles in vacuum and air environments.30) The convection
heat transfer coefficient was determined to be in the range
from 1.5 × 103 to 7.9 × 104Wm−2 K−1. Considering that
the diameter of our sample (25 µm) is far larger than that
of their CNTs (9.89–12.9 nm), our characterization result
(around 600Wm−2 K−1 in air) is reasonable. Another work
by Schiffres et al. reported that the length scale of thermal
transport from collisions between gas molecules and CNTs
could be two hundreds of magnitude larger than the size of
the pores in CNT aerogels, which is an important reason for
the extremely small thermal conductivity as characterized in
the experiment.31)

In the transition regime, the heat dissipation process is
dominated by both ballistic thermal transport and diffusion
thermal transport. Heat convection through the collision of
gas molecules is described as32)

Nutran ¼ 1 þ �1

4B

15

1

2Kn
ln

D2

D1

� �� ��1
Nufree; ð3Þ

where B = 1.184 for a diatomic gas. As shown in Fig. 5, the
value of Nutran is decreased with increasing Kn. By com-
parison with the theoretical curve (red line in Fig. 5), the slip
length is determined as (4.94 ± 0.99) × 10−4m, which is
around 20 times the wire diameter. In the transition regime,
diffusion thermal transport plays a significant role. Gas
molecules which reflect from the wire collide with other gas
molecules. The intermolecular collisions result in a smaller
Nutran in the transition regime than that obtained through
ballistic thermal transport.33) As Kn becomes smaller, the
distinction between them is more significant, which well
explains why the enhancement of thermal transport by
molecules is more significant in the free-molecule regime
than in the transition regime.

Temperature is another factor that significantly influences
heat convection.34) The value of h under different wire tem-
peratures is shown in Fig. 6(a). It is found that as the pressure
is varied from 7 to 200 Pa, the value of h is decreased with
increasing wire temperature. Although the buoyancy force is
neglected in heat convection at the micro=nanoscale, the wire
temperature affects the rate of heat transfer between the
hot surface and gas molecules by changing the density and

kinetic energy of gas molecules around the hot wire.35) In
Fig. 6(b), the slopes of h versus temperature are drawn under
different pressures with the 95% confidence interval in the
fitting process. It shows that the slope experiences a con-
tinuous decrease as pressure is increased. It can be understood
that a higher temperature gives a larger Kn when pressure
is fixed, and thus weakens the heat convection effect. When
thermal transport evolves from ballistic thermal transport
to diffusion thermal transport (pressure is increased), such
an effect (the response of the heat transfer performance to
temperature) is more significant.

In summary, the value of h of a microwire under different
heating and pressures is characterized by using a steady-state
hot wire method. Different from the conventional hot wire
technique, our proposed method considers the heat con-
duction and heat convection as well as the heat radiation
effect along the wire. By employing a platinum wire as the
wire cylinder and a temperature sensor, we have successfully
characterized the heat transfer performance around a micro-
wire from the free-molecule regime to transition regime. It is
found that Nu shows a linear relationship with 1=Kn in the
free-molecule regime. The slip length is also obtained in both
the free-molecule regime and transition regime, which can be
used for analyzing the thermal influence zone around a
hotspot when designing nanoelectronics. We also found that
at a certain pressure, h decreases with increasing temperature
and that the slope of h versus temperature experiences a
continuous decrease as pressure is increased.
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