10

15

20

25

Geosci. Instrum. Method. Data Syst. Discuss., doi:10.5194/gi-2015-21, 2016 Geoscientific
Manuscript under review for journal Geosci. Instrum. Method. Data Syst. Ins’\t;:tmhggtsaggg
Published: 10 February 2016 Data Systems

(© Author(s) 2016. CC-BY 3.0 License.

Discussions

Influence of probe geometry on measurement results of non-ideal
thermal conductivity sensors

P. Tiefenbacher, N. I. Kémle, W. Macher, and G. Kargl
Space Research Institute, Austrian Academy of Sciences, Graz, Austria

Correspondence to: P. Tiefenbacher (patrick.tiefenbacher @oeaw.ac.at)

Abstract. The thermal properties of the surface and subsurface layers of planets and planetary objects yield important infor-
mation that allows us to better understand the thermal evolution of the body itself and its interactions with the environment.
Various planetary bodies of our Solar System are covered by so-called regolith, a granular and porous material. On such plan-
etary bodies the dominant heat transfer mechanism is heat conduction via IR radiation and contact points between particles.
In this case the energy balance is mainly controlled by the effective thermal conductivity of the top surface layers, that can be
directly measured by thermal conductivity probes. A traditionally used method for measuring the thermal conductivity of solid
materials is the needle-probe method. Such probes consist of thin steel needles with an embedded heating wire and temperature
sensors. For the evaluation of the thermal conductivity of a specific material the temperature change with time is determined by
heating a resistance wire with a well-defined electrical current flowing through it and simultaneously measuring the temperature
increase inside the probe over a certain time. For thin needle probes with a large length-to-diameter ratio it is mathematically
easy to derive the thermal conductivity, while this is not so straightforward for more rugged probes with a larger diameter and
thus a smaller length-to-diameter ratio. Due to the geometry of the standard thin needle probes they are mechanically weak and
subject to bending when driven into a soil. Therefore, using them for planetary missions can be problematic.

In this paper the thermal conductivity values determined by measurements with two non-ideal, ruggedized thermal conduc-
tivity sensors, which only differ in length, are compared to each other. Since the theory describing the temperature response
of non-ideal sensors is highly complicated, those sensors were calibrated with an ideal reference sensor in various solid and

granular materials. The calibration procedure and the results are described in this work.

1 Introduction

One way for a better understanding of our solar system is a better knowledge of the objects in it, the planets and their satellites,
as well as asteroids and comet nuclei. An important part of this knowledge are the physical properties of their surface layers,
i.e. mechanical, optical, electrical and thermal properties. The last ones are in the focus of this work. Thermal conductivity
of the materials composing the solid near-surface layers of the planetary bodies mentioned above is of high interest for the
following reasons. One reason is that for modelling the thermal evolution of any planetary body the average heat flux across
the surface is an important boundary condition (Hofmeister et al., 2007). Another reason for the importance of measuring

these thermal properties is that they control, together with the other physical properties mentioned above, the processes on
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a planetary surface to a high extent (Komle, 2005). Moreover, variations in thermal conductivity can be an indicator for the
presence of water-saturated soil or ice, because dry soil has a significantly smaller thermal conductivity than wet soil or ice
(Incropera et al., 2007).

However, measurements of thermal properties on planetary bodies, except of the Earth, are still scarce. To date only for two
terrestrial bodies - Moon and Mars - thermal properties have been measured in situ. Apollo 15 (1971) and Apollo 17 (1972)
carried experiment packages, called ALSEP, for measuring the thermal conductivity and the vertical temperature gradient on
the Moon (Langseth et al., 1972), (Langseth et al., 1973). The first in situ measurements of thermal properties on Mars were
carried out by the Thermal and Electrical Conductivity Probe (TECP) on board the lander Phoenix in 2008 (Zent et al., 2010).
So there is a need for geophysical in situ exploration of the subsurface in future lander missions for prospecting water ice and
water deposits or other resources. For example, such instruments might be part of the payload for the upcoming Russian Lunar
Polar Lander missions, which have the goal to investigate the properties of the regolith in the lunar south polar regions by
in situ measurements and by returning samples to Earth (ESA, 2014). These areas are of particular interest, because they are
expected to contain water ice at shallow depths.

In the middle of the last century one can find the first theoretical descriptions and experiments concerning so called single-
probes. They are described among others by (Blackwell, 1952) and (Blackwell, 1954). For the Single-Probe Method a single
needle-probe is used, which at the same time serves as a heater and as a sensor for measuring temperature. The basic principle of
this method is to heat the cylindrical probe embedded in the respective sample material by a constant power supply for a defined
time interval, while the temperature response is measured simultaneously. The thermal properties of the surrounding medium
are influencing the measured temperature increase in a way that allows their determination from the measured temperature
response.

For the thermal conductivity measurements we make use of various needle sensors built by the Dutch company Hukseflux.
The model TP02 (Hukseflux, 2010) serves as the standard reference sensor. It is used to calibrate other custom-made models
(denoted as LNPO3 and LNP04), which are mechanically more robust and therefore may be better suited to be used as a payload
for planetary surface missions than standard probes. This work lays the basis for further investigations on the effects of probe
geometry and thus makes a significant contribution towards the development of a reliable thermal properties instrument for
future planetary lander missions.

In the following sections one can find the theoretical approach for needle-shaped thermal sensors, a short presentation of
the used measurement probes, the results of thermal conductivity measurements in various sample materials, as well as the

calibration of the LNP sensors and a comparison between LNP03 and LNPO04.

2 Theory of non-ideal thermal sensors

Generally there a two main groups of thermal conductivity measurement methods.
On the one hand the steady-state methods, where an over time constant temperature difference is established. For these meth-

ods a complex and expensive measurement system is needed. Therefore these methods are not optimal for field and space
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applications.

On the other hand the non-steady-state or transient methods, where usually a needle-shaped heater embedded in a sample is
heated over a certain time interval and the temperature response, which depends on the thermal properties of the sample, is
measured at or near the heater at the same time. Due to the smaller complexity and costs of these systems they are more suitable
for field and space applications. For measurements done for this work a transient method using needle shaped heater/sensor
combinations with different geometry was chosen. The theory of this method is outlined below. All parameter and variables in

the equations mentioned in this section are listed and explained in Table 1.

Table 1. Parameters and variables of the equations used for the theoretical approach.

T K] ...temperature

To [K] ...ambient temperature

t [s] ...characteristic time

r [m] ...radial distance from the center
Tsen  [m] ...sensor radius

Q [Wm™3] ...volume power density

Q [Wm™] ...power per length

k [Wm™'K™!] ..thermal conductivity, sample

K [m?s™1] ...thermal diffusivity, sample

p [kgm 3] ...density, sample

Cp [Jkg 'K~']  ..specific heat capacity, sample

S [Jm K] ...heat capacity per length, sensor
H [Wm~2K~!] ..thermal contact conductance sensor/sample

2.1 Transient thermal conductivity probes

According to (Carslaw and Jaeger, 1959) an infinite line heat source placed in an infinite, homogeneous and isotropic medium
is the general approach for the line heat source technique. As described in (Ozisik, 1989) the heat conduction equation of such
a cylinder-symmetric, one-dimensional boundary value problem can be written as

PT 10T Q) _ 10T,
or2  r Or k. kOt

0<r<oo,t>0, (D)

where r is the radial distance from the center. Q(r,t) [Wm ™3] denotes a volume heat source. The following initial and boundary
conditions are to be satisfied:

0<r<oo,t=0
T=1T, for

r—o00,t>0
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A general solution can be obtained by integral transform, in this case a Hankel transform (Ozisik, 1989):
00 t 00
1) =T+ [ Bha(nesn(-x0) 5 [ eswperar [ e ar | as @
=0 =0 =0

where .Jj is the Bessel function of the first kind and of order zero.
2.1.1 Infinite line heat source with neglected sensor properties

