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A high sensitivity thermoelectric sensor to measure all relevant thermal trans-
port properties has been developed. This so-called transient hot bridge (THB)
decidedly improves the state of the art for transient measurements of the
thermal conductivity, thermal diffusivity, and volumetric specific heat. The
new sensor is realized as a printed circuit foil of nickel between two polyi-
mide sheets. Its layout consists of four identical strips arranged in parallel
and connected for an equal-ratio Wheatstone bridge. At uniform tempera-
ture, the bridge is inherently balanced, i.e., no nulling is required prior to
a run. An electric current makes the unequally spaced strips establish an
inhomogeneous temperature profile that turns the bridge into an unbalanced
condition. From then on, the THB produces an offset-free output signal of
high sensitivity as a measure of the properties mentioned of the surrounding
specimen. The signal is virtually free of thermal emf’s because no external
bridge resistors are needed. Each single strip is meander-shaped to give it a
higher resistivity and, additionally, segmented into a long and short part to
compensate for the end effect. The THB closely meets the specific require-
ments of industry and research institutes for an easy to handle and accurate
low cost sensor. As the key component of an instrument, it allows rapid
thermal-conductivity measurements on solid and fluid specimens from 0.02
to 100 W· m−1·K−1 at temperatures up to 250◦C. Measurements on some
reference materials and thermal insulations are presented. These verify the
preliminary estimated uncertainty of 2% in thermal conductivity.
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1. INTRODUCTION

In 1979, Gustafsson [1] came up with a new rapid method to simul-
taneously measure the thermal conductivity and thermal diffusivity of sol-
ids. In his transient hot-strip (THS) technique, he first replaced the wire of
the transient hot-wire (THW) method by a thin metal strip as the resistive
heater and thermometer. Then, he adapted the existing THW theory to the
strip equivalent to establish the appropriate THS working equation.

The basic idea behind the THS is very simple: the heat emitting sur-
face of a strip is more than ten times larger than that of a comparable
wire. Thus, (1) a strip makes better thermal contact to the surrounding
solid sample and, consequently, (2) a strip liberates its heat at a smaller
heat flow density. Furthermore, (3) the handling of a strip is by far not as
complicated and tedious as that of a thin wire. However, despite all efforts
and improvements in the method since 1979, the THS method could not
win adequate recognition.

It soon turned out that, due to its larger cross-section area, the strip
has the drawback of a smaller electrical resistance than a wire. Thus,
the temperature-dependent voltage signal is much smaller. Therefore, often
nanovoltmeters are required to measure the output signal. Moreover, most
THW setups use a Wheatstone bridge configuration of two wires of differ-
ent lengths (1) to minimize the offset voltage and (2) to compensate for
temperature inhomogeneities at both ends of a linear heat source (end
effect). So far, the differential arrangement of two heat sources was not
realized with the THS.

Now, more than 25 years later, Gustafsson’s method has evolved into
the so-called transient hot-bridge(THB) technique [2]. This new measure-
ment method, developed at Physikalisch-Technische Bundesanstalt (PTB),
Germany, preserves all advantages of the strip but avoids its major draw-
backs. THB uses a novel multiple strip on foil sensor. Eight strips are
switched to a symmetrical Wheatstone bridge to provide effective thermal
and electrical self-compensations.

The present paper highlights the theory and practice of the new THB
method. It starts with the basic THS mathematical model and some of its
later extensions valid for different intervals in time. Then, the three different
modes of operation of the THB are analyzed and discussed. Finally, experi-
mental results on two reference materials and thermal insulations are presented
along with the preliminary estimated uncertainty in thermal conductivity.

2. TRANSIENT HOT-BRIDGE METHOD

The central part of the THB method is a novel thermoelectric sensor
(cf. Fig. 1). It is realized as a printed circuit foil of nickel between two
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Fig. 1. Top view of the transient hot bridge sensor layout. Each of
the four tandem-strips is 100 mm in length and 2 mm in width. Solder
pads A, B, C, D: A-D, current source; B-C, DVM; (see Fig. 2) .

