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Abstract. This work aims to contribute to the developmentof - For modeling the thermal evolution of a planet, the aver-
in situ instruments feasible for space application. Commer- age heat flux across the surface is the decisive boundary
cial as well as custom-made thermal sensors, based on the condition. In order to determine this property, (i) the av-
transient hot wire technique and suitable for direct measure-  erage temperature gradient in the near-surface layer (un-
ment of the effective thermal conductivity of granular media, affected by diurnal and seasonal variations) and (ii) the
were tested for application under airless conditions. In order  thermal conductivity of the near-surface material must
to check the ability of custom-made sensors to measure the  be known (Hofmeister et al., 2007).

thermal conductivity of planetary surface layers, detailed nu-

merical simulations predicting the response of the different — Together with other physical material parameters (e.g.
sensors have been performed. These simulations reveal that Mechanical, electrical, optical), thermal properties con-
for investigations under high vacuum conditions (as they pre-  trolto a high extent the processes taking place on a plan-
vail, e.g. on the lunar surface), the derived thermal conductiv-  etary surface. For example, the activity of comets in re-
ity values can significantly depend on sensor geometry, axial ~ SPonse to solar irradiation is strongly influenced by the
heat flow, and the thermal contact between probe and sur-  thermal conductivity of the ice/dust mixture at and be-
rounding material. Therefore, a careful calibration of each ~ low the nucleus’ surface (@mle, 2005).

particular sensor is necessary in order to obtain reliable ther-

mal conductivity measurements. The custom-made sensors Moreover, variations in thermal conductivity can to some
presented in this work can serve as prototypes for payload t&xtent be used as an indicator for the presence of water or ice,
be flown on future planetary lander missions, in particular for Since dry particulate rock (sand) has a significantly smaller

airless bodies like the Moon, asteroids and comets, but alsghermal conductivity than water-saturated particulates or ice
for Mars. (Incropera et al., 2007). While for Earth direct (in situ), mea-

surements of thermal conductivity and heat flux are relatively
simple, because the material is easy to access and there is
little limitation concerning mass and power consumption of
the instrumentation, the situation is quite different for other
1 Introduction planetary bodies. Although there exist also indirect methods
to obtain information on the thermal properties of a plane-
The physical property which is in the focus of this work is the tary surface by measuring the emitted IR-flux from an orbit-
thermal conductivity of materials composing the solid near-ing satellite, such measurements usually need to be supple-
surface layers of planetary bodies, including the terrestriaimented by local measurements to allow proper calibration.
planets and their satellites as well as asteroids and comet niexamples for remote measurements are the data obtained
clei. To know this property and its variation with depth is for Mars by theMars Global SurveyoiThermal Emission
of high interest for a correct understanding of solar systemSpectrometer (TES) and thdars Odysseyhermal Emis-
objects and their evolution, for several reasons: sion Spectrometer (THEMIS) (Mellon et al., 2000).
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In situ measurements of thermal properties on planetaryare not that significant in terrestrial environments, but can,
bodies other than Earth are still extremely scarce. To dates was witnessed during this work, become severe in a high
thermal conductivity (and/or heat flux) data exist only for vacuum environment. In particular these are axial heat flow
two terrestrial bodies: Moon and Mars. For the Moon the along the sensor caused by the electrical connections, high
manned space missions Apollo 15 (1971) and Apollo 17thermal resistance between the sensor and the surrounding
(1972) carried a heat flow and physical properties packagesample material, and radiative interaction between sensor
called ALSEP, which was deposited in pre-drilled boreholesand test specimen.
of about 2m depth on the lunar surface. Both the verti-
cal temperature gradient and the thermal conductivity of the
surrounding material was measured (Langseth et al., 19722,
1973).

On Mars the first in situ measurements of thermal prop-
erties, covering the top few millimeters of the surface were
carried out in 2008 by the Thermal and Electrical Conduc-

Theory of transient thermal conductivity probes

In general, the methods for measuring thermal conductivity
can be divided into two groups. The steady state techniques
on the one hand and the non-steady state techniques on the
- ) other. In case of the steady state methods a constant tem-
tivity Probe (TECP) on board the landBhoenix(Zent et Iperature difference is established in the sample. This method

al., 2009). A further in situ instrument for measuring therma . . :
S . demands high complexity of the measurement system and is

properties is the MUIti-PUrpose Sensor for Surface and SUb'therefore unsuitable for application in the field or on space

Surface Science (MUPUS). It is part of the scientific pay- bp P

. I missions. The so-called transient technigues generally use a
load on the landelPhilae on Rosettaa cometary mission on q 9 y

. : heater of certain geometry embedded in the sample, which is
its way to the nucleus of comet Churyumov-Gerasmenko,Subse uently heated over a defined time interval. At the same
where it is expected to land in late 2014 (Spohn, 2007). q y )

time the temperature is measured at or close to the heater.

The perhaps r_n(_)st commonly used m_ethod to measure th‘I':"he temperature response depends on the thermal proper-
thermal conductivity of soils and sands is the so-called tran-

sient line heat source technique (Wechsler, 10%8mie et ties of the surrounding medium. Such measurement systems

al., 2007). The basic principle of this method is to insert aare less complex than steady state methods and are there-

: : : .~ ~fore better qualified for field and space applications. The per-
constant linear heat source into the sample of interest. Simul; :
: haps most commonly used method for measuring the ther-

taneously, the temperature response is measured at or close o . T .
: . mal conductivity of soils and sands in situ is the line heat

to the source. The thermal properties of the surrounding ma-

o . . source technique (Wechsler, 1992). This transient method
terial influence the measured temperature increase in a w

a ; ;
that under certain conditions the thermal conductivity can beﬁ’ses an approximately needle-shaped heater/sensor combina-

determined from the measured temperature response. Sintlon heated by a controlled electrical power. In the following,

i X g %he theory related to this method is outlined.
this method is well approved for thermal conductivity mea- The general approach for the line heat source technigue is
surements on Earth, it is expedient to use it also on othe{

. . _that of an infinite line source embedded in an infinite, homo-
planetary surfaces. However, to establish successful applica- . ; .
. ) ) -geneous, and isotropic medium (Carslaw and Jaeger, 1959).
tion of the line heat source method in remote planetary envi- . X
. : ._For such cylinder-symmetric boundary value problems the

ronments demands extensive laboratory testing and modeImH : . . ; )

. : L . _HAeat conduction equation can be written in the form:
work. A comprehensive review of existing prototypes used in
or developed for planetary applications was recently givenbyy g7 3927 197 Q1)
Komle et al. (2011). ;E =92 + o + %

The present work aims to make a contribution towards the

development of a robust and reliable in situ thermal conduc-~alid over the domain & r < oo and ¢ > 0. Initial and
tivity measurement instrument for application on planetaryboundary conditions are given &= Tp on the domain
lander missions. Commercial as well as custom-made sen < r < co,t =0)andTl = Tpforr — oo,t > 0. Q(r,t) de-
sors were tested. A large number of measurements have be@otes a volume heat source [W#j, k thermal conductivity
performed on several planetary analogue samples in a va&ndu thermal diffusivity.
uum chamber at the Space Research Institute (IWF) GraA general solution can be derived by integral transformation
under various pressure conditions. While this paper concen(Hankel-transform, se®zisik, 1989):
trates mainly on modeling aspects, the results of these mea-
surements have been reported in several published papers 00 00

(Hutter et al., 2008; Kmle et al., 2010) and in a more de- _ / Y / , N/
tailed form in Hitter (2007, 2011). Ten= PloBriexp—up) | To | rJo(rydr

@)

In this paper we study the behavior of the sensors from a p=0 r'=0
theoretical point of view. For this purpose numerical mod- ®
els of the measurement configuration for the particular sen- ilad / r' Jo(BrHYQG , tHdr' | | dB 2
sors are set up. Special attention is given to problems which kr/=0

Geosci. Instrum. Method. Data Syst., 1, 5375, 2012 www.geosci-instrum-method-data-syst.net/1/53/2012/



E. S. Hitter and N. I. Kdmle: Thermal conductivity probes for planetary applications 55

where Jo(x) is the Bessel function of the first kind and 2.2 Continuous cylindrical surface source
zero'th order.