For many applications it is sufficient to consider an infinite line heat source @; [Wm~!] immersed in an infinite medium
positioned at » = 0. Being aware that in practice the heat source can not be a perfect line and that neither the heat source nor
the surrounding medium is infinite various errors arise from this idealization. Nevertheless, this approach allows a good first
estimate of the thermal conductivity of the respective medium, as will be described below. For an infinite line heat source
Q; positioned in the center (r = 0) that supplies energy at a constant rate, the volume power density Q(r,t) [Wm 2] can be

defined as:

Q(T,t) = &5(74_0)7 (3)

27r
where d(r — 0) is the Dirac delta function at » = 0. By substituting Eq. (3) into Eq. (2) an expression for the temperature

response to the heat emitted from the line heat source is obtained:

t
1 Ql(t) —7“2 /
T(rt)=To+ — dt 4
) =T+1% | t—or\Gma=my ) @
/=0
and for ; = const.:
Q[ exp(-u) Q ’
1 exp(—u 1 T
Trt)=Ty+ — | ———du=Ty+——FE, | —
(1) 0+47rk/ w 0+47rk1(4mt>’ )
2
It

oo

where B4 (z) = [ %u_“)du is denoted as exponential integral function, which is defined as a particular definite integral of
xr

the ratio between an exponential function and its argument. As described in (Abramowitz and Stegun, 1964) this integral can

also be expressed by a series expansion:

2 (—=1)
El(x):—'y—lnx—z%
n=1 ’
1
=—y—lnz+z-— 1x2+(9($3)- ©)

The constant v = 0.5772... is known as the Euler-Mascheroni constant or Euler’s constant. The contributions in Eq. (6) after
the logarithmic term can be neglected for small z-values (equivalent to large ¢-values). Thus, using Eq. (5) and Eq. (6) the

temperature change can be approximated by

T(r,t)fTO:ﬁ—lk [’erlntJrln <i':) +] . @)
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Furthermore, the variation of temperature with the natural logarithm of time, Int, as the independent variable can be written as

ar— @ @)
dint  4rk’
This formular shows that, after an initial non-linear temperature rise a linear relationship between the probe temperature and
the natural logarithm of time is established. With knowledge of the heating power and the temperature increase as a function

of time the thermal conductivity can be derived from Relation (8):

Qi fdr\7!
k_47r(dlnt> . )

An improvement over this idealized geometry is the determination of a heat source of finite radius in a similar analytical way
as described below. Moreover, in (Hiitter and Komle, 2012) it is explained that the evaluation approach for a line heat source

can also be used for large hollow cylindrical geometries if measurement time is long enough.
2.1.2 Heat source with thermal surface resistance and non-ideal sensor properties

The theory presented in the previous section is idealized in various ways. It is assumed that the heat source is concentrated in
a line and that there is negligible sensor heat capacity and thermal conductance across the probe-sample interface. However,
this is not the case for real probes. Every real sensor has finite dimensions and characteristic thermal properties differing from
the sample properties. Furthermore, there exists a more or less high thermal contact resistance at the boundary between sensor
and sample material, depending on composition and structure of the sample.

Solutions of the heat equation for this problem have been developed amongst others by (Jaeger, 1956). These relations
include a non-negligible heat capacity of the sensor S [Jm~'K~!] and a finite thermal contact conductance H [Wm 2K ~']!.

S is the specific volumetric heat capacity of the sensor material per sensor length multiplied by the sensor cross section:

S= csenpsenAsen~ (10)

The general solution, Eq. (14), can be derived by introducing three dimensionless variables, where all the basic parameters of

the problem are included:

t
=, (11)
Tsen
a= 27'['7’36”/)617 (12)
===
k
h= . 13
TS@’",H ( )

Thermal resistance is the inverse of thermal conductance H, i.e H — oo is equivalent to (1/H) — 0 (there is no temperature discontinuity across the

respective boundary) (Incropera et al., 2007).
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7 is called Fourier number and it represents the characteristic time for the propagation of the heat wave originating from a
heated cylinder with radius 7, in the surrounding medium.

« represents the ratio of the sample heat capacity to that of the sensor.

h is proportional to the ratio of the sample conductivity to the thermal surface conductance between sensor and surrounding

sample.

Assuming that the thermal conductivity of the sensor probe is large compared to that of the sample material, that the cylinder is
in thermal equilibrium with the surrounding medium at ¢ = 0 (7'(r,0) = 0) and that heat is supplied at the rate per unit length
Q; for a defined time interval to the cylinder core, the temperature 7" in the core at time ¢ is given by the following formula

(Jaeger, 1956):

oo

2Q1a% [ [1 —exp(—7u?)]
T=G(hoT)=—= YT du (14
with
Flu) = [udo(w) = (a— hu?)Jy (w)]* + [u¥o(uw) — (@ — hu?)Yi (u)]. (15)

Jo and J; are the regular Bessel functions of the first kind and of order zero and one, respectively, Y, and Y7 are the Bessel

functions of the second kind and of order zero and one. For small values of 7 the so-called short time approximation is obtained:

! ar? 5 .
Tshort+ = % [T%JFO(TZ)] , ifh#0, (16a)
@ 4o .
or Tsports = % |:7—_ 371_% T% +O(T2):| , ifh=0. (16b)
For large values of 7 the long time approximation is obtained:
Q 47 (4dh—a) (a—2) 4t
Tiongt=— [2h+In| —= | — In(— 17
longt = Yk fitIn C 2at + 2ar "\ C el a7

where C = exp(y) = 1.7811... with Euler’s constant v = 0.5772.... Eq. (17) becomes Eq. (7) (when the initial temperature
is set to zero) for the case of a very thin sensor and vanishing thermal contact resistance between sensor probe and sample
material. It follows from Formula (17) that a plot of T" against In¢ has a linear asymptote of slope Q;/(47k) and so k can be
determined immediately if @); is known.

Furthermore, in (Macher et al., 2013) another interesting case for the development of thermal conductivity sensors is studied,
which will not be discussed here. They considered temperature evolution in and around a heated infinite cylinder with a tubular
sheath, assuming non-negligible surface resistances between core and sheath of the cylinder and between the sheath and the

surrounding medium.
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The characteristic temperature response of a linear heat source (7" vs. Int) to heating is shown in Fig. 1 after (Jones, 1988).

AT,

A+B Int

Long #

-

=

Finite )
probe /medium

Figure 1. Qualitative heating curve measured with a line heat sensor (Jones, 1988).

Lnt

Four main segments can be identified in this curve. The initial phase after the onset of heating can be used for the evaluation

of the thermal conductiviy of the sample by the so-called short time approximation (Eq. (16a)). It is followed by the non-linear

second segment, where self-heating of the probe and contact resistance between probe and sample material are dominating

and thus this approximation is no longer valid. The end of this segment is defined by a transition to the linear portion where T'

depends linearly on Int. With respect to time this is the section between transient time and maximal measurement time defined

in Sect. 2.2.1. This part of the curve is used for the evaluation of the thermal conductivity of the sample by linear regression.

(Jones, 1988) and others used a non-linear long time approximation for the heating curve. They considered a probe with finite

diameter and non-negligible contact resistance between probe and sample material. The non-linear equation is equivalent to

Eq. (17) and reads as follows:

1 1 1
T:A+Blnt+0rtlt+Dt+(’)<?2t>,

with the coefficients

o Ql 4K 2k - Q
A=t ) v o m T R

Sen

Q
B= <L
Ark’

Ql T'2 kS
C —_ v sen 1 _
Atk 2k mr2 k)’

sen

D—ﬁr?ﬁ [1n<ém>+(l—7)—

4tk 2k 200

kS

2
i,k

(18)

(19a)

(19b)

(19¢)

(19d)
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The second term of Eq. (18) with the coefficient B, given in Relation (19b), is equivalent to Eq. (8). From this formula the
thermal conductivity k can be easily determined. The other terms of the equation with their respective coefficients can be used
to evaluate the other unknown parameters of the sensor probe and the sample. These are the thermal diffusivity  of the sample,
the surface conductance H between probe and sample and the heat capacity per unit length S of the sensor. The last segment of
the curve, beginning at the maximum measurement time, is non-linear again, due to finite sample dimensions and axial errors.
(Hiitter, 2011) describes two different behaviours of the curve in this last section, providing information about the measurement
system. An increasing curve can be observed if the heat wave reaches the wall of the sample container and its conductivity is
lower than that of the sample. A decrease of the curve in this section can be observed if convection starts to play a role or if the
conductivity of the sample container wall is higher than that of the sample.