polyimide sheets. The sensor has an overall size of 109 × 40 × 0.06 mm3

to fit between two sample halves of 100 × 40 × 20 mm3 each. The lay-
out of the sensor consists of four tandem strips in parallel. Each tandem
strip comes in two individual strips, a short and a long one. Two of the
tandems are located very close to each other at the center of the sensor
and one additional tandem on either edge. All eight strips are symmetri-
cally switched for an equal-resistance Wheatstone bridge (cf. Section 2.1).
At uniform temperature, the bridge is initially balanced, i.e., no null-
ing is required prior to a run. An electric current makes the pairwise
unequally spaced strips establish a predefined inhomogeneous temperature
profile (cf. Section 2.2.) that turns the bridge into an unbalanced con-
dition. From now on, the sensor produces an almost offset-free output
signal of high sensitivity. This voltage rise in time is a measure of the
thermal conductivity, λ, thermal diffusivity, a, and volumetric specific heat,
ρ cp, of the surrounding specimen. The signal is virtually free of thermal
emf’s because no external bridge resistors are needed. Each single strip is
meander-shaped to give it a higher electrical resistivity. The segmentation
into tandems compensates for the so-called end effect, i.e., the temperature
drop at both ends of a linear or strip-shaped heater. In contrast to those
bridges having some of their resistors located remotely from the measuring
area, a THB sensor is completely surrounded by the specimen. Thus, no
errors are introduced by the wiring of the bridge or any (external) noise
pick-up.

2.1. Electrical Model

In the electrical model, all eight individual strips of the THB sen-
sor, whether long or short, are treated as electrical resistors, RXY. They
are to be identified by their pair of superscripts, XY. The first superscript
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indicates the location of the strip on the sensor, “I” stands for an inner
(center) and “O” for an outer (edge) position. The second superscript
informs about the strip’s length, “L” and “S” denote long and short strips,
respectively. For example, RIS symbolizes a short inner strip.

Depending on the total length of the conducting path, long strips
have a higher electrical resistance, RXL, than short strips, RXS. Together,
all resistors act in an equal-resistance Wheatstone bridge as pictured in the
equivalent circuit diagram, Fig. 2. Each of the four branches of the bridge
consists of the same pair of a small and a high resistor; but, in opposing
arms, their sequence is permuted. Due to this symmetry, there is no poten-
tial difference between points B and C as well as between points A and
D. Since the bridge is initially balanced, no extra variable resistor for null-
ing is required. A current source is used for excitation. It may be applied
across either set of opposite corners of the bridge.

For a given constant current input, IB, applied between points A and
D, the voltage drop, UB, between points B and C, is given by

UB = IB

2

[(
�RIL −�RIS

)
−
(
�ROL −�ROS

)]
(1)

3
1

2

4

6 7

5

C

A

B

D

Fig. 2. Equivalent circuit diagram of
the THB sensor (A-B-C-D) including
current supply: 1, constant current
source; 2, shunt; 3, DVM; 4, long outer
resistor (ROL); 5, short outer resistor
(ROS); 6, short inner resistor (RIS); 7,
long inner resistor (RIL); (see text).
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This result represents the output voltage of the THB sensor precisely
because all resistors of the bridge change with temperature at the same
amount. It should be noted that there is no linearity error. Regardless
of its value, the stability of the excitation current, IB, directly affects the
overall accuracy of the bridge output, UB (see Section 3.1).

During measurements, all eight resistors simultaneously act as resis-
tance thermometers and Joule heaters. Each resistor generates heat at a
rate,

�=U0
IB

2
= RXY

0 I 2
B

4
(2)

where U0 is its voltage drop. As thermometers, the resistors are free to
vary in time with their own temperature, �T X (t). For a small tempera-
ture rise, the following linear expression is valid:

�RXY (T (t))=RXY
0 α �T X (t) (3)

Here, α is the temperature coefficient of the initial electrical resistance
RXY

0 at a reference temperature, T0 = T I
0 = T O

0 . In the following, for con-
venience, this initial temperature is set to zero, T0 = 0. Equation (3) links
together the electrical and thermal models of the THB. The latter model
will be discussed below.

Allowing for different temperature rises at the inner and outer strips,
�T I (t) and �T O (t), respectively, and substituting Eq. (3) into Eq. (1)
results in

UB (t)= IB

2
α
[
�T I (t)

(
RIL

0 −RIS
0

)
−�T O (t)

(
ROL

0 −ROS
0

)]
(4)

Both differences in initial resistances are equal since the resistors are pair-
wise equivalent. Thus, the sensor output is given by

UB (t)= IB

2
α
[
�T I (t)−�T O (t)

] (
RL

0 −RS
0

)
= αIB

2
�T (t) �R0 (5)

So far, the bridge remains balanced even when heated homogeneously,
T I (t)=T O (t).

2.2. Thermal Model

The idea behind the THB technique is to create an inhomogeneous
temperature profile inside the specimen by a characteristic non-uniform
heating. For this purpose, the eight resistors of the sensor are arranged
at positions from where they produce an axially symmetrical temperature
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Fig. 3. Characteristic threefold temperature profile of a THB sensor
across its width (y-axis) after a run time of 10 s as calculated in an
ideal model (see text).

Table I. Parameter Set (BK7) for Analytical Calculations and Finite
Element Simulations.