A second problem of interest is that of a continuous cylindri-
2.1 Continuous line heat source cal surface heat sourg@cyi [Wm~1] with a radiusa. (This
satisfies the geometry of a thermal conductivity probe bet-
ter than the line heat source approach). Following a similar
approach as for the line heat sour¢dy, ) is specified as

For the case of a continuous line heat souggdWm~1] in
the center{ = 0) that supplies energy at a constant rate, the
volume power densityd(r,r) [Wm~3] can be specified in
the form:

0 o(r,t) = r8(r —a). (8)
o, t)——5( -0 3

The solution for the temperature distribution due to a con-
stant continuous cylindrical surface source at a can now
ain be obtained from EcR) by integration Qzisik, 1989):

where §(r — 0) is the Dirac delta function at the position
r = 0. Substituting Relation3) into Eq. @) leads to the ex-
pression for the temperature response due to heat emitted?
from the line source:

P2 T(r t)— QCyI / ( ﬂ)
— =l A ’ t— At —t'
T(r)=To+ /(t_t,) xp( 4W_t,)>dt (=) p(t —1')
a
Io| =———)dt' )
3 Q| r2 <2M(t - t/))

where Ip(x) is the modified Bessel function of zero'th or-
The expression-Ei(—x) = [ Wdu in Eq. @) denotes  der, which can also be expressed by a series expansion of the
the Exponential Integral FunctionThis integral can be ex- form:
pressed by a series expansion (Abramowitz and Stegun,

1964) as X1 [(x2 x\2 1/ x\4
I = —_— —_ = l —_ —_ —_
(=D o ,;(n!)z <2 ) +(2> +4(2>
—Ei(-x)=—¢—Inx =) =—¢—Inx 1 /x\6
= nn! — (=) +.. 10
: o= +5(5) + (10)
+x— x4 (5) ) . .
4 Using the identity
where¢ = 0.5772 denotes the Euler constant. For small
values (equivalent to large valuestdthe contributions after  jo(x) = 1+ [Io(x) — 1] (11)
the logarithmic term can be neglected and the temperature
change can be approximated by Equation ) may be split up into two contributions:
4
T(r,t):ﬂ(—g‘—l—lnt—{—ln—/;). (6)
4k r QCyl / ox rc+a t/
Thus the variation of temperature with the natural Iogarithm " 47Tk (t—1) P Au(r —1')
of time as the independent variable is
Qcyl r2 4 a?
dr (@] / Xp(_—
— = . 7 t —
dint ~ 4nk @) 4ﬂk (t—1) 4 —1')
In Eq. (7) the temperature rise due to heating depends only on [1 < ra ) 3 1] &’ (12)
the applied amount of he@, (heating power per unit length 2u —1t) '

of the line source positioned at= 0), the thermal conductiv-

ity k of the surrounding medium, and the time interval used.The first term of the integral solution given in EQ.Z is

This approximation gives a linear relation between the tem-the solution for a line heat source displaced by about the ra-
perature change along the line heat source and the naturdius of the cylindrical surface source. The second term con-
logarithm of time. From that the thermal conductivity can be tains the influence stemming from the cylindrical nature of
derived if heating power and temperature increase as a funadhe source. The temperature increase due to heating at the
tion of time are known. sourcer = a is obtained as
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ut

; 2 T=r (14)
T@%=QW'[ Lo ar réen
Ak t—1t) 2u(—1) 2712 oc
r=0 @ = (15)
t
Ocyl / 1 a? k
+ == exp| ——— h= 16
ank J =) P\~ 2= reort] (16)
t'=
2
ol —2—)-1|da. (13)  Thermal diffusivity,, densityo, specific heat and thermal
2u(t—1') conductivityk are the medium properties.is the heat ca-

_ _ _ . pacity of the probe per unit length and can be expressed as
Equation (3) is of interest for thermal conductivity mea-

surements with hollow cylindrical sensors where the temper-
ature response to heating is measured in the close vicinity of = AserCser@sen (7)

tSh:C?gater. This applies for the LNPO1 probe introduced "Nyith Asendenoting the cross-section area of the sensor.

In Fig. 1 the integral solution for a continuous cylindrical A dimensionless integral solution can be derived as (Jaeger,

surface source is shown along with the two parts the integrall956)
can be divided into (see Efj3). The parameters used for this 2 ¥ 2
. I 2 1- —
graph are those for a measurement with the hollow cylindri-— = G(h,a, 1) = ig L exg)( Tx9)ldy (18)
cal sensor LNPO1 in Agar. It can be seen that at small times¥! T 5 x2A(x)
the solution is dominated by the cylindrical part of E43Y )
while for times of about 1000's and larger the term corre-With
tsr|i3t;)untidoirIj|g to a line heat source controls the temperature dis-A(x) _ [xJo(x) — (@ —hx?) Jl(x)]2+

2
[ 7o) - (@ = he®) Y20 (19)

2.3 Consideration of heat source properties Jo and J; are the Bessel functions of the first kind of order
) ) ] ~ 0 and 1, whileYy and Y1 are Bessel functions of the sec-

The theory introduced in the previous paragraphs examinegq kind of order 0 and 1. Approximations for the function

infinite samples and infinitely long and thin sensors with G(h,a, ) can be obtained by series expansions of the in-

therefore negligible thermal properties. The contact betweeqegra| solution 18). Of particular interest is the long time
sensor and medium is considered to be ideal. However, thi%pproximation:

is not the case for real measurement devices. Solutions of the
heat equation for the more realistic setup of a finite probe ang;(j, o )= = |21 +In 2% — T In 7] (20)
non-ideal contact between sensor and probe have been devel- ar c 20t 2at c
oped and discussed amongst others by Jaeger (1956), Blackere ¢ = exp(¢) = 1.7811 with the Euler constant =
well (1954), and de Vries and Peck (1958). The most com-g 5772, The derivation of Relatior2Q) from the general so-
prehensive presentation on the theory of cylinder-symmetriqytion (18) is given in more detail in the classical papers by
heat sources can be found in the classical textbook oB|ackwell (1954) and in Jaeger (1956). For the limiting case
Carslaw and Jaeger (1959). In the following the relationsof 5 very thin sensor and vanishing contact resistance Rela-
given in Jaeger (1956) are outlined. A general integral so+jon (20) becomes Relatiors}. The given equations can be
lution was derived for the problem of a perfectly conducting ysed to simulate the temperature response due to heating for
cylinder of a certain radiusen heat capacitysenand density  known properties of sample and sensor. Although the short
0sen €mbedded in an infinite medium with known properties. time and long time evaluation formulas are still useful for
The intersection between sensor and medium is controIIeroing estimates, it should also be noted that they have been
by a contact resistance per unit area given/ds, whereH  derived at a time when the numerical evaluation of integrals
is defined as the contact conductance. The general solutiogontaining Bessel functions was still extremely cumbersome
given in Eq. (8) is expressed in terms of the dimensionless gng time consuming. With today’s computing possibilities
parameters, « andi, which are defined as the best way to an accurate evaluation is to solve the inte-
gral in Eg. L8) numerically and to use built-in subroutines
to compute the Bessel functions under the integral. In our
work we used mainly the MATLAB programming language
to perform these tasks.