Temperature—time data, the heating current and the heater resistance are necessary input data for the evaluation of thermal
conductivity. This information, together with the estimated transient and maximum measurement times, were integrated into

an evaluation program, written in MATLAB.
2.2.1 Time period for evaluation

Due to the non-ideal measurement conditions there are some limitations for the evaluation that have to be considered. The
thermal diffusivity « of the sample to be measured and the geometric dimensions of the respective sample and sensor are the
key parameters. Two characteristic times can be defined and should be estimated before the measurement:

The transient time ¢;,, is the time from the onset of heating (t = 0) until the beginning of the linear part of the T-Int curve
(see Fig. 1). This time can be estimated according to (Goodhew and Griffiths, 2004) as

2
tirans = %a (20)
4K

where 7., is the radius of the sensor probe. This formula is valid for a full cylinder with radius 7s¢y,.

The maximum measurement time ¢,,,, is the other characteristic time. It is caused by the finite dimension of the sample
containers in laboratory measurements. The reason for the existence of this upper time limit is that the heat wave originating
from the needle probe reaches the boundary of the sample container after some time, depending on the thermal properties of
the respective sample and the distance of the sensor from the boundary. The boundary condition stated in Sect. 2.1, T'= Ty
as r — oo, is violated when the thermal wave reaches the boundary of the sample container. Therefore it must always be
made sure that the duration of one measurement does not exceed ¢,,,,. Once the heat wave is reflected from the boundaries,
the temperature profile is influenced in a way not included in the theory. According to (Goodhew and Griffiths, 2004) the

maximum measurement time can be estimated by the formula:

0.6 sample — I'sen 2
tmaz = (T ol 4 ) . (21)
4K

2.2.2 Error assessment

There are numerous error sources which are responsible for the uncertainty of the thermal conductivity determined by the

various sensors. For the estimation of an overall error the laws of error propagation were used. Generally the resulting quantity
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y of an experiment is a function of several measured variables x;:

y=f(x). (22)

Variations of the variables x; causes the error dy of y, which can be expressed as

dy=3" ay dz;. (23)

The focus of this work is the evaluation of the thermal conductivity. The function f(x;) is the relation used for this calculation,
defined as

k(Q,s) = (24)

Ars’
The parameter s denotes the slope of the linear part of the measurement curve when the measured temperature 7 is plotted

against In¢, which is used for the evaluation. Equation (24) can be rewritten in terms of the measurement parameters:

Rlﬁeat Alnt
it AT’

(25)

where R [Qm~!] is the electrical resistance per unit length of the heating wire of the respective sensor needle and Ij,.q [A] is
the applied constant heating current. Based on Relation (23) the variation of the thermal conductivity k£ due to variations of the
measured quantities can be written as

Ok ok dnt\ ( RI?
5 ﬁéR"" 8Ih€at 5Iheat (5(/{71) <47T) . (26)

Evaluation of Eq. (26) according to Relation (23) leads to the relative error for the thermal conductivity measurement:

5 dT
Ok OB | o0lheat _ (le“t). Q27)
k R Iheat dint

The form -2 dl ;- describes the slope of the T-Int curve from linear regression and is denoted in the following by:

dT
=—". 28
M= it (28)
With this definition the last term of Eq. (27) can be approximated as
) ot ot 1 0Ty — 0T}
_OH _ (02 %1 _ 202 L (29)
12 tz lIllfQ — lnt1 T2 — T1

The subscripts behind the parameters 7' and ¢ describe points on the T-Int curve, where 1 corresponds to the point at the
beginning of the linear part of the curve and 2 corresponds to the end of the linear part (compare Fig. 1). The following two
assumptions can be made:

First, the error of the measurement time can be neglected:
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Second, the temperature error for the temperature values at the beginning of the linear part of the T-Int curve is assumed to be

approximately the same as for the values at the end of the linear part of the curve and is defined as
|0T7| = [6T5| = 0T 3D

So Eq. (29) can be rewritten as

loul _, oT
12 TQ_Tl.

(32)

With this simplification and since all the measurement errors are independent of each other Eq. (27) yields:

0k|  [(6R\® 5I\* 5T \°
k_\/(R> +<2I> +<2T2—T1> ' Gy

The third term in this formula shows the relative temperature error, which is the ratio of the error of the temperature mea-

surement to the temperature increase in the linear regime. It can be seen that the relative error is linked to the slope of the
measurement curve: The bigger the temperature difference (175 — 77), the steeper is the slope and the smaller the relative tem-
perature error. The gradient of the increase of the slope depends on the sample material.

If linear regression is applied, the following form can be used for the evaluation of the relative error of thermal conductivity:

okl _ (SR (581Y, (o’
M ) (Y, o

where the resulting slope and its error from the regression (of the T-Int curve) are substituted for x4 and dp. The variation of

the thermal conductivity is caused by the variations of the heater resistance R, the heating current Ij.,; and the uncertainties of
the measured temperature 7" (or of the slope i from regression), as given in Eq. (33) and Eq. (34). Generally all these variations
consist of uncertainties from needle probe fabrication, used temperature sensors and uncertainties from power supply and data
acquisition unit. The maximum possible deviation of a parameter is evaluated by summing up all the variations influencing the
measurement. In Eq. 34 for error propagation 0 R, 61 and §u are the result of bias (systematic errors) as well as measurement
errors, as indicated in the following, where the most important error sources are described:

Resistance error (§R): The resistance of the heating wire cannot be measured continuously, so the measurement precision of
a typical digital multimeter used for measuring the resistance is taken into account (see Table 2). The heating wires embedded
in all sensors are made of the alloy constantan, which has a constant resistance of 49 u) at temperatures between 20 °C and
500 °C (Heusler, 2014). Therefore the bias caused by the change of resistance with temperature is negligible.

Heating current error (I): The constant current flowing through the heating wire is generated by the TTi power supply and
continuously measured by the Agilent data logger. Both devices are a source of measurement error. The first term in the 571
column in Table 2 is the measurement error caused by the data logger according to (Agilent, 2012) and the second term the
measurement error caused by the power supply according to (TTi, 2003). These errors are determined for each measurement.
Time error (5t): The time reading error was assumed to be negligible.

Temperature error (6T): The temperature at the TP0O2 sensor is determined by a differential thermocouple measurement. The

10
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reference temperature above the sample is measured by a Pt1000 resistance temperature detector (RTD), mounted in the base
of the sensor, for establishing the absolute medium temperature. Due to the differential measurement of the two thermocouples
there is no additional bias and the error is essentially due to the RTD resistance measurement. The Pt1000 RTD is also used in
the LNPO3 and LNPO04 sensors. RTDs are sensors for measuring temperature in virtue of the correlation of the RTD resistance
with temperature. So the relative error of the temperature measurement is in the same order of magnitude as the relative error
of the measured resistance. The errors caused by the Agilent data logger (Agilent, 2012) are taken into account (see Table 2),

while the bias of the RTD can be neglected due to its small tolerance range at the given temperature.

Table 2. Error estimates of the quantities measured during thermal conductivity measurement, listed for the different sensors.

SR 51 ST 1

Sensor R T L
+(0.0005-R+0.1 Q)  £(0.0005-I+5x10~% A)+(0.002-1+0.005 A) +(0.0001-R+0.01 )

TPO2 = T R
+(0.0005- R+0.1 Q) +(0.001-140.0001 A)=(0.002-140.005 A) 4(0.0001-R+0.01 Q)

LNPO3 = T R
+(0.0005- R+0.1 Q) +(0.001-140.0001 A)=(0.002-140.005 A) +(0.0001-R+0.01 Q)

LNPO4 = T R

1 The relative error of the temperature measurement was calculated as the relative error of the resistance measurement as

given in the Agilent data sheet (Agilent, 2012).