Parameter Symbol Value

Rate of heat flow � 0.3 W
Thermal conductivity λ 1.1 W· m−1·K−1

Thermal diffusivity a 0.5 mm2· s−1

Strip width D 2.0 mm
Distance bertween inner and outer strip E 9.0 mm
Strip length L 100.0 mm

profile of three characteristic maxima, a global one, T I
max (t), at the cen-

ter of the sensor and two local maxima, T O
max,i (t), of identical height on

either side (cf. Fig. 3 and Table I). Both differences in temperatures of the
global maximum and each of the two local maxima drive the bridge off
balance generating an output voltage change that is the measure of the
thermal conductivity, thermal diffusivity, and volumetric specific heat of
the specimen.

In order to derive working equations for the thermophysical proper-
ties mentioned, the characteristic threefold THB temperature profile has to
be represented analytically. This three-dimensional transient Fourier field,



846 Hammerschmidt and Meier

T =T (x, y, z, t), is governed by the heat conduction equation which can-
not be solved analytically for the sensor’s complex layout. However, by
progressively approximating this layout to a physical model that can be
interpreted in terms of Gustafsson’s fundamental theory of the hot strip
[1], solutions for special cases of interest are found.

The following assumptions are made: each of the sensor’s four tandem
strips is considered as one continuous electrically conducting element of over-
all length L. That implies that there is no gap either between the two conducting
paths of a single strip or between the two strips of a tandem (cf. Fig. 1). Both
outer tandems of equal width D = 2d liberate their heat individually whereas
the two inner tandems behave as one gapless single hot strip of twice the typ-
ical width, 2D = 4d. Thus, an outer hot strip liberates heat at a rate �

/
L per

unit length, whereas the inner hot strip generates two times this rate, 2�
/
L.

However, the rate of heat flow per unit area, �
/
(DL), is the same for all four

hot strips (cf. Eq. (9)). The three strips themselves respond to their concerted
heating with a rise of their individual temperatures that causes their electri-
cal resistances, �R

(
T X
)
, to increase as governed by Eq. (5). In summary, it is

assumed that the four tandems of the sensor act like three compact metal strips
according to Ref. 1.

In Ref. 1, an ideal hot strip of negligible thickness (�x →0) and infinite
length (�z→±∞) is assumed. Thus, the Fourier field mentioned may be
reduced from three to one spatial coordinate, T =T (x →0, y, z→±∞, t).
It is further assumed that the strip is embedded in an unbounded homo-
geneous specimen of isotropic thermal conductivity and thermal diffusivity.
This condition lets the long axis of the sensor act as a virtual adiabatic
boundary because of symmetrical temperature gradients on either sides.
Across this boundary no heat is exchanged. Thus, the Fourier field may
further be reduced to a half-plane, e.g., (x =0, y�0). In Ref. 1, the strip’s
rise in temperature is governed by

�T (y, t)=T (y, t)−T (y, t=0)= �

4
√

πLλ

√
4at∫

0

erf
(

y +d

σ

)
−erf

(
y −d

σ

)
dσ.

(6)

Already at this stage, the known theory is slightly extended to handle
different strips of any width ϑ and arbitrary locations, y =y0:

T (y, t)= �

4
√

πLλ

√
4at∫

0

erf
(

(y−y0)+ϑ

σ

)
−erf

(
(y−y0)−ϑ

σ

)
dσ T0 =0

(7)
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Carrying out the integration in Eq. (7) provides the basic relation for the
temperature generated by ‘any’ hot strip and measured at some distance
y �=0 from the central axis at time t .

T (y, t)= �

4
√

πLDλ
f (t) (8)

where

f (t) =
√

4at

[
erf
(

(y −y0)+ϑ√
4at

)
− erf

(
(y −y0)−ϑ√

4at

)]

− (y −y0)+ϑ√
π

Ei

(
− ((y −y0)+ϑ)2

4at

)

+ (y −y0)−ϑ√
π

Ei

(
− ((y −y0)−ϑ)2

4at

)
(9)

Adding the individual temperature profiles of the inner hot strip (ϑ =2d)

at y =0 and of one of the two outer strips (ϑ =d) located at y =±y0 gives

T (y, t)=T I +T O =T (y, y0 =0, t, ϑ =2d)+T (y, y0, t, ϑ =d) (10)

A typical result of a half-plane temperature profile for five different times
obtained from Eq. (9) is shown in Fig. 4. Adding up each pair of temper-
atures yields the plot presented in Fig. 5. Both mean temperature excur-
sions of the inner and outer hot strips are obtained by integrating over the
individual strip’s widths;