1[ 4t (dh—a) (a—2), 41
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26

= = =|ntegral term corresponding to the line source integral
= =Integral term describing the cylindrical nature of the problem
= |ntegral solution for a continuous cylindrical surface source S

24

TrQ
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20 ————— R

19 I I iiiiiil_ I I T R i|. I I iiiiilI " o
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Fig. 1. Integral solutions for a continuous cylindrical surface source. The used parameters match those of a measurement with LNPO1
performed in Agar.s = 0.0075 mm;Q¢y = 6.15WmL; k = 0.6 Wm 1K1, 1 = 11x 1078 m2s71).

Pt1000 TC meas @1.5mm
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\ *
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Fig. 2. The commercial TP02 (long needle) and TP08 (short needle) thermal conductivity probes produced by the Dutch company Hukseflux.
The heated part is indicated in red.

3 Measurement probes tem implemented in the hull of the HRnstrument, a mole-
type probe for subsurface exploratforll sensors used and
The geometry and principle of the transient hot wire tech-tested in this work were built by the Dutch company Hukse-
nique as outlined in the previous sections allows bottom-of-flux (www.hukseflux.corp
the-line field application. This method has been assigned for
a broad application range. The commercial needle sensor8.1 Commercial line heat source probes (TP02, TP08)
TPO02 and TPO08 investigated in this work are suitable for var-
ious granular materials like sands, soils and powders. Such &he TP02 and TP08, both shown in FR&.are commercial
needle-shaped sensor could be placed at the tip of an robotiteedle probes for thermal conductivity determination based
arm, as the thermal and electrical conductivity probe TECPon the transient hot wire theory. The TP02 has a length of
on the Mars polar landgPhoenix However, for this appli- 150 mm and a diameter of 1.5 mm. Itis heated over two thirds
cation a sensor of several centimeter length should be robustf its length by an embedded constantan heating wire. The
and resistant against bending. The TP02 and TP08 do notP08 needle has a length of 70 mm and a diameter of 1.3 mm.
fulfil this requirement. During investigation of the particu- In contrast to the TP02 it is heated over the whole length by
late rock material with grain sizes larger than one millimeter a constantan heating wire. Both sensors measure the temper-
it was noted that the commercial sensors easily got stuck andture response to heating by means of thermocouples. The
tended to be deformed by bending. The more robust protoTP02 has one thermocouple junction positioned 50 mm from
types LNPO2 and LNPO3 were not affected by this problemthe base and a reference junction placed in the unheated tip.
and are therefore more suitable for granular rock. Additionally, a temperature dependent resistor (Pt1000) is
The third kind of sensor investigated is the LNP01, which embedded in the base.
is a large hollow cylindrical sensor. Such a sensor could be
implemented into a drilling rod. Further, this sensor con-  http://www.dlr.de/dIr/en/desktopdefault.aspx/tabid-10255/
cept is similar to the thermal property measurement sys365read-818

www.geosci-instrum-method-data-syst.net/1/53/2012/ Geosci. Instrum. Method. Data Syst., 1, B3-2012


www.hukseflux.com
http://www.dlr.de/dlr/en/desktopdefault.aspx/tabid-10255/365_read-818
http://www.dlr.de/dlr/en/desktopdefault.aspx/tabid-10255/365_read-818

58 E. S. Hitter and N. I. K dmle: Thermal conductivity probes for planetary applications

d =16mm ———
d =10mm IEI TC:2
hY %
e e
B e ﬂ
THmm
L 150mm >
315mm .
—

Fig. 3. The thermal conductivity probe prototype LNPO1. This hollow cylindrical sensor is heated over its whole length.
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Fig. 4. The LNPO2 (needle with winding) and LNPO3 (plane needle) prototype.

The TP08 has a thermocouple junction embedded 32mn8.3 Short and robust prototypes (LNP02, LNP03)
from the tip of the sensor and the reference junction is placed
in the base (thicker upper part). Therefore, it is reasonable td he LNP02 and LNPO3 sensors, shown in Figare of com-
place the TPO8 deep enough inside the sample, so that tHearable size as the commercial TP08 thermal conductivity
base is also covered with material and can not be disturbed bprobe, but more robust and can hardly be bent when pushed
the ambient temperature fluctuations. Both sensors use thelato granular or slightly cohesive material. LNPO2 has the

mocouples of type K. shape of a needle with a screw-like winding, its mean diam-
eter is 4.5 mm, while LNPO3 is a needle with a circular cross
3.2 Hollow cylindrical prototype (LNPO1) section over its whole length with a diameter of 3.5 mm. Both

sensors have a length of 100mm and are heated over the
This relatively Iarge sensor is very robust and is suitable forwho|e length by a constantan heating wire. For each probe
the investigation of coarse-grained material in the miIIimeterthe temperature response to heating is measured by three
to centimeter size range. The LNPO1 sensor, shown in3Fig. temperature dependent resistors (Pt1000). These are placed
is shaped as a hollow cylinder with a length of 315 mm, anat the tip, the middle and the base of the sensor. The temper-
outer diameter of 16 mm and an inner diameter of 10 mm.ature measurement is done in a four wire configuration.
Heating is done by means of a Kapton heating foil embedded
between the two concentric steel tubes of the hollow cylin-3.4 Constraints
der, with an electrical resistance of about 151, The
heating foil covers the whole circumference of the sensorNaturally, the thermal conductivity probes used for real mea-
The probe is closed at one end by soldering. The free spacgurements deviate from the theoretical assumption for a tran-
between the concentric tubes is filled up with epoxy resin,sient line heat source as outlined in S&ctThey have finite
while the interior of the sensor remains hollow (optionally it dimensions and non-negligible properties. The investigated
can be filled up by sample material). For differential temper-samples are, especially in the case of laboratory measure-
ature measurement thermocouple junctions are located in th@ents, of limited size and the contact between measurement
middle and near the bottom end of the LNPO1, respectivelyProbe and specimen is also not ideal. These limitations lead
The power for heating is supplied by an external constant© Some constraints that have to be considered.

current source which allows free adjustment of the heating . ) )
power. 3.4.1 Transient time after onset of heating

The time periodyrans is an estimate for the duration of the
nonlinear part of the temperature versus turve after the
onset of heating. This nonlinear part is mainly due to the ini-
tial heating of the finite sensor volume, since the heat wave
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transient times wherel is the length of the sensor afandRp are the inner
1.00E03 | and outer radius. The volume of the equivalent full cylinder

\ Ve is

Aluminium

N \ Ve = R3grl (23)

Stainless stool with Req being the equivalent radius. Equating Eq22)(
1.00E.06 \ ' \ and @3) leads to the following expression for the equivalent

—TP02 ineral'i i .
—>Mineral insulations. .— .