Finally, the scattering (variance) of the data points in the T-Int¢ curve contributes to the error 5/7“ in Eq. 34. However, this
contribution is much smaller than the error estimation %T given in Table 2. Therefore Eq. (33) is used instead of Eq. (34),

providing a good estimate for the total relative error of each determined conductivity value (as indicated by error bars in the

Fig. 8 to 13). In each figure the standard deviation o, belonging to the respective measurement sequences, are given, calculated

by

(35)

where n is the number of conductivity values x; per sequence and 7 is their mean value. In fact, the variance of the conductivity
values (as plotted in these figures) is well represented by the estimated error bars (apart from some outliers which are to be

expected from a statistical point of view).

3 Measurement probes

The thermal conductivity of the various samples was measured with different measurement probes. On the one hand a com-
mercial thermal conductivity sensor, denoted as TP02, and on the other hand two different versions of custom-made sensors,
LNPO3 and LNPO04, all manufactured by the Dutch company Hukseflux, were used. The LNP sensors were designed to inves-

tigate their suitability for space application. They are shorter and thicker and therefore more rugged than the commercial TP02
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sensor, which can be easily deformed by bending when used in granular material with larger grain sizes or in a material with in-
ternal cohesion. However, due to the smaller length-to-diameter ratio of the LNP probes the evaluation of thermal conductivity
is not as straightforward as it is for the “optimal" line heat sources, described in the previous sections. Additional calibration is
necessary. The LNPO3 and the LNP04 sensors are constructed identically, except for their length. The LNP0O4 sensor is 20 mm
shorter and thus a little more robust than the LNPO3, but the length-to-diameter ratio is smaller. In the following the individual

probes are described in more detail.
3.1 TPO2

The TPO2 sensor is a commercial non-steady-state probe (NSSP) for thermal conductivity measurement. The NSSP measure-
ment method is also known as transient line heat source, thermal needle, hot needle, heat pulse- and hot wire technique as
described in Sect. 2. Generally such a probe consists of a heating wire, representing a perfect line heat source and a tempera-
ture sensor capable of measuring the temperature at the heat source region. For investigation of a medium the probe is inserted
into it. Measurements with the TP02 sensor are absolute, i.e. there is in principle no need for reference materials.

Three TP02 sensors were used for our measurements, which only differ in heater resistance. The sensor has a length of
150 mm and a diameter of 1.5 mm, which implies a length-to-diameter ratio of 66. According to (Komle et al., 2013) sensors
with a ratio of 60 or more fulfil the requirements for the evaluation based on line heat source theory, so the TP02 sensor meets
this requirement. The uppermost 100 mm are actively heated by an embedded constantan heating wire. All described dimen-
sions can be found in Fig. 3. For temperature measurement the sensor incorporates two thermocouple junctions (thermocouple
type K) producing a voltage output that is proportional to AT between heated and unheated part. One positioned 50 mm from
the base in the heated part, the other one in the unheated tip. Additionally a Pt1000 RTD in the base measures the surrounding
temperature and enables the evaluation of the absolute medium temperature. The structure of the TP0O2 is shown in Fig. 2
and 3. This design provides optimal accuracy independent of the medium temperature and a minimal sensitivity to thermal
gradients. The TPO2 sensor was used as a reference sensor for calibration of the LNP03 sensor (Komle et al., 2013) and the

LNPO4 sensor, as described in Sect. 5.

2)

s
]
7

e
©
Yy, ®

©@
@74
x

A

=

Figure 2. The TP02 probe consists of a needle with two thermocouple junctions; the hot joint (3), the cold joint (4) (remains at a stable

temperature) and a heating wire (2). In the base (6) a reference temperature sensor (Pt1000) (1) is mounted. (Hukseflux, 2010)

For the evaluation of the thermal conductivity of a sample measured with the TP02 probe the thermocouple readings have to be
converted from voltage into temperature. Therefore, as described in (Hukseflux, 2010), the temperature dependent sensitivity

of the thermocouple E,.,, [VK~!] is calculated as

Eyen = 107%(ag + a1 T — aT?), (36)
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100mm

4 —p

Figure 3. Commercial TP02 thermal conductivity probe (Hiitter, 2011).

with the constants ag = 39.40 VK1, a; = 0.050 VK2 and a5 = 0.0003 VK 3.
The Pt1000 RTD gives the temperature of the sensor’s surroundings, so with its readings the absolute temperature 7" can be
calculated. Temperature change measured close to the heating wire is then derived as

US en

AT =
Egen ’

(37

where Us,,, is the thermoelectric voltage generated at the thermocouple hot junction. According to (Hukseflux, 2010) the
sensitivity given in Eq. (36) should be accurate within 1 % in the temperature range from -40 °C to 100 °C.
With the Pt1000 RTD resistance values are measured, which have to be converted into temperature values. The relation between

resistance R and temperature 7" of platinum RTDs is described by the Callendar-van Dusen equation (McGee, 1988):

R=Ry[1+ AT+ BT?+CT*(T —100)], (38a)
R=Ry[14+ AT+ BT?], (38b)

where Eq. (38a) is valid for the temperature range of -200 °C to 0 °C and Eq. (38b) for the temperature range of 0 °C to

850 °C. The constants have the following values:

A=+3.9083 x 1073 °C~1,
B=-5.7750%x 1077 °C~2,
C =—-4.1830 x 10~ 12 °C~3.

These equations and the values of the constants are especially valid for platinum RTDs, so no further calibration is necessary.

If the RTD element is made from another material the constants A, B and C have to be determined separately (Schaffer, 2014).
3.2 LNPO03

The LNPO3 sensor is a custom-made prototype thermal conductivity sensor. There is one sensor, the LNP-A (further denoted
as LNPO3-needle 4), which has a mounting stud with a screw thread at the top for installing it onto a deployment device (for
example a robotic arm on a planetary lander). In relation to the whole needle such a part has a relatively large mass and heat
capacity and could therefore influence the measurements. Thus two identical sensors, the LNP-B (further denoted as LNP03-
needle 2 and LNPO3-needle 3), were built consisting only of the needle and the necessary heating and measurement parts

without such a mounting stud, but with the same geometric dimensions. Both versions are shown in Fig. 4.
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The sensor has a needle length of 100 mm and a diameter of 3.5 mm, which implies a length-to-diameter ratio of 28. This
is far below the minimal ratio of 60 for evaluation on the basis of the line heat source theory, but the sensor is more robust
than the TPO2 sensor and can hardly be bended. For the heating of the LNPO3 sensor a constantan wire is embedded in the
needle, which extends over the whole needle length. The temperature response to heating is measured with three Pt1000 RTDs
placed at the following positions (see Fig. 4): close to the tip, in the center of the needle and close to the base of the needle. The
conversion of the resistance values measured by the RTDs to temperature values is described in Sect. 3.1. Only the values of the
middle sensor were used for the evaluation of the thermal conductivity. The temperature is measured with a 4-wire technique

to increase the measurement accuracy.

Smm . 45mm 45mm

Figure 4. LNPO3 thermal conductivity probe prototype. The upper picture shows the LNP-A, further denoted as LNP03-needle 4 and the
lower picture shows the LNP-B, which is further denoted as LNP03-needle 2 and LNP03-needle 3.

3.3 LNP04

The LNPO04 sensor is the further developed version of the LNP03 custom-made prototype and is shown in Fig. 5. The differences
are the needle length and the construction of the mounting stud. There are four identical sensor needles in use. As the LNP-A,
the LNPO4 sensor is equipped with a mounting stud with a screw thread on the top for installing it onto a deployment device,
but this one has less mass and thus less heat capacity which could influence the measurements.