�T I (y, t)= 1
2d

2d∫

0

T (y, y0 =0, t, ϑ =2d)+T (y, y0, t, ϑ =d) dy (11)

and

�T O (y, t)= 1
2d

y0+d∫

y0−d

T (y, y0 =0, t, ϑ =2d)+T (y, y0, t, ϑ =d)dy (12)

The above integrations lead to two very complex relations from which no
suitable working equation can be derived directly. However, the entire tem-
perature excursion does not matter here but, merely, its short-term and
long-term behaviors. These two special cases cover the vast majority of
sensor applications. They come in three different modes of operation.
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Fig. 4. Individual local temperature profiles of the inner and one
of the outer hot strips for five different times calculated in an ideal
model (see text).
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Fig. 5. Same local temperature profiles as in Fig. 4 but added up.
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2.2.1. Basic Thermoelectric Mode of Operation

In the basic mode, the temperature profiles of the inner and outer hot
strips are treated as independent (1) from each other and (2) from outer
boundaries. These two restrictions allow use of the mathematical model of
Eq. (6). By carrying out the first integration in time and subsequently a
second one over the strip’s width, the mean temperature in terms of the
dimensionless time τ is obtained;

�T (τ)= �√
4πLλ

f0 (τ ) (13)

where

f0 (τ )= τ erf
(
τ−1

)
− τ 2

√
4π

(
1− exp

(
−τ−2

))
− 1√

4π
Ei
(
−τ−2

)
(14)

and

τ =
√

4at

D
. (15)

The time τ is defined either by τ I =√
4at

/
2D or by τO =√

4at
/
D for inner

and outer strips, respectively. The mean temperatures of both these strips
may now be evaluated separately. First, the difference in their temperatures
is substituted into Eq. (5) keeping in mind that the inner hot strip gener-
ates twice the rate of heat flow as any outer strip.

UB (t)= α �R0IB

2

{
�√

4πLλ

[
2f0

(
τ I
)

−f0

(
τO
)]}

(16)

This result is the fundamental relation of the basic mode of operation of
the THB sensor. It represents the output signal best. However, Eq. (16) is
nonlinear and implicit. Thus, the measurands cannot be derived analyti-
cally; rather they have to be estimated [1].

There are two first order approximations to Eq. (14), piecewise cov-
ering consecutive intervals in time. The first one [3] is valid for very short
dimensionless times, 0� τ �1;

f1 (τ )= τ − τ 2
√

4π
(17)

and will surprisingly lead to a working equation of the volumetric specific
heat (cf. Section 2.2.2). The second one, the quasi-linear relation, Eq. (18),
closely approximates the complex function, Eq. (14), from tmin ≈D2

/
a to
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tmax ≈R2
/

4a where R denotes the shortest distance from a hot strip to the
outer surface (Refs. 4, 5, and 6).

f2 (τ )= 3−γ√
4π

+ 2√
4π

lnτ (18)

Substituting Eq. (18) into Eq. (13) yields

�T (t)= �

4πLλ
ln
(

45at

D2

)
. (19)

This result directly represents the mean temperature excursion of an outer
strip, �T (t)= �T O (t). For an inner strip, the two substitutions �→2� and
D →2D have to be applied:

�T I (t)= 2�

4πLλ
ln
(

45at

4D2

)
(20)

By subtracting both above relations, the governing equation of the basic
thermal mode of a THB is obtained:

�T I (t)− �T O (t)=��T (t)= �

4πLλ
ln

[
(45at)2 D2

16D445at

]
= �

4πLλ
ln
(

45at

16D2

)

(21)

��T (t)= �

4πLλ

[
ln (t)+ ln

(
45a

16D2

)]
=mqlin ln (t)+nqlin (22)

Obviously, the output relevant temperature difference, ��T (t), remains
quasi-linear in time. Compared with the outer hot-strip temperature rise,
the THB-slope, mqlin =�

/
(4πLλ), is the same whereas the THB-intercept

nqlin = mqlinln
(
45a

/
16D2

)
is smaller. The latter fact gives rise to a more

precise evaluation of the thermal diffusivity of the material under test (see
Eq. (25)).

Finally, the electrical and thermal models are combined according to
Eq. (5). The output signal of the sensor will be

UB (t)= αR2
0 I 3

B

8πLλ
ln
(

45at

16D2

)
(23)

When plotted against ln t , a straight line of slope mTHB and intercept
nTHB is obtained for the voltage reading. From the slope, the thermal con-
ductivity can be determined;

λ= αR2
0I 3

B

8πLmTHB
(24)
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From the slope and intercept, the thermal diffusivity is calculated accord-
ing to

a =2.82 exp
(

nTHB

mTHB

)
(25)

For a given parameter set (see Table I) temperature excursions of the inner
and outer hot strips are calculated analytically according to the above
equations and plotted versus time in Fig. 6.