— P08 . radius:

1.00E.07 | = LNPO1 ) i Glass beads < ——

’ LNPO2 [ e

| —LNPO3 | Req=+/ (R(Z3 - R|2) (24)

1.00E-04 4

1.00E-05

diffusivity [nfs™

1.00E-08
0.1 010 1.00 10.00 100.00 1000.00 10000.00

toes [6] For the LNPO1 sensor one obtaiRgq= 4.7 mm. The tran-
sient times as calculated by EQJ1J for the different sensors
maximum measurement times and a selection of different materials are plotted in Bigop
1.00E-03 - panel). As expected, the longest transient times were derived
\ for the largest sensor and the shortest transient times were
1.00E-04 - Alumigium - o fomems s found for the smallest sensor.
2 100E05 - i - 3.4.2 Maximum measurement time
= Stainle: s steel
% 1,00E-06 S : \ - The finite dimensions of the investigated samples result in a
— TPos S e limitation of the measurement time. The reason is that the
1.00E-07 —trd i G"'.'-“‘{"QQ heat wave induced by the measurement reaches the sample
— LNPO2| . boundaries sooner or later, depending on the sample thermal
1.00E-08 properties. From this moment on the temperature distribution
1.00E+00  1.00E+01  1.00E+02  1.00E+03  100E:04  1.00E+05 in the sample is disturbed and in succession also the mea-
tnax[8] surement. The point in time when the heat wave reaches the

ample boundary depends on the distance of the sensor from

Fig. 5. Transient times and maximum measurement times calculate - . .
g he boundary and on the thermal diffusivity of the specimen.

for the five investigated thermal probes using a diffusivity range

from = 8x 104m2s1tou=5x 10 8m2s L. This maximum measurement time can be estimated by using
the following relation (Mos, 1955; Goodhew and Griffiths,
2004):

has to propagate through the sensor material first. It also de-

pends on the thermal properties of the surrounding mediumi 0.6 (rsample— rsen? (25)

because for a proper measurement, an adequate specimern™ Aptsample '

volume has to be sampled. Additionally, the transient time

is influenced by the contact resistance. It was shown by |n Fig. 5 (bottom panel) the maximum measurement times
Vos (1955) and Goodhew and Griffiths (2004) that the mini- gerived for the sensors used in this work are plotted. The

) to u =5x10"8m?s1 is representative for good and bad
frans> 50 Rgen (21) thermal conductors. Selected materials are indicated in the
5= Asample plots. In Tablel the time limits determined for the calibra-

tion materials Agar, Teflon, PMMA and Glycerin are given.
Relation @1) is valid for uniform heating of a thin cylindrical Not all sensors were tested on all materials due to limita-
sensor like, e.g., the TP02. However, for the LNPO1 sensortions in sample size. Nevertheless, the transient and maxi-
that has the shape of a hollow cylinder, an effective sensomum measurement times were calculated. The problems that
radius has to be defined @nle et al., 2010). This is done would be caused by inadequate sample size are reflected, e.g.
by deriving an equivalent cylinder radius for the volume of by the determined time limits for the LNPO1 in PMMA and
the hollow cylinder. The volume of the hollow cylind&c Glycerin. In these cases the transient time is larger than the

is given by maximum measurement time, so it would never be possible
to reach the linear temperature versus fagion in a mea-
Vhe = (R — Rl (22)  surement before it would be disturbed by boundary effects.
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Table 1. Maximum and minimum measurement times estimated for the different sensors when used in various calibration materials.

Sensor Sample rsample  Msample  ftrans Imax
[m] [m2s71] [s] [s]

Agar 0.135 14< 1078 50 19000

TPO2 Teflon 0.050 12108 59 3030

dsen=15x103m PMMA 0030 10x108 70 1350
Glycerin  0.040 0%0978 78 2670

Agar 0.135 14108 38 19340

TPO8 Teflon 0.050 12108 44 3040
dsen=13x103m PMMA  0.030 10x108 53 1290
Glycerin  0.040 0% 098 59 2580

Agar 0.135 14<10°8 1972 18200

LNPO1 Teflon 0.050 12108 2300 2570
dsen=9.4x103m PMMA 0030 10x108 2760 3080
Glycerin  0.040 0% 098 3068 1070

Agar 0.135 14<10°8 452 18900

LNPO2 Teflon 0.050 121078 527 2850
dsen=45x103m PMMA  0.030 10x108 633 1160
Glycerin  0.040 0% 098 703 2380

Agar 0.135 14108 273 19000

LNPO3 Teflon 0.050 12108 319 2910
dsen=35x103m PMMA 0030 10x108 382 1200
Glycerin  0.040 0% 098 425 2440

3.5 Data evaluation thermal conductivity is determined. The information about
the samples allows to estimate transient and maximum mea-

Figure6 shows the characteristics of a measured temperaturgurement times, which subsequently can be used to narrow

response to heating versus the natural logarithm of time aftelown the part of the measurement curve used for evaluation.

Jones (1988). Three parts can be identified in this figure.  Finally, the data can be evaluated in three ways that are in the
First, an initial phase after the onset of heating, which isfollowing outlined in more detail.

dominated by the self-heating of the sensor and contact re-
sistance, is observed. This is followed by a section where the.5.1 Linear regression
temperature versus natural logarithm of time data are linear.
This is the part needed for the determination of the thermalFrom the linear part of the temperature versus natural loga-
conductivity, if the long time approximation given in E@)(  rithm of time data the thermal conductivity is calculated us-
is used. From the slope of the temperature versuglita,  ing a linear fit of the form
thermal conductivity can be calculated by using Ef). (n
the adjacent third part the data are nonlinear again. In thif () = A+ BlInz (26)
domain, effects of finite sample dimensions and axial errors N ) )
become important and the data can no longer be evaluated pyhere the coefficien corresponds to the right side of
using Eg. 7). An increase of the measurement curve in the EQ- (), and therefore, the thermal conductivity can be de-
third part as shown in Figs can, for example, be observed fved as
if the wall of the sample container is reached by the heat p
wave and the conductivity of the container material is lowerk = 4B (27)
. . - . B

than that of the sample. A decrease in this part is observed if
convection starts to play a role or if the conductivity of the where P is the constant heating power per unit length ap-
container wall is higher than the sample conductivity. plied to the sensor during the measurement. In general, the

During a measurement the temperature versus time seridiear part to be used for the evaluation lies in between the
with and without heating is collected by a data logger suit- nonlinear sections, as sketched in FBgThus, the challenge
able for the particular sensor. From the logged temperatureef the data interpretation lies in identifying the linear part of
time data, the heating current, and the heater resistance, tttee curve. For this purpose the transient tipgs giving the
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the form

1
t

Int
T(t):A—i—BInt—i—CT—irD (28)

Finite
y probe /medium
A = % .

d where terms of the ordefl/2) and higher are neglected.