With a length of 80 mm the LNP04 sensor is 20 mm shorter than the LNPO3 but has the same diameter, implying a length-
to-diameter ratio of 22. This is also far below the minimal ratio of 60 for evaluation on the basis of the line heat source theory,
but the sensor is even more robust than the LNPO3 sensor. The heating and measurement properties are the same as for the
LNPO3 sensor. For the heating a constantan wire is embedded in the needle, which extends over the whole needle length. The
temperature response to heating is measured with three Pt1000 RTDs placed at the following positions, (see Fig. 6): close to
the tip, in the center of the needle and close to the base of the needle. The conversion of the resistance values measured by
the RTDs to temperature values is described in Sect. 3.1. As for LNPO3, only the values of the middle sensor were used for

evaluation and the temperature was measured with a 4-wire technique to increase measurement accuracy.
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Figure 5. LNPO4 thermal conductivity probe prototype. (Hukseflux, 2013)
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Figure 6. Sketch of the LNP04 sensor, showing its internal construction.

(Hukseflux, 2013)

4 Thermal conductivity measurements

In this section all measurements conducted with the TP02, the LNPO3 and the LNP04 probes are described and the respective
measured thermal conductivity values for the different sample materials are listed. Additionally the conductivities evaluated
from the measurements with the LNPO3 sensor are compared to those evaluated from the measurements with the LNP04

sensor. The main difference between these two types of sensors is their length and therefore the length-to-diameter ratio. Thus
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the effect of that change in geometry on the evaluation of thermal conductivity can be studied by comparing their measurement
results.

For the analysis the thermal model explained in Sect. 2.1.2, considering a heat source with thermal surface resistance and
non-ideal properties, was used. The thermal conductivity was evaluated using the following standard procedure, as illustrated

in Fig. 7:
1. Removal of any temperature trend from the data not associated to the active heating of the sensor.
2. Identification of the suitable interval of the measured temperature profile (linear part on the T-Int graph).

3. Calculation of the thermal conductivity using the method of linear regression as described in Sect. 2.2.

leasurement data

Tro
8N
atrel

W an em @0 om0 o T
sl

Figure 7. Thermal conductivity evaluation procedure performed in an agar sample with the LNP04 sensor with a heating time of 600 s and a
heating power of 1 W as an example, evaluated and plotted by the software MATLAB. Top left: raw data and offset-corrected data of the total
measurement (0 s to 300 s: phase before heating, used for the evaluation of the offset; 300 s to 900 s: heating phase, used for the evaluation
of the thermal conductivity; 900 s to 1200 s: decline phase, which is not used for any evaluation). Bottom left: semi-logarithmic plot of the
heating phase with the interval used for the linear fit shown in green. Top right: semi-logarithmic plot of the heating phase with the interval

used for evaluation and successive and linear regression.

The commercial TP02 sensor as well as the prototypes LNP03 and LNP04 were tested by performing measurements in different
materials of well known thermal conductivity and compared to tabulated values. All measurements were performed under
atmospheric pressure, at room temperature (21 °C to 24 °C) and a relative humidity of around 40 %, except for those in water
ice, where the sample was stored in a deep-freezer at -20 °C. The materials used for the measurements are summarized in
Table 3. The determination of the physical properties of a bulk of granular material, as needed for the glassbeads samples, is
described in Appendix A.

In the following the measured thermal conductivity of each sample material is listed, where k;,cq, is the arithmetic mean,

kmedian the median of the measured thermal conductivities and the minimum and maximum conductivity values are denoted
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Table 3. Overview of the sample materials.
Physical properties: (Water at 20°C)
Thermal conductivity k: 0.60 Wm™'K™!
Heat capacity c;: 4.18kJkg 1K?
Agar . _3
Density p: 998.21 kgm
Dimensions: 30 x 30 cm (D x H)
Medium: Agar-water mixture
Glassbeads
Physical properties:
Thermal conductivity k: 0.19Wm'K™!
Heat capacity c,: 1.201 kJkg *K~*
0.25-0.50 mm Bulk density ppuik: 1510 kgm 3
Dimensions: 30 x 40 cm (D x H)
Medium: Soda lime glass
Physical properties:
Thermal conductivity k: 0.19Wm'K™!
Heat capacity c,: 1.195kJkg *K~!
1.00-1.25 mm Bulk density ppuik: 1470 kgm_3
Dimensions: 35 x 28 x 30 cm (L x Hx W)
Medium: Soda lime glass
Physical properties:
Thermal conductivity k: 0.19Wm'K™!
Heat capacity c,: 1.193kJkg'K~*
3.80 =430 mm Bulk density ppuik: 1450 kgm_3
Dimensions: 26 x 28 cm (D x H)
Medium: Soda lime glass
Physical properties:
Thermal conductivity k: 240Wm K1
Kerafol KP96 Density p: 2600 kgm 3
Dimensions: 16 x 17 cm (D x H)
Medium: Thermally conductive grease
Physical properties:
Thermal conductivity k: 041 Wm'K™!
PE Heat capacity cj: 1.70-2.40 kJkg 'K ~*
Density p: 950 kgm 3
Dimensions: 30 x 18.5 cm (D x H)
Medium: High-density polyethylene
Physical properties: (Water ice at -20°C)
Thermal conductivity k: 233Wm'K™!
. Heat capacity c,: 1.94kJkg ' K™!
Water ice

Density p: 919.40 kgm =3
Dimensions: 26 x 25 cm (D x H)
Medium: Water ice

17
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as kyin and ky,q., respectively. The absolute measurement error |0k is the mean value of the estimated errors of the single
measurements, determined according to Eq. (33), while ¢ is the mean value of the standard deviations of the single measure-

ments, calculated by Eq. (35). The values of the used LNP0O3 and LNP04 needles are listed separately.
4.1 Agar

All three sensor types, TP02, LNP03 and LNP04, were used for the measurements in agar. The same sample was used for all
sensors. Enough sample material was produced to allow for degradation of the penetrated layer after a measurement with one
sensor and use the untouched sample surface for the other sensor probes. The disadvantage of this method is that one cannot
rule out that invisible small cracks occur at the sample surface by the insertion of a sensor. If this happens the contact between
sensor and medium is getting worse. The better, but much more time-consuming method, would be to produce a new sample
for each probe and put the probes into the agar before it solidifies.

The thermal conductivities determined by the different sensors are summarized in Table 4 and shown in Fig. 8 versus the

chronologically ordered measurements.

Table 4. Thermal conductivity of agar determined by the TP02, the LNP03 and the LNP04 sensor.

Wm K™

Sensor No. Kmean Kmedian g |6k| Kmin Kmax
TP02 5 0.575 0.601 0.041 0.064 0.489 0.631
LNPO03

needle 2 5 0.609 0.604 - 0.023 0.603 0.623
needle 3 5 0.608 0.603 - 0.024 0.602 0.627
needle 4 5 0.601 0.596 - 0.023 0.592 0.613
all 15 0.609 0.604 0.010 0.023 0.592 0.627
LNP04

needle 1 5 0.622 0.615 - 0.024 0.611 0.636
needle 2 5 0.592 0.590 - 0.023 0.587 0.604
needle 3 5 0.619 0.615 - 0.024 0.609 0.632
needle 4 5 0.642 0.643 - 0.024 0.626 0.653
all 20 0.618 0.615 0.021 0.024 0.587 0.653

ktabulated =0.60+ 10% Wm_lK_l

18



10

Geosci. Instrum. Method. Data Syst. Discuss., doi:10.5194/gi-2015-21, 2016 Geoscientific
Manuscript under review for journal Geosci. Instrum. Method. Data Syst. Ins’\t;:tmhggtsagzg
Published: 10 February 2016 Data Systems
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

TP02, LNP03 and LNP04 sensor in Agar
T T T T T

— —
tabulated k (+ 10 %)
- ]

o measured k TPO2; oppg, =0.041 WK 'm

074

072} H
e measured k LNPO3; g 0= 0.010 WK 'm”™!

o
3
T

& measured k LNPO4; g, o, = 0.021 WK 'm”

o
@
3

062}

I conductivity k [WK 'm™"
o o o
8 & 2 3

° >

A P -

——p
PO

et

e

— k.

—ip—tpi

NER S

—at i

>
Pt
e
N
et
i

S S S S R R T S T |
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Measurement

Figure 8. Thermal conductivity values of agar, measured by the TP02, LNPO3 and LNPO4 sensor. The error bars are representing the
measurement error as described in Sect. 2.2.2 for each measurement value. The green line indicates the tabulated value of the thermal

conductivity (Hukseflux, 2007) with a range of £10 %. In the legend the standard deviation o, determined according to Eq. (35), of the

respective measurement sequence is given.