Operating the THB sensor in its basic thermoelectric mode (short-
term approximation) implies that the cross section, S = B2, of the sam-
ple under test (B ≈40 mm) should comply with the typical width B of
the sensor. The individual positions of the sensor’s three hot-strips are
chosen in accordance with the specimen’s typical width to allow for both
mutual (strip-to-strip) and environmental (strip-to-surroundings) interac-
tions practically at the same time of measurement. In most cases, this spe-
cial arrangement causes a clear transition from ideal to real conditions
when outer boundaries become effective.

A significant practical advantage of the new sensor arises from the fact
that changes in the ambient temperature, δT (t), during a run are effec-
tively compensated by the bridge circuit. If δT (y =0, t)= δT (y =+y0, t)=
δT (y =−y0, t) is valid, there will be a total compensation of this
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Fig. 6. Calculated temperature rises in time of the inner, TI, and
outer, TO, hot strips and their differences in temperatures, �T: THB
sensor output.
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disturbance. As can be seen from the finite element simulation, Fig. 7,
even the influence of adiabatic boundaries on the sensor output nearly
vanishes (λ, a = const.). The remaining small difference in temperatures,
Fig. 8, between isothermal and adiabatic boundaries originates from the
different distances of the inner and outer strips to the outer boundary.

2.2.2. Calorimeter Mode

Recalling the short-term approximation, Eq. (17), and substituting it
into Eq. (13) leads to the following relation for the difference in tempera-
tures of the inner and outer hot strips:

��T (τ)= �√
4πLλ

[(
τ I −

(
τ I
)2

√
4π

)
−
(

τO −
(
τO
)2

√
4π

)]
(26)

Recalculating in terms of real time t provides

��T (t)= 2�√
4πLλ

(√
4at

2D
− 4at√

4π 4D2

)
− �√

4πLλ

(√
4at

D
− 4at√

4π D2

)
. (27)
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Fig. 7. FEM simulations of temperature rises in time of the inner,
TI and outer, TO, hot strips and their differences in temperatures,
� T: THB sensor output signals at different boundary conditions: adi,
adiabatic; iso, isothermal; real, sample width 40 mm.
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Adding up all four terms and using the fundamental relation,

a = λ

ρ cp
(28)

finally results in

��T (t)= �at

2πD2Lλ
= �

2πD2Lρ cp
t (29)

Surprisingly, Eq. (29) represents a linear temperature rise depending on
the volumetric specific heat ρ cp of the specimen. Substituting Eq. (29) into
Eq. (5) yields

UB (t)= α R2
0I 3

B

4πD2Lρ cp
t (30)

When plotted against the real time t (cf. Fig. 9), the sensor voltage reading
corresponds to a straight line of slope mlinthat (in the ideal model) passes
through the origin (intercept: nlin =0). Recalculating Eq. (30) furnishes the
working equation for the volumetric specific heat,

ρ cp = α R2
0I 3

B

4πD2Lmlin
(31)
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Fig. 9. Calculated short-term temperature excursion of the THB
sensor output.

In practice, the intercept, nlin, will not be equal to zero because of, e.g.,
the non-vanishing heat capacity of the sensor itself. The resultant delay
can be taken as a measure of the time constant of the sensor.

The specific heat related volume, V = πD2L, is cylindrical with a
radius r =D and length L. Recalling Eq. (15) and recalculating this rela-
tion for the maximum time tmax of a specific heat experiment gives

tmax ≈ D2

4a
(32)

For the THB sensor used so far, the time tmax will be too short for a
precise measurement of the volumetric specific heat even for solids with a
small thermal diffusivity

(
a <1 mm2 · s−1

)
.

Therefore, when using the THB setup as a calorimeter, the sensor
should have a strip width D�5 mm (see Fig. 9) to establish a linear tem-
perature rise of sufficient length. Groß et al. [7] used this linear short-time
temperature excursion to measure the thermal conductivity in a regular
hot-strip experiment on liquids.

2.2.3. Composite Thermoelectric Mode of Operation

So far, all individual temperature profiles inside the specimen were
considered as absolutely independent from each other and from the outer
boundaries, i.e., a sensor’s hot strip senses neither the other strips nor the
surroundings. In addition to this short-term case, the THB sensor offers
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another attractive mode of operation by just using a larger specimen of
width B >> 40 mm (cf. Fig. 10). In this long-term case, the strips can
mutually interact for some time before the outer boundaries become effec-
tive. This allows for a quasi-steady-state measurement that starts directly
after the transient output signal has passed over from the basic mode.