The coefficients in Eq.28) can be expressed as follows:

P 4 2k
o2 A=—|In(E) ¢+ (29)
g 4k rszen rsenH
P
B=— (30)
3 ey Ak ,
c= L Ten(y K5 31
Fig. 6. Qualitative heating curve measured with a line heat sensor~ — mz T a2 £ (31)
(after Jones, 1988). p 2 4 se g
D=t () pa-n- L2
Ak 21 Zen Tr&erk
minimum duration of the nonlinear part after onset of heat- [In (4_M> - 2k }} . (32)
ing, and the maximum measurement timgy, giving the réen rsenf

time after which the heat wave reaches the sample boundz, regression Eq2) is equivalent to Eq.20). The non-
ary, are used as criteria to constrain the evaluation intervaly ¢ ic usually applied on a pre-defined interval of the

On the time mtgr_val defined by these two boundaries a IInearmeasurement data beyond the transient region, similar as it
least squares fit is performed.

is done for the linear fit. For the nonlinear fit procedure a
built-in MATLAB function can be used. While from the lin-
ear regression no information on the contact resistarydg) 1
can be derived, the nonlinear formula allows to obtain also
Sincerransandimax can only be estimated, they might not al- jrformation on this often poorly constrained parameter, in

ways apply to the measured data. The uncertainties for tramyqdition to evaluating the thermal conductivity of the sur-
sient and maximum time lie in the estimates available for theyounding material.

sample diffusivity and the usually unknown magnitude of the
contact resistance. Furthermore, axial losses or the onset of
convection could reduce the duration of the linear part. To4 Numerical modeling of the sensor response

minimize errors in the determined thermal conductivity aris-

ing from these effects, successive linear regression can bl order to better understand the temperature response of
used. the sensors, the three types of line heat sensors investigated
For this purpose the part of the measurement curve startin§! this work were modeled with the finite element model-
from fransand the corresponding temperature is divided intoi"d and simulation softwar€omsol Multiphysic% In this
sub-intervals. On these curve-sections linear least squares fit42y the behavior of the sensors could be studied in more
are performed. For the measurements evaluated a fit interva€tail, and it was possible to access measurement scenarios
of 10 measurement points (this corresponds generally to that could not be experimentally reallged with the equipment
time interval of 10s in our data sets) were chosen. It was?t hand (for example measurement times of several hours to
assumed that the majority of the successively determinedays). Special attention was given to the factors |nfluer_1cmg
slopes/conductivities can be derived from the linear part ofth® measurements under low pressure. The features imple-
the measurement curve. Thus, the median of these valug®€nted were (i) the possibility of axial heat flow via the elec-

should give a good estimate for the conductivity. trical wires leaving the sensor, (i) the contact resistan'c:t.a.at
the sensor surface-sample interface and (iii) the possibility

of radiation interaction in a layer between sensor and sam-
ple, which stands for the clearances between sensor surface

A nonlinear long time approximation for the heating curve, and particles tha_t unavoidably develop in a granular material.
To study the influence of these factors the temperature

considering a probe with finite diameter and non-negligiblecurves resulting from particular settings were computed for
properties and contact resistance between sample and prob%, . 9 P gs We pute
e positions of the temperature sensors in the real instru-

has been used for evaluation, for example, by Jones (1988 ents. The resulting data were processed in such a way that it

Koski and McVey (1983) and Erbas (2001). This relation is a . .
better approximation of the measurement situation and thereQOUId be evaluated with the same MATLAB-routine as used

fore should yield better values. The regression equation has 2www.comsol.com

3.5.2 Successive linear regression

3.5.3 Nonlinear regression
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SENSOR SAMPLE Table 2.Measurement scenarios addressed for each of the three sen-
//’T\\[ sor geometries and sample conductivities.
| \ No contact cable radiation
B1: Contact sensor- I B2 Radiative flux
sample described | described by ¢, 1 poor no no
by contact conduc- L e 2 good no no
tance H | P 3 poor  yes no
+ .
o | 4 good yes no
Radiative flux de- > / 5 no o yes
6 no yes yes
7 poor yes yes

; b
scribed by ¢, T [
P |
£
;| N
) —— - , For the given problem the heat transfer coefficigfit
Sensor domain Interaction Sample domain Yt . . .
pr— [Wm~<K~"] describes the quality of the sensor-sample in-
terface with respect to heat transfer over this boundary. In
Fig. 7. Schematic of the heat transfer mechanisms between sensahis context the term contact conductance is used. The in-

and sample. verse of the conductance gives the so-called contact resis-
tance —n(g1—q>) [Wm~2] is the net normal heat flux across

for the evaluation of the measurement data obtained from théhe boundary in the direction normal to the interfatg.cor-
sensors. Models were set up for the TP02, LNPO1 and LNPo3elates to the equilibrium temperature of the sample far away
sensors. The results obtained are outlined in more detail iffom the source, which is set equal to the initial temperature
the following paragraphs. For the given geometries and pa-Tinit-

rameters the time-dependent heat conduction equation for a Heat transfer by radiationespecially under low pressure

equation solved is Thus, radiative interaction between sensor surface and mate-

rial surface is considered, while radiation inside the medium

is not treated. For this purpose the spaces between sensor and
sample particles are approximated by a layer with a width of
the order of the mean particle radius of the sample material.
The problem of the transient line heat source has radial syma schematic sketch is given in Fig. Over the interaction
metry. Thus, the models were built in the axi-symmetriC gomain bounded by1 and B2 surface-to-surface radiation
mode. The following features were implemented for eachpeat transfer occurs. For mere transfer between sensor and
sensor. sample the interaction domain is omitted. At the boundaries

Heating: in the domain representing the heater, a con-p1 andp2 a termgrag [Wm~—2] accounts for the net radiation
stant amount of energy is continuously released over thg,x at the particular surface.

measurement time (realized by the volumetric source term Tpe boundary condition at the sensor-sample interf&de (

0 [Wm~3]). To get the heating power in Wnd, as itis  j, Fig. 7), given in relation 84), is extended by the radiative

recorded in the respective real measurements, the volumefgrm. Therefore, it is composed of two parts, the contact re-
ric source ternQ has to be multiplied by the cross section of gjstance term and the radiative term:

the heater.
Axial heat flowithe unavoidable fact of axial heat flow oc-

L . . . — - =H(Tx—T . 35
curring in a probe due to its construction is considered by n(q1-42) (To )+ rad (35)
modeling the base of the particular probe and the electrical e .
wires that connect the sensors with the electronics and powélol’:]t bohmdbardeZ the ondlylmo_dlﬁcatlon is due to radiation,
supply. The wires are represented by a domain of certairinus the boundary condition is
height attached to the heater domain, with a continuity condi-

Qcaa—f +V(=kVT) = Q. (33)

tion at the heater-wire boundary and a constant temperature (41 — 42) = grad- (36)
condition at the opposite boundary. As constant temperature
the initial temperaturéj,;; was used. All models were set up with a sample surrounding the sen-

Contact resistanceahe contact resistance is modeled using Sor using a continuity boundary condition at the sample-
a Neumann boundary condition at the intersection of sensogontainer interface and thermal insulation at the outer con-

surface and material: tainer wall.
Initial conditions:atr = 0 the system is at equilibrium (no
—n(q1—q2) =H(Too —T). (34) gradients) and has a preset initial temperaffiie