4.2 Glassbeads

Three different single grain size fractions were investigated. Glassbeads of 0.25 mm to 0.50 mm grain size were used for
measurements with the TP02, LNP0O3 and LNP04 sensor. Thermal conductivity measurements in the glassbeads with a grain
size of 1.00 mm to 1.25 mm and 3.80 mm to 4.30 mm were performed only with the TP02 sensor.

The thermal conductivity values are summarized in Tables 5, 6 and 7 for the different sizes of the glassbeads, respectively.
A comparison of the conductivities determined by all three sensors in the smallest glassbeads is shown in Fig. 9. Having
a look on the values measured by the TPO2 sensor in the different sizes of glassbeads (see Fig. 10) an increase of thermal
conductivity with increasing grain size can be observed. This was already described by (Hiitter, 2011). The reason for the
correlation between bead size and conductivity is that the heat transfer via the gas phase is much more effective than via the

contact points of the solid grains. When applied to regoliths under very low pressure or vacuum, grain to grain contacts become

increasingly important.
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Table 5. Thermal conductivity of glassbeads with a grain size of 0.25 mm to 0.50 mm determined by the TP02, the LNPO3 and the LNP04

sensor. The value for ktqpuiated is the thermal conductivity of a bulk of glassbeads.

Wm 1K1

Sensor  No. Kmean Kmedian o |0k| Kmin Kmax
TP02 10 0.164 0.163 0.012 0.018 0.141 0.188
LNPO3

needle2 5 0.206 0.205 - 0.008 0.205 0.209
needle 3 5 0.204 0.203 - 0.008 0.200 0.207
needle4 5 0.206 0.206 - 0.008 0.206 0.208
all 15 0.205 0.206 0.002 0.008 0.200 0.209
LNP04

needle 1 5 0.203 0.203 - 0.008 0.200 0.210
needle2 5 0.206 0.205 - 0.008 0.198 0.213
needle 3 5 0.213 0.213 - 0.008 0.209 0.217
needle4 5 0.211 0.208 - 0.008 0.207 0.216
all 20 0.209 0.209 0.006 0.008 0.198 0.217

Kiabulated = 0.19+ 10% Wm 1K1

Table 6. Thermal conductivity of glassbeads with a grain size of 1.00 mm to 1.25 mm determined by the TP02 sensor. The value for

Ktabulated 18 the thermal conductivity of a bulk of glassbeads.

Wm—I1K-!

Sensor No. kmean kmedian g |5k‘ kmin kmax

TP02 5 0.176 0.180 0.012 0.019 0.159 0.192

Kiabulated = 0.19+ 10% Wm 1K1
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Table 7. Thermal conductivity of glassbeads with a grain size of 3.80 mm to 4.30 mm determined by the TPO2 sensor. The value for

Ktabulated 18 the thermal conductivity of a bulk of glassbeads.

Wm1K-!

Sensor No. Kmean Kmedian o |0k| Kimin Kmax

TP02 5 0.192 0.196 0.026 0.021 0.159 0.226

ktabulated =0.19+ 10% Wm—1K-!

TP02, LNP03 and LNP04 sensor in Glassbeads (0.25-0.50 mm)
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Figure 9. Thermal conductivity values of glassbeads with a grain size of 0.25 mm to 0.50 mm, measured by the TP02, LNP03 and LNP04
sensor. The tabulated value of the thermal conductivity (Hukseflux, 2013) refers to a bulk of glassbeads and is indicated by the green line
with a range of 210 %. The error bars are representing the measurement error as described in Sect. 2.2.2 for each measurement value. In the

legend the standard deviation o, determined according to Eq. (35), of the respective measurement sequence is given.

4.3 Kerafol KP96

The thermal grease Kerafol KP96 was used for measurements with the TP02, LNP0O3 and LNP04 sensor. This highly viscous
grease was stirred well before conducting the measurements in order to get a homogeneous medium. Despite slow and careful
stirring some air bubbles emerged in the fluid which might affect the measurement of the thermal conductivity. Thus, after
stirring the sensor was put into the grease carefully and before starting the measurements it was waited some time and slightly
tapped against the sample container, so that most of the bubbles were able to rise to the surface and to escape.

The thermal conductivities determined by the different sensors are summarized in Table 8 and shown in Fig. 11. In the upper
panel it can be seen that the measured thermal conductivity is far below the value given by the manufacturer. Maybe the reason

for this high deviation is that the thermal conductivity value given by the manufacturer is only valid when this thermal grease
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Figure 10. Thermal conductivity values of glassbeads in the different size fractions determined by the TP02 sensor. The error bars are
representing the measurement error as described in Sect. 2.2.2 for each measurement value. The green line indicates the tabulated value
of the thermal conductivity (of a bulk of glassbeads) (Hukseflux, 2013) with a range of +10 %. In the legend the standard deviation o,

determined according to Eq. (35), of the respective measurement sequence is given.

is applied in a thin contact layer and not in the bulk fluid, as used for our measurements. This fact was already observed in the

previous measurements described by (Komle et al., 2013).

Table 8. Thermal conductivity of Kerafol KP96 determined by the TP02, the LNPO3 (needle 2) and the LNP04 sensor.

Wm1K™!

Sensor No. Kmean Kmedian o |0k| Kmin Kmax
TP02 7 0.858 0.870 0.027 0.049 0.815 0.888
LNPO03 5 0.968 0.964 0.011 0.038 0.962 0.989
LNP04

needle 2 5 0.912 0.901 - 0.035 0.867 0.987
needle 3 5 0.982 0.980 - 0.038 0.977 0.993
all 10 0.947 0.978 0.048 0.036 0.867 0.993

ktabulated =240+ 10% Wm71K71
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Figure 11. Thermal conductivities of the thermal grease Kerafol KP96 measured by the TP02, LNP03 and LNP04 sensors. In the upper panel
green line indicates the value of the thermal conductivity given by the manufacturer (Kerafol, 2013) with a range of +=10 %. The lower picture
shows the range of the measured values in more detail. The error bars are representing the measurement error as described in Sect. 2.2.2 for

each measurement value. In the legend the standard deviation o, determined according to Eq. (35), of the respective measurement sequence

is given.

4.4 PE - Polyethylene

All three sensors, TP02, LNP03 and LNPO04, were used for the measurements in PE. The sensors were inserted into predrilled
holes with different diameters and lengths, to provide proper fitting. The hole for the TP02 has a diameter of 1.8 mm and a
length of 150 mm, the one for the LNP0O3 and LNP04 a diameter of 3.6 mm and a length of 115 mm. For improvement of
the thermal contact between sensor and sample Glycerin was used as a contact fluid. The thermal conductivity of Glycerin is

around 0.3 Wm~'K~! and so significantly higher than that of air, which is 0.026 Wm~'K~1.
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The thermal conductivities determined by the different sensors are summarized in Table 9 and shown in Fig. 12.

Table 9. Thermal conductivity of PE determined by the TP02, the LNP03 and the LNP04 sensor.

Wm ' K™!

Sensor No. kmean kmedian g |6k| kmin kmax
TP02 5 0.429 0.425 0.043 0.044 0.370 0.478
LNPO3

needle 2 5 0.473 0.473 - 0.015 0.469 0.479
needle 3 5 0.466 0.467 - 0.014 0.464 0.467
needle 4 5 0.469 0.471 - 0.015 0.459 0.477
all 15 0.469 0.469 0.005 0.015 0.459 0.479
LNP04

needle 2 5 0.453 0.454 - 0.014 0.443 0.461
needle 3 5 0.467 0.467 - 0.015 0.464 0.471
all 10 0.460 0.463 0.009 0.015 0.443 0.471
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Figure 12. Thermal conductivities of the solid plastic material PE measured by the TP02, LNP0O3 and LNP04 sensor. The tabulated value of
the thermal conductivity (Faigle, 2014) is indicated by the green line with a range of 10 %. The error bars are representing the measurement

error as described in Sect. 2.2.2 for each measurement value. In the legend the standard deviation o, determined according to Eq. (35), of the

respective measurement sequence is given.
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4.5 Water ice

Water ice was used for measurements with the TP02, LNP0O3 and LNPO4 sensor. No fissures or even cracks were observed
after freezing. This suggests that there was a good contact between sensor and sample material, which is consistent with the
low variability of the thermal conductivity values determined by all sensors and the good agreement with the tabulated value.