The working equation of this composite thermoelectric mode is
derived the same way as above by adding up the two different tempera-
ture profiles of the sensor first;

T (y, t)=T I +T O =T (y, y0 =0, t, ϑ =2d)+T (y, y0, t, ϑ =d) (33)

and then calculating the two local mean temperatures, �T I (t) and �T O (t),
in the half-plane (x =0,+y). It follows from symmetry reasons,
T I (y, t)=T I (−y, t), that �T I (t) is identical to the mean temperature of the
“right” half-strip of width D since

�T (t) = 1
2d

d∫

−d

T (y, t)dy = 1
4d

2d∫

−2d

T (y, t)dy

= 1
4d




0∫

−2d

T (y, t)dy+
2d∫

0

T (y, t)dy


 (34)
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Fig. 10. Local temperature profiles for three different run times from
FEM simulations for two different specimen sizes, R1 and R2, at
isothermal boundary conditions.
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Both mean temperature rises are obtained by

�T I (y, t)= 1
2d

2d∫

0

T (y, y0 =0, t, ϑ =2d)+T (y, y0, t, ϑ =d) dy (35)

and

�T O (y, t)= 1
2d

y0+d∫

y0−d

T (y, y0 =0, t, ϑ =2d)+T (y, y0, t, ϑ =d)dy (36)

The above integrations, however, lead to two very complex relations from
which no suitable working equation can be derived. Since, again, it’s
not the entire temperature excursion that matters here but the long-term
behavior, it is sufficient to evaluate the limiting values of both of the above
functions:

lim
t→∞T I (y, t) = �

πLλ

[
(y +2d) ln

(
4at

C (y +2d)2

)

− (y −2d) ln
(

4at

C (y −2d)2

)]
(37)

lim
t→∞T O (y, t) = �

2πLλ

[
[(y −y0)+d] ln

(
4at

C [(y −y0)+d]2

)

− [(y −y0)−d] ln
(

4at

C [(y −y0)−d]2

)]}
(38)

In the above results, C = expγ where γ denotes the Euler number. As
has already been shown in principle in Ref. 3, both functions rapidly con-
verge in time. By first adding up and then integrating Eqs (37) and (38),
the mean values of the two individual temperatures are obtained. Subse-
quently subtracting one mean value from the other yields a dimensionless
sensor constant, b, that is a function of d and y0 only. Finally, the working
equation for the secondary mode reads

��T lim = �

πLλ
b (39)
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3. EXPERIMENTS

On a first stage of testing the new method, finite element methods were
performed to validate the design of the THB bridge sensor and to opti-
mize its layout. Since “desk time is cheaper than test time”, so-called virtual
experiments were performed on the PC to vary most relevant parameters
of the setup. Having obtained decisive answers on nearly all open design
questions, prototypes of the sensor were built in-house and tested on the
reference materials polymethyl methacrylate (PMMA) and BK7, a crown
borosilicate glass. The results were surprisingly good. Now, a set of 40 sen-
sors was fabricated using polyimide foils of 40 µm in thickness instead of
the 25 µm thick foils of the home-made sensors. It turned out, that, espe-
cially, for good and very poor conducting materials, metals and thermal
insulations, respectively, the uncertainty of the new sensor (typically 5%)
was larger than expected. From an in-depth study on the influence of the
base material of thermoelectric sensors on their uncertainty undertaken at
the same time at PTB [11], it turned out that the polyimide foils have to
be thinner to significantly reduce the uncertainty. Thus, the second lot of
sensors is now based on polyimide foils of 25 µm each. The subsequently
performed tests on thermal insulations, thus, were crucial (see below).

First, the new thin sensors were tested on the reference materi-
als mentioned above. PMMA is an amorphous, colorless thermoplastic
material of good abrasion resistance and dimensional stability. Its water
absorptivity is very low in comparison with other polymers. In the past,
PMMA has been successfully used at different institutes as a transfer stan-
dard for thermal conductivity [8]. The PMMA (Plexiglas�, Type GS) used
here was produced by casting and supplied by Degussa Röhm Plexiglas
GmbH. The thermal conductivity at 20◦C is λ=0.1934 W · m−1 · K−1, and
the thermal diffusivity at 20◦C is a=0.120 mm2 · s−1 [7]. From THB mea-
surements, the following results were obtained: λ = 0.192 W · m−1 · K−1

and a =0.127 mm2 · s−1 which is for both results within the limits of the
preliminary assessed uncertainty of the new method of 2% for thermal
conductivity and 8% for thermal diffusivity. However, the thermal trans-
port properties of PMMA are most similar to those of polyimide.