Geosci. Instrum. Method. Data Syst., 1, 5375, 2012 www.geosci-instrum-method-data-syst.net/1/53/2012/



E. S. Hitter and N. I. Kdmle: Thermal conductivity probes for planetary applications 63

Table 3. Transient and maximum measurement times calculated for
the different conductivity and sensor settings.
Thermal conductivity measurements were simulated for

4.1 Model parameters

three types of sample conductivity. First, a sample of TP02 LNPO1 LNPO3

very low conductmty (0002an K™, characterlstlc. Rsample—rsen 0.1m 0.12m 0oim

for small-grained materials in high vacuum, was consid- ;

ered. Secondly, an intermediate low sample conductivity frans’ max ftrandfmax ftrandfmax

(0.02WnitK~1) was investigated and finally a moderate ~ very lowk 56min/8.3days 36.7h/l2days 5.1h/8.3days

conductivity (02 Wm~1K~1), typical for granular materials oW 5.6min/20days  3.7h/L.2days  31.5h/20h
moderatek 34s/2h 22min/2.9h 3min/2h

under normal pressure of 4BPa, was examined. The other
physical parameters describing the sample were not varied.
For each of the three sample conductivities, seven different
scenarios, as listed in Tatewere investigated. In these set- a few degrees over the entire measurement period. In case of
tings the influence of the contact between sensor and santhe very low conductivity setting this led to extremely low
ple, axial heat flow along the cables, and radiative energyheating powers of 16 W for all sensors. This matches the
transport between sensor and sample was examined in dgowers used in the Apollo heat flow experiments (Langseth
tail, as well as a combination of all these factors. The samplest al., 1972, 1973).

and sensor-sample interface parameters used in the numeri-

cal simulations are given as follows: 4.2 TPO2-probe

— Sample setting (1): very low sample conductiv-
ity: k =0.002WnT1K~1 0 =1510kgn3, ¢ =633J
kg 1K1, H =1250Wm2K~1 (good contact) H =
125Wm 2K~ (poor contact)gsen= 1.0, emat = 1.0.

The model of the TP0O2 sensor is made up of six domains,
as shown in Fig8. Two cylinders, (domain 5 and domain 6)
form the needle, one of them representing the heated part, the
other representing the unheated part. Attached to the heated
— Sample setting (2): low sample conductivity: part of the needle are the electrical wires modeled as a cylin-
k=0.02Wm 1K1 0=1510kgn3 ¢ =633Jkg!  der made of copper with a diameter of 0.04 mm and a length
K=, H=1250WnT2K~! (good contact)H =125  of 0.5m (domain 1). Diameters of the conducting layers are
Wm~2K~1 (poor contact)gsen= 1.0, gmat= 1.0. always chosen in such a way that they approximately match
the true wires cross- section, which of course is not neces-
sarily axi-symmetric and therefore cannot be directly mod-
eled in a cylinder-symmetric geometry. The cable is enclosed
by the base made of stainless steel (domain 4) and the ca-
ble coating made of Teflon (domain 2). Both are modeled as
The values chosen for material density and specific heatoncentric cylinders. Further, the flexible tube protecting the
are those of glass beads of 0.25-0.5mm grain siZatéf  cable-base interface was implemented (domain 3). The mea-
2011, p. 55). Thus, the results of the numerical simulationssurement point (MP) indicates the location were the temper-
can be used to analyze the measurement results for thosgure response to heating is measured. The physical param-
glass beads. The value of contact conductance used for po@ters used for the different sensor domains are given in Ta-
contact was taken from &mnle et al. (2008) where it was ble4. In the following the results of the numerical simulation
derived for lunar conditions. Agiood contacta hundred for this sensor type are presented.
times better contact conductance was considered. The ther-
mal emissivities of sensor and sample required for radiative4.2.1  Setting (1): very low sample conductivity
interaction were chosen to be those of a black body. In this (k =0.002Wm~1K-1)
way the maximum influence of the radiation heat transfer can

— Sample setting (3): moderate sample conductiv-
ity: k=02Wm 1K1 o0=1510kgm?3, ¢=633J
kg~1K~1, H =1250Wn12K~1 (good contact)H =
125Wm2K~1 (poor contact)ssen= 1.0, emat = 1.0.

be assessed.

For the TPO2 first, a scenario of a measurement of 36 h in a

The applied sample parameters correspond to a thermahaterial of very low sample conductivity was modeled. Fig-

diffusivity of 2.1 x 10-°m?s~! for the very low conduc-
tivity, 2.1 x 10-8m?s~1 for the low conductivity and 24 x
10" m?s~1 for the moderate conductivity. In Tab® the

ure9 shows the derived temperature increase caused by heat-
ing for the seven scenarios discussed above. A split up of
the heating curves depending on the investigated scenario is

transient and maximum measurement times derived for th@bservable. The largest temperature increase was found for

examined sensors and sample settings are listed.

the setting of pure conduction, no axial heat transport via the

The heating powers applied for the different sensor typescables and poor contact between sensor and sample (No. 1),
and scenarios were chosen in dependence of the estimatddllowed by the temperature curve obtained for the same sce-

sample thermal conductivity. The criterion was that the tem-

nario but with a good contact between sensor and sample

perature rise in response to heating should be no more thafNo. 2).

www.geosci-instrum-method-data-syst.net/1/53/2012/

Geosci. Instrum. Method. Data Syst., 1, B3-2012



64 E. S. Hitter and N. I. K dmle: Thermal conductivity probes for planetary applications

Detail A:
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Fig. 8. Model of the TP02 sensor embedded in a sample.

Table 4. Parameters used for the different domains of the TP02-model.

Domain Tinitial c e k

Kl Pkg™'K™Y [kgm™3]  [wWm—tK™Y]
(2): electrical wires of the sensor 297 385 8700 400
(material: copper)
(2): insulation of the wires 297 960 2200 0.25
(material: Teflon (PTFE)
(3): plastic protection of the wires 297 960 1380 0.15
leaving the base(material: PVC
(4), (5), (6): sensor base, heated 297 500 7900 16

part of the needle and unheated
part of the needle (material:
stainless steel

The weakest temperature response was encountered wigpecified by the transient and maximum measurement time
the setting including axial heat transport via the cables andvas evaluated. In addition, also an early time interval of the
radiation heat transport (No. 6 and No. 7), while the temper-measurement curve was evaluated. For the settings No. 1 and
ature increase for the setting of pure conduction and axiaNo. 2 both evaluation intervals led to values close to the pre-
losses via the cables (No. 3 and No. 4) is somewhat higherscribed sample conductivity. For the early time evaluation in-
The case of pure radiative heat transport between sensor andrval the methods of linear regression and successive linear
sample (No. 5) without cables yields a temperature curve irregression give higher conductivities than for the time period
between the data obtained for pure conduction with and withspecified bytransandzmax-
out axial heat flow allowed. Settings No. 3 and No. 4, where axial heat flow is con-

In the semi-logarithmic representation given in F#).  sidered, yield differences in the determined thermal conduc-
clear differences in the shape of the temperature curves cativity dependent on the used evaluation method. Best values
be noticed. The data were evaluated using the three meth€losest to sample conductivity) are obtained with the nonlin-
ods outlined in SecB.5. For each scenario first, the interval ear fit method, while the other methods deliver higher values.