The thermal conductivities determined by the different sensors are summarized in Table 10 and shown in Fig. 13.

Table 10. Thermal conductivity of water ice determined by the TP02, the LNP03 (needle 2) and the LNP04 (needle 2) sensor.

Wm K™
Sensor  No. Kmean Kmedian o |0k Kmin Kmax
TP02 5 2.260 2.248 0.053 0.072 2.187 2.315
LNPO3 5 2.297 2272 0.05 0.074 2.263 2.392
LNP04 5 2.290 2.288 0.055 0.072 2.228 2.354

ktabulated =233+ 10% Wm71K71
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Figure 13. Thermal conductivity values of water ice determined by the TP02, LNPO3 and LNPO04 sensor. The error bars are representing

the measurement error as described in Sect. 2.2.2 for each measurement value. The green line indicates the tabulated value of the thermal

conductivity of water ice at -20 °C (Wikipedia, 2014) with a range of 10 %. In the legend the standard deviation o, determined according

to Eq. (35), of the respective measurement sequence is given.
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5 Calibration of the LNP sensors

The custom-made thermal conductivity sensors LNP03 and LNP04 are rugged prototype sensors. As already mentioned in
(Komle et al., 2013) these sensors are necessarily thicker and shorter and so cannot fulfil the requirements for the evaluation
of the thermal conductivity by Eq. (8). Thus, there are in principle two possibilities to do this. Either one can use a much
more complicated formalism, applying the theory of non-ideal (short and thick) sensors, or one uses the simple theory of
ideal sensors with an additional calibration function. While the first method has been described in (Hiitter, 2011), (Hiitter and
Komle, 2012) and (Macher et al., 2013), the second method is described in this section. The testing and calibration of the
LNPO3 sensor was already conducted by (Komle et al., 2013) and now verified by measurements in partly different sample
materials and an adapted measurement setup. Calibration of the LNP04 sensor was carried out in the same way. As reference

sensor an off-the-shelf thermal conductivity probe TP02 was used. A detailed description of all the sensors was given in Sect. 3.
5.1 Characterization of calibration samples

For the calibration measurements the used materials have been selected in order to cover the range of thermal conductivities
from around 0.01 Wm 'K~ to around 2 Wm~'K~!. All measurements for the calibration of the LNP sensors were per-
formed under atmospheric pressure at temperatures in the range of 21 °C to 24 °C and a humidity around 40 %. The lower
end, around 0.10 Wm 1K1, corresponds to granular materials. As a representative of such a material silica glassbeads with
a grain size in the range of 0.25 mm to 0.5 mm were used. For thermal conductivity of about 0.40 Wm~!K~!the solid plastic
material PE and for the range of 0.50 Wm~'K~! to 0.60 Wm~1K~! water, respectively agar, were used as sample material.
Investigation of the upper end of the range of thermal conductivity we were interested in, around 2 Wm 'K ~!, was performed
by using compact water ice. For that, water was placed into a deep-freezer with the measurement needles inserted and cooled
down over several days until a constant temperature of about -20 °C was reached. Despite the slight expansion of the sample
due to freezing no visible cracks were formed during the freezing process, which could have affected the thermal contact of
the needles with the sample. The used container was flexible and allowed expansion of the ice during freezing both towards
the sides and in upward direction. There was no danger of local phase changes of the sample material along the contact surface
of sensor and sample, because temperature changes due to sensor heating never exceeded a few degrees. To cover the range
around 1 Wm~'K~! and to bridge the gap between water/agar and water ice the thermally conductive grease Kerafol KP96

was used. It is a viscous fluid, so convection is suppressed, but it is soft enough, so that the sensors can be inserted easily.
5.2 Calibration strategy

For the calibration the following steps were performed:

1. Reasonably large-sized samples were prepared, which were big enough in diameter and height for the respective sensor.
This made sure that no influence from the sample boundaries could disturb the measurements. Estimating the minimum

sample sizes can be done by means of the formulae given in (Hiitter and Komle, 2012).
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2. The samples (with sensors inserted) were kept for at least several hours in a thermally stable environment to ensure

isothermal conditions for the measurements. All measurements were performed at room temperature, i.e. at an ambient

temperature range of 21 °C to 24 °C, except of those in water ice, where the sample was stored in a deep-freezer at

-20 °C.

3. For the thermal conductivity measurements each sensor was heated separately. To make sure that the sample is in thermal

equilibrium again after one measurement, there were long enough time periods between two subsequent measurements

(several hours). The heating periods of the sensors are depending on the sample and were in the range of 300 s to 600 s.

4. Evaluation of the thermal conductivity was performed as described in Sect. 4.

The thermal conductivity results determined from TP02 measurements are listed in Table 11 and those determined from LNP03

and LNP04 measurements in Table 12.

Table 11. Thermal conductivity measurement results for the TP02 sensor in different sample materials.

Sensor Thermal conductivity k [Wm ™ K~!]
Glassbeads PE Agar KP96 Water ice
TP02 0.172 0.463 0.537 0.815 2.310
0.155 0.425 0.612 0.874 2.248
0.168 0.370 0.537 0.888 2.187
0.168 0.478 0.625 0.872 2.315
0.163 0.410 0.590 0.825 2.242
0.141 - - 0.860 -
0.162 - - 0.870 -
0.188 - - - -
0.163 - - - -
0.162 - - - -
mean 0.164 0.429 0.580 0.858 2.260
tabulated 0.19 0.41 0.60 2.40 2.33

5.3 Calibration results

The mean value of the individual results from all three sensors was used to evaluate the calibration factors for the different

samples, shown in Table 13. So the true thermal conductivity can be obtained from a measurement with the prototype LNP

sensor according to formula:

kTPOQ = fcal : k'LNP

The average value calculated from the individual calibration factors is designated as f.,; and given in Table 13 too.
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Table 12. Thermal conductivity measurement results for the LNP0O3 and the LNP04 sensor in different sample materials.

Sensor Thermal conductivity k [Wm™ K=
Glassbeads PE Agar KP96 Water ice
LNP0O3 0.209 0.479 0.604 0.989 2.272
0.206 0.474 0.604 0.964 2.393
0.205 0.473 0.603 0.963 2.285
0.205 0.469 0.609 0.962 2.271
0.205 0.472 0.623 0.964 2.263
0.205 0.464 0.627 - -
0.200 0.467 0.605 - -
0.203 0.467 0.603 - -
0.207 0.467 0.602 - -
0.203 0.467 0.603 - -
0.208 0.466 0.613 - -
0.206 0.472 0.596 - -
0.207 0.471 0.593 - -
0.206 0.459 0.612 - -
0.206 0.477 0.592 - -
mean 0.205 0.469 0.606 0.968 2.297
LNP04 0.209 0.443 0.636 0.987 2.354
0.205 0.457 0.611 0.901 2.335
0.204 0.454 0.612 0.900 2.228
0.198 0.461 0.634 0.867 2.243
0.213 0.453 0.615 0.904 2.288
0.209 0.469 0.604 0.993 -
0.205 0.467 0.590 0.979 -
0.204 0.471 0.589 0.980 -
0.198 0.464 0.590 0.983 -
0.213 0.465 0.587 0.977 -
0.217 - 0.632 - -
0.216 - 0.615 - -
0.213 - 0.609 - -
0.212 - 0.612 - -
0.209 - 0.624 - -
0.216 - 0.653 - -
0.208 - 0.633 - -
0.208 - 0.626 - -
0.215 - 0.643 - -
0.207 - 0.652 - -
mean 0.209 0.460 0.618 0.947 2.290
tabulated 0.19 0.41 0.60 240 2.33
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Table 13. Calibration factors derived for the different materials.
Sensor Calibration factor [1]
Glassbeads PE Agar KP96 Water ice feal
LNPO03-TP02 0.799 0914 0.957 0.886 0.984 0.908
LNP04-TP02 0.786 0.932 0.938 0.906 0.987 0.909

In Fig. 14 the conductivities measured by the LNP sensors versus that of the TP02 reference sensor can be seen. The symbols
represent the mean values listed in Tables 11 and 12, while the dotted lines are a linear fit through these measured values,

respectively.