BK7 is a borosilicate glass that is widely used for optical systems and
has been manufactured with outstanding homogeneity for several decades.
The glass used here was manufactured and delivered by Schott AG. Previous
investigations on this material indicate that the thermophysical properties
are isotropic and have excellent long-term stability [9]. The THB mea-
sured thermal transport properties at 20◦C are λ = 1.11 W · m−1 · K−1

and a = 0.57 mm2 · s−1 which again is in good agreement with the
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Fig. 11. Experimental sensor output signal for rock wool “5038”
and linear approximation to determine the thermal conductivity.

preliminary reference data λ=1.09 W · m−1 · K−1 and a =0.538 mm2 · s−1

[9]. The uncertainty (see below) is 1.9%.
In close cooperation with Materialprüfanstalt Nordrhein-Westfalen

(MPA NRW), Dortmund, Germany, a sample (rock wool “5041”) of thick
low density thermal insulation was measured. The MPA performed their
measurements on a guarded hot-plate apparatus of 503×503 mm2 meter-
ing area. It is the standard instrument for the certification of building
materials of this facility with a carefully validated uncertainty of 1.5%.
Their result at room-temperature is λ=38 mW · m−1 · K−1. MPA addition-
ally used a THB sensor provided by PTB but driven and read out by a
MPA homemade setup. Figure 11 shows the long-term sensor output sig-
nal of this rock wool fiber board. The result, λ=37.5 mW · m−1 · K−1, is
in very good agreement (deviation: −1.3%) with the one mentioned above.
Additionally, the short-term behavior of the output signal, Fig. 12, is eval-
uated. With the additional knowledge of the density of the fiber board
(ρ = 161 kg · m−3) a specific heat cp = 800 kJ · kg−1 · K−1 is calculated. So
far, no reference values for this specimen are available.

Another thermal insulation material, Basotect, manufactured by
BASFAG was tested at PTB. Basotect is a flexible open-cell foam mate-
rial from melamine resin. It has high sound and heat absorption. Again, the
thermal conductivity measured at room temperature, λ = 29.2 mW · m−1 ·
K−1 (cf. Fig. 13), is in excellent agreement with that obtained from guarded
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Fig. 12. Short-term experimental sensor output signal for rock wool
“5038” and linear approximation to determine the volumetric specific
heat.

hot-plate measurements, λ = 29.7 mW · m−1 · K−1. The deviation between
these two results of 1.7% is again within the limits of the uncertainty of
the THB technique. While Basotect was measured using quasi-isothermal4

boundaries made from thermostated quartz sand, a brick material with
λ = 0.51 W · m−1 · K−1 was analyzed at quasi-adiabatic boundaries made
from wrapped light paper (cf. Fig. 14). The ends of both curves behave as
expected from the finite element simulations. For a thermal insulation like
Basotect, it is easy to experimentally maintain quasi-isothermal boundaries
whereas quasi-adiabatic boundaries are very difficult to reach for very poor
conducting materials. Therefore, a brick material of higher thermal conduc-
tivity was taken for the latter condition.

3.1. Measurement Uncertainty

Preliminary estimates of the uncertainty in thermal conductivity mea-
surements using the new THB method have been carried out. The mea-
surement on BK7 is taken as an example here. According to the ISO
GUM [10], first, the standard uncertainties for each component accord-
ing to the mathematical model, Eq. (24), were calculated. For convenience,
all variables were treated as Type B. The systematic effect on any of them
was assessed by its upper and lower bounds according to a rectangular

4 The prefix “quasi” means as close as experimentally possible.
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Fig. 13. Experimental sensor output signal for Basotect and linear
approximation to determine the thermal conductivity at quasi-isother-
mal boundary conditions.
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Fig. 14. Experimental sensor output signal for brick material and
linear approximation to determine the thermal conductivity at quasi-
adiabatic boundary conditions.

probability distribution (degree of freedom: ∞) (Table II). Secondly, the
combined standard uncertainty was calculated. For the result in thermal
conductivity, the expanded (k =2) relative uncertainty of the measurement
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Table II. Uncertainty Budget for a Thermal Conductivity Measurement on BK7.

Symbol Value Standard deviation Sensitivity coefficient Uncertainty ux Index

α 4.42×10−3 0.784% + 250 8.7×10−3 68.4%
R0 3.26 0.100% + 0.68 2.2×10−3 4.4%
I 0.5 0.069% + 6.7 2.3×10−6 4.8%
L 0.1 0.289% −11 −3.2×10−3 9.3%
m 8.42×10−3 0.343% −130 −3.8×10−3 13.1%
λ 1.110 0.948%

on BK7 is ±1.9%. As can be seen from the “Index”-column of Table II,
the major objective of possible improvements in the uncertainty of the
sensor is a more precise determination of α, the temperature coefficient
of the electrical resistance which, additionally, has the largest sensitivity
coefficient. Next to this component, the length of the strip needs a more
accurate determination.