Geosci. Instrum. Method. Data Syst., 1, 5375, 2012 www.geosci-instrum-method-data-syst.net/1/53/2012/



E. S. Hitter and N. I. Kdmle: Thermal conductivity probes for planetary applications 65

no cable

N1 He=12 5W/(maK), no cable, no radiation

28.85 —o— No_2: H=1250W/{im2K}, no cable, no radiation
—e—No.3: H=12.5W/{m*K), cable, no radiation
— = Nod4: H=1250W/m*K}, cable, no radiation

o7.85 | — - -No.5: no contact, no cable, only radiation
=—0— No.&: no contact, cable, only radiation
= = = ‘No.7. H=12.5W/{m*K), cable, radiation

o 26.85
= with cable
25.85
24,85
23.85
100 1000 10000 100000 1000000
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Fig. 9. Temperature response of the commercial TP02-sensor at the measurement point due to heating in a very low conductivity sample with

A =0.002Wnr k-1,

.5
- i "
. - -
- -
30.5 -
29.5
28.5
¥ a7s5
=
26.5 - , '
—Ng.1: H=12.5W/{m?K}, no cable, no radiation
—ea—No.2: H=1250W/(m3), no cable, no radiation
255 —e— Mo 3: H=12.5W/[m?K]), cabla, no radiation
= =Na.4: H=1250W/[m), cabla, no radiation
245 = = =Na.5: no contact, no cable, anly radiation
' —&—Mo.6: no contact, cable, only radiation
= = = -Na.7: H=12.5W/[m?K), cabla, radiation
23.5
100 1000 10000 100000 1000000

I [sec]

Fig. 10. Temperature response of the commercial TP02-sensor at the measurement point due to heating in a low conductivity sample with

A =0.02wmlk-1,

Since the measurement curves for these scenarios depict a higher conductivities for the first part and conductivities
bend, an additional interval covering the late measurement  close to the true sample conductivity for the second part.
times was inspected. From this time period, slightly higher

thermal conductivities than the sample conductivity were de- — In the sample of very low conductivity, a difference in
rived by all three methods. The settings involving radiation ~ contact resistance produces a temperature offset, which
all yielded significantly higher conductivities than the sample ~ causes a parallel shift of the measurement curve in the

conductivity. From the obtained results several conclusions ~ Semi-logarithmic presentation. The evaluation of the
can be drawn: data yields similar values for the thermal conductivity

independent of the contact resistance.
— Axial losses via the base and electrical wires result in a

smaller temperature increase and a bend of the measure- — As recognizable from Fig9, the scenario of pure ra-
ment curve in the semi-logarithmic presentation divid- diation interaction between sensor and sample yields
ing it in two parts. Separate analysis of these parts gives  a measurement curve that is shaped different than the
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MNo. 1:H=12.5W/{m2K}, no cable. no radiation
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Fig. 11. Temperature response of the commercial TP02-sensor at the measurement point due to heating in a moderate conductivity sample

with A = 0.2Wm~1K-1,

curves obtained for the other scenarios. The thermaterval defined by transient and maximum measurement time
conductivity evaluated from this curve is about twice as no such difference can be seen.

high as the preset sample conductivity.

4.2.2 Setting (2): low sample conductivity
(k =0.02Wm~1K-1)

For the case of a low conductivity sample measurements of
36 h were simulated. Figurk0 shows the temperatures de-
rived for the seven different settings. An even split up of
the temperature curves depending on the examined scenario
can be noted. In the semi-logarithmic presentation the tem-
perature curves appear to be parallel for measurement times
larger than about 2.7h (10000s). The largest temperature
increase was found for the setting of pure radiative interac-

— For measurements in low conductivity material axial
losses cause a modification of the measured tempera-
ture response that leads to higher conductivities.

— In the semi-logarithmic presentation the difference in
contact resistance only causes a temperature offset be-
tween the measurement curves for measurement times
longer than 1000 s.

— For the settings involving radiation, no significant im-
pacts coming from this heat transfer mechanism can be
identified.

tion between sensor and sample and no axial losses occurring2.3  Setting (3): moderate sample conductivity

(No. 5). The smallest temperature increase was encountered
for the scenario of good contact between sensor and speci-
men and axial heat flow involved (No. 4).

(k=0.2Wm~1K-1)

For this setting model calculations were done for measure-

The measurement curves were evaluated in the intervaments of 1.5 h (5000 s). The determined temperature increase
limited by trans and fmax (340 to 70000s) and in an early are shown in Figll The data depict two sorts of curves,
time interval (600 to 5000s). The conductivities derived which strongly differ in shape and magnitude. One type of

for the long interval range from 0.023 to 0.032 WhK 1,

measurement data shows a strong partly linear increase in

which is 15-60 % larger than the prescribed sample conducthe first half of of the measurement period, followed by an
tivity. For the early time interval conductivities from 0.017 to even hump that evolves into a linear part with a compara-
0.039 Wn11 K~ were determined. The smallest conductivi- tively small slope. These data are related to the settings in
ties were derived from the temperature response obtained fowvhich radiation or poor contact between sensor and sample
the setting of pure radiation interaction between sensor aner both are considered. The highest temperature increase was
sample without other influences (No. 5). In the early time found for the scenario of pure radiation heat transport fol-
interval the conductivities determined for the settings con-lowed by the scenario involving radiative interaction between
sidering axial heat flow (No. 3, No. 4, No.6 and No. 7) are sensor and sample and axial heat flow via the electrical wires.
larger than those derived from data where axial heat flow wad'he second curve type appeatrs linear in the temperature ver-
omitted. However, in the conductivities obtained from the in- sus Ir¢ plot over the whole measurement period. These data
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Fig. 12.Model of the LNPO1-sensor embedded in a sample.

are related to settings with good contact between sensor and — In case of good contact no differences in temperature
sample. Because of the difference in shape, only the second time data due to axial heat flow can be observed.

type measurement curves were evaluated in the interval spec-

ified by_tran5|ent and maximum megs_grem«_ant time. AII three, 3 LNPO1-probe

evaluation methods deliver conductivities with a maximal de-

viation of 10 % from the prescribed sample conductivity. ~ The LNPO1 sensor was modeled as being composed of three
In case of the data of the first shape type, two intervalsconcentric tubes. The middle tube (domain 2) with a thick-

were evaluated: one Covering the strong increase in the firSﬁeSS of 0.2 mm and a length of 308 mm represents the heating
half of the measurement period (100-300s), the second covioil embedded in the sensor. The adjacent domains (1, 3) rep-
ering the less steep increase in the second portion of theesent the sensor filling and the sensor walls. The cables of
data (2000—5000 S). For the first interval conductivities in thethe heater and the thermocoup|e |ea\/ing the sensor were ap-
range of 10%... 102Wm~! K~* were derived. The smallest proximated as a concentric cylinder with the same cross sec-
of those conductivities are related to scenarios consideringion as the true wires and a length of 1 m. The model setup
pure radiation heat transfer, the highest to settings considfor an LNPO1 measurement is shown in Fig. The param-

ering radiative heat transport and poor contact. The thermagters used for the domains, representing the sensor are listed
conductivities determined from the second part of the curvesn Table5.

are 10-50 % higher than the sample conductivity. Following
points can be noted: 4.3.1 Setting (1): very low sample conductivity
(k =0.002Wm~1K-1)
— For measurements in a sample of moderate conductiv-

ity poor contact increases the overall magnitude of theTests with the LNPO1 in a very low conductivity ma-
temperature increase of a measurement. terial were simulated for measurement periods of 38.8h

(1400005s). The temperature responses obtained for the dif-
ferent scenarios are shown in Fi3. Similar as in the re-
sults obtained for the TP02 very low conductivity simu-
lations, a split up of the measurement curves can be ob-
— For poor contact combined with axial losses via electri- served. The temperature responses for the different scenar-
cal wires, a parallel shift of the temperature increase inios are accumulated in two groups. The bunch of measure-
the semi-logarithmic representation can be observed. ment curves with the higher temperature increase are related

— Poor contact increases the transient time.
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Table 5. Parameters used for the different domains of the LNPO1-model.

Domain Tinitial c 0 k

Kl Ekg 'K [kgm=3 [wmtK™1]
(2),(3): representing inner 297 7900 500 16
and outer steel tube and)
the filling)
(2): heating foil 297 1090 1420 0.12
(material: Kapton
(4): wires leaving the sensor 297 385 8700 400

26,35 4 no cable
Moot H=12.5W/(m). no cable, no radiation
o aE =—0—N0.2! H=1250W/{m?K}, no cable, no radiation
. &= Moud: H=12 5W/m#), cable, mo radiation
— = Mod: H=1250W/{m2K), cable, no radiation
= = =No.5! no contact, no cable, only radiation i
with cable
25 46 &— No.8; no contact, cable, only radiation ab
‘i_-'" --- H=12.5W/[m*K), cable, radiation
24,85
24.35
23.85
100 1000 10000 100000 1000000
I [ec]

Fig. 13. Temperature response of the hollow cylindrical LNPO1-sensor at the measurement point due to heating in a very low conductivity
sample with = 0.002 WnT 1K1,

to the measurement settings that do not involve axial heanificantly higher than the values calculated from the other
flow, while the group displaying the smaller temperature risetime periods. The early time conductivities obtained for set-
was calculated for the scenarios including axial heat flow.tings including radiation interaction (No. 5, No. 6 and No. 7)
Moreover, the difference in contact conductance has little ef-are similar to the values calculated for the scenarios involv-
fect on the measurement curves, as was found for the TPOg axial heat flow from the time period defined fgy,sand

as well. The deviation of the measurement curve determinedmax.

for the setting of pure radiation heat transport is less pro-
nounced than it is for the TP02. In general, the simulations
for the LNPOL1 indicate that for the very low conductivity
setting TP02 and LNPO1 show the same behavior. The data

— For LNPO1 measurements in specimen of very low con-
ductivity the development of axial heat flow leads to a
smaller overall temperature increase. As for the TP02

were evaluated for three different time periods. First for the
time interval specified bransandsmax (132 000-139 800 s),
secondly for a long interval before the transient time (1500—
129900 s) and third an early time period (1500-6000 s).
The time interval prescribed byansandmay yielded ther-
mal conductivities with a deviation of 10—45 % from the true
sample conductivity. The largest deviation was found for set-
tings of pure radiative heat transport with axial losses al-
lowed, followed by the scenarios involving only conduction
plus axial heat flow. Except for settings involving radiation,
the conductivities derived from the early time interval are sig-

Geosci. Instrum. Method. Data Syst., 1, 5375, 2012

the measurement curves depict a different shape of the
temperature versusiplot. Axial losses resultin higher
determined conductivities.

— Differences in contact resistance cause a hardly notice-
able shift of the curve.

— In contrast to the results for the TP02, the measurement
curves for settings involving radiative heat transport do
not appear significantly different in shape and the con-
ductivities derived from these temperature responses are
similar to those without radiation.
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26 85 = = «MNo.5 no contact, no cable, only radiation

’ O— Mo.6: no contact, cable, only radiation

g_:». o35 = = = WO T H=12.5W/{mK), cable, radiation
2585
2535
24,85
24.35
100 1000 10000 100000

| [s&c]

Fig. 14. Temperature response of the hollow cylindrical LNPO1-sensor at the measurement point due to heating in a low conductivity sample
with 2 = 0.02Wm 1K1,

4.3.2 Setting (2): low sample conductivity 4.3.3 Setting (3): moderate sample conductivity
(k =0.02Wm~1K-1) (k=0.2Wm~1K-1

The setting of a low sample thermal conductivity was in- For the case of a sample material of moderate thermal con-
vestigated for measurement periods of 36 h. The temperaturductivity, the heat wave introduced by the LNPO1 reaches the
time series derived for the different scenarios are displayedample boundaries after 10 440s2.9 h). Figurel5 shows

in Fig. 14. As for the TP02 a split up of the measurement the temperature increase due to heating for this time period.
curves dependent on the investigated scenarios can be ob- A split up into three groups of curves can be observed.
served. The highest temperature increase was found for th&he temperature responses with the highest increase are re-
setting of pure radiation heat transport (No. 5), and the lowestated to the settings considering pure radiation heat transport
for the scenario of good contact between sensor and sampleetween sensor and sample. Curves with a moderate temper-
and axial heat flow allowed (No. 4). The data were evalu-ature increase are associated with the scenarios considering
ated in the time interval specified by transient and maximumpoor contact. The lowest temperature increase was obtained
measurement time and an early time interval. The conducfor the settings with good contact between sensor and sam-
tivities determined for the early time interval are consider- ple. For all measurement curves the time interval specified
ably higher than those determined from the interval givenby fansandmax was evaluated. For the scenarios with higher
by firans@ndrmax. Further, the conductivities calculated from temperature increase, which depict a slightly “s-like” shape,
the early time interval depict a dependence on contact resisn addition an early time period and a late time period were
tance. Good contact leads to higher conductivities than poomspected.

contact. — Axial heat transfer via cable connections have only a

— Axial heat flow influences the measured temperaturesin ~ Minor influence on the temperature profile.
ways that leads to higher evaluated conductivities. — Radiative interaction between sensor and surrounding

— Differences in contact resistance produce modifications ~ S@mple material is negligible compared to the conduc-
of the temperature response at early measurement times ~ tve heat transfer.
that lead FO diﬁerer!t CondUCtiVitie-S if evaluated. At later - A h|gh contact resistance (Sma” Conductance) has a
times a difference in contact reSI§tance causes constant strong influence on the temperature prof”e and tends to
temgerature offset that does not influence the evaluated  nderestimate the derived thermal conductivity value.
conductivity.

— The mechanism of radiation heat transport caused ndh4 LNPO3-probe

important differences in the measurement curves and ) ]
evaluated conductivities. The LNPO3 sensor was made up of five domains. Those are a

cylinder representing the constantan heating wire (domain 4)
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Fig. 15. Temperature response of the hollow cylindrical LNPO1-sensor at the measurement point due to heating in a moderate conductivity

sample withh = 0.2Wm—1K~1.
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Fig. 16.Model of the LNPO3-sensor (short thick needle) embedded in a sample.

in the center, surrounded by a hollow cylinder made of stain-4.4.1  Setting (1): very low sample conductivity

less steel (domain 5). Attached to domain (4) for the heating (k =0.002Wm~1K-1)

wire are concentric cylinders (domains 