Calibration of the LNP sensors
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Figure 14. Calibration of the prototypes LNP03 and LNP04 with the commercial TP0O2 thermal conductivity sensor, which is used as a
reference sensor for the calibration measurement. The red symbols represents the mean measurement values of the respective sensor and the

dotted line is a linear fit to them.

6 Comparison between the LNP03 and LNP04 sensor

The LNPO3 and the LNPO4 only differ in sensor length. While the LNPO3 sensor has a length of 100 mm, the LNP04 sensor
is only 80 mm long. This means a length-to-diameter ratio of 22 for the LNP04 sensor instead of 28 for the LNP03, and thus a
geometry which is less optimal with respect to line heat source theory.

In this section potential differences in thermal conductivity values, measured by the LNPO3 and the LNP04, are shown. All
evaluated conductivities measured in the various sample materials are listed in Table 12. The average value of each sample
is written in bold. In Fig. 15 these mean conductivities obtained from the two different sensors, which are represented by the

symbols, were plotted against each other, while the dotted line is a linear fit through the data points. From the mean values a
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conversion factor between the LNP03 and LNPO4 sensor was calculated, shown in Table 14. So the following relation can be

formulated:

krnpos = feon - kLnPoy (40)

These conversion factors versus the thermal conductivities measured by the LNP04 sensor are plotted in Fig. 16. A factor of
5 1 is indicated by a bold line with a & 3 % interval (shaded area). All conversion factors lie within this range. No trend of the
factors is apparent for the different sample materials. Thus it can be assumed that the difference in length between the LNP03
and the LNP04 sensor does not have a significant effect on the determination of the thermal conductivity (as long as the heating

periods are not too long).

Comparison between the LNP03 and the LNP04 sensor
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Figure 15. Comparison between the prototype LNP0O3 and the LNP04 thermal conductivity sensor. The symbols represents the mean mea-

surement values of the LNP03 and the LNP04 sensor, while the dotted line is a linear fit through the data points.

Table 14. Conversion factors derived for the different materials.

Sensor Conversion factor [1]
Glassbeads PE Agar KP96 Water ice feon
LNP03-LNP04 0.983 1.020 0.980 1.022 1.003 1.002

7 Conclusions

10 In the course of this work various investigations concerning thermal conductivity measurements with two different types of

ruggedized, mathematically non-ideal sensors were made. In a first step the thermal conductivity of different samples was
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Figure 16. Plot of the conversion factors versus the thermal conductivities measured by the LNP04 sensor for the different sample materials.
The bold line indicates a conversion factor of 1. Around this line a +3 % interval shows the scattering area of the factors for the different

materials.

determined by the LNPO3 as well as by the shorter LNP04 thermal conductivity probe. Due to the mathematically non-ideal
geometry of the LNP0O3 and the LNPO4 it was necessary to calibrate them. The LNPO3 sensor has already been calibrated by
(Komle et al., 2013), but it was done again with an improved measurement setup, while the LNP04 was calibrated for the first
time. The off-the-shelf TP02 thermal conductivity sensor serves as a reference. An average calibration factor f.,; = 0.908 for
the LNPO3 and f.,; = 0.909 for the LNP04 was found. This is closer to 1 (the reference sensor TP02) as found by (Komle et al.,
2013) for the LNP03, which was f.,; = 0.80. The main focus of this work is the influence of the probe geometry of non-ideal
sensors on measurement results. Thus, the conductivities measured by the LNPO3 and the LNP04 probes were compared to
each other. By performing measurements with both sensors in various sample materials a conversion factor could be calculated
for each sample. The average conversion factor is f..,, = 1.002 and the single conversion factors lie within a +3 % range.
These results show that there is no significant difference between the conductivities determined by the different LNP probes
and confirm that the probe geometry of the rugged non-ideal prototype sensors doesn’t have significant influence on thermal
conductivity values, provided the derived calibration factors are applied.

It can be noticed that both the measurement uncertainties and the variance in the data are larger for TP02 data than for
the data determined by the LNP sensors. This can be explained by having a look at the calculation of the measurement error
by Eq. (33), which includes the influence of the resistance of the heating wire, the heating current error and the temperature
error. Since the TP02 is a thin and long sensor much less heating current is needed to provide proper temperature data for the
evaluation as for the LNP sensors, what leads to a larger relative heating current error. Additionally the temperature increase in
the TPO2 while heating is much less than in the LNP sensors, thereby causing a larger relative temperature error. However, the

TPO2 performs better with regard to certain systematic errors (bias) which haven’t been considered in our model:
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— Heat drain through measurement leads.

— Non-ideal geometry (especially finite probe radius and finite probe length) as assumed by the linear T-Int evaluation

formula.

The smaller temperature increase in TPO2 ensures that the heat drain through the measurement leads is mostly negligible for
this sensor, in contrast to the LNP. Furthermore, since the geometry of the TP02 almost represents a perfect line heat source it is
better described by the used theoretical model than the LNPO3 and the LNPO4. Thus, in spite of its smaller precision the TP02
is a reference in this context due to the reduction of the mentioned systematic errors (apart from applications to coarse-grained

granular media).

Appendix A: Heat transfer in granular media

In this section systems consisting of grainy solid material with small voids in between are discussed. Regolith, a granular and
porous material including dust, soil and broken rock, is such a system. Planetary bodies, like the Moon, Mars, asteroids and
comets, which are of interest for in situ thermal conductivity measurements and therefore for this work, are covered by layers of
regolith. In space the voids between the particles are empty due to the vacuum conditions, whereas under atmospheric pressure
these voids are filled with gas.

Particulate systems are characterized by so-called effective properties, which are determined by averaging the properties of
the single components (solid and fluid) over the volume. The effective thermal conductivity, k.g, comprises all modes of heat
transfer (conduction, radiation and convection). It is the value that can be measured directly by thermal conductivity probes.

The effective thermal conductivity is a function of the contributing individual conductivities (Hiitter, 2011):

keﬁ = f(ksakgaksgykscvkramkconv) (Al)

where k; and &, are the solid phase and gas phase conductivities, respectively, ks, describes the heat transport between solid
and gas phase and k. the heat transfer between the particles. The radiative heat transfer is expressed as k,.,4 and the convective
heat transfer in the voids as k.,,,. The evaluation of the respective contribution of the single conductivities is pretty complex
and not further discussed here. Another effective property of such a system is the effective specific heat capacity, which can be

calculated by the following formula:

el =g (1 =) - e (A2)
where c;j"id and clsf’”d are the specific heat capacities of the voids between the particles and of the solid medium, respectively.

The parameter v is called porosity and defined in the following.
Porosity is the ratio of the void-space volume and the total volume of the material:

o Vvoid o Vvoid
‘/total Vsolid + Vvoid

(A3)
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A relation between porosity and density can be given as follows:

w=1— Poulk (A4)
Psolid

where pyq11; 1s the bulk density of the total granular medium and p,;;4 is the density of the solid phase alone. In a medium that

contains particles of different grain size the porosity is always smaller than in a medium with equally sized particles, because

denser packing is possible (see Figure 17, detail A).

k3

(2014) created by Schaffer A. @ Convection
—» Thermal Conduction
ww Radiation

Figure 17. Modes of heat transfer in granular media. In the left picture a thermal conductivity probe, inserted into a medium with different
particle sizes can be seen. On the right side of the probe detail A shows the heat transfer processes in a particulate system with different sized
particles, whereas in detail B the heat transfer processes in a system with equally sized particles is shown. The light blue areas represent the

voids. (Schaffer, 2014)
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