As a result of the ideal model calculations and the finite element sim-
ulations performed so far, it was decided not to apply any correction to
a result on a measurand of an influence quantity: the most important
source for corrections involves deviations of the mathematical model from
the experimental arrangement. Here, the ideal (mathematical) model of
the THS technique is the basis for the working equations derived above.
Calculations in this model were compared with finite element simulations
on a FEM model that is very close to the practical version of the THB
sensor (real model). Major discrepancies between the three models are
listed in Table III. For the parameter set of Table I (BK7-data), the time
development of local temperature profiles was calculated and simulated.
Figure 15 shows six profiles along the y-axis for three different times.
In the long-term behavior (t = 1000 s), the influence of the isothermal
boundary at R = 20 mm is evident. However, until t = 140 s, at short-term
conditions, the deviations between the ideal and the FEM models remain
insignificant. The effect of the Kapton (foil) and the nickel (strip) can be
perceived from Fig. 16 which is a magnified inset of Fig. 15. Due to its
higher conductivity, the nickel (“FEM”) causes a smaller curvature of the
temperature profile across the strip width than does BK7 (“analyt.”). The
small difference in both curves at the center of curvature can be attrib-
uted to the (at this time constant) temperature drop across the insulation
foil. At this early stage of uncertainty assessment, it can be concluded that
the ideal model equations represent the basic thermoelectric model of the
THB sufficiently precise. Next, the effect of the meandering of the strip
will be analyzed analytically and in simulations. A complete assessment of
the uncertainty is in progress.
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Fig. 15. Calculated and FEM-simulated local temperature profiles at
three different times.
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Table III. Major Differences between the Ideal and Real Models.

Ideal model Real model FEM model

Strip material same as specimen Nickel Nickel
Strip shape compact Meandered Compact
Strip surface bare Insulated Insulated by Kapton
Specimen size infinite Bounded Bounded

4. CONCLUSIONS

The latest descendant of the early nickel strip of the Gustafsson tran-
sient hot-strip technique is a “grown-up” thermal transport properties
measuring device, the transient hot-bridge sensor. This advanced device
avoids the major drawbacks of its predecessors but preserves nearly all
of the advantages of the method. As the key component of a measur-
ing instrument, the new thermoelectric sensor meets the specific needs of
industry and research facilities for fast precise measurements at econom-
ical costs. From one single experiment on solids all three thermophysical
parameters can be obtained after just a few minutes.

The idea behind the sensor is its equal-resistance Wheatstone bridge
that, at uniform temperature, is initially balanced. During a test, a non-
uniform temperature profile is generated that drives the bridge off balance
and lets the bridge produce its offset-free output. There are three different
modes of operation available yielding the thermal conductivity, thermal
diffusivity, and the volumetric specific heat of the material under test from
different intervals of the sensor output signal.

Measurements on the reference materials polymethyl methacrylate
and the crown borosilicate glass BK7, on two thermal insulation materi-
als, and a brick are presented. The preliminary assessed expanded stan-
dard uncertainty of the new method is about 2%.

For applications at temperatures above 220◦C, the THB sensor was
redesigned using ceramics as the base material instead of polyimide.
At present, this so-called ‘Janus’ THB operates at temperatures up to
900◦C [12].
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APPENDIX: HOT STRIP MEAN TEMPERATURE

Due to the non-uniform temperature profile across the width of a
strip, the electrical resistance relevant temperature is the mean temperature
�T (y, t). Generally, this temperature is found by integration over a strip’s
width from −d to d;

�T (t)= 1
2d

d∫

−d

T (y, t)dy (A1)

Instead of dealing with the above integral mean, the mean value theorem
of integrals can be exploited as an uncomplicated way for determination
of �T . According to the theorem mentioned, the mean temperature of a
hot strip of half-width d can be found at a certain line �y = nd parallel
to the long axis (y =0) at a distance |�y|. In the linear model of the basic
THS theory [3], the coefficient n is obtained by equating the linear equa-
tion to the working equation of Gustafsson [1]. The transcendental equa-
tion results in

(n+1)n+1

|n−1|n−1
= 4

e
⇒ n≈0.601 (A2)

that can easily be solved numerically. The following simplified version of
Eq. (A1) is also valid:

�T lin (t)=T (0.6d, t) (A3)

This result can be very useful, especially for FEM simulations of hot strip
arrangements, since no further integration has to be done over the strip’s
temperature profile.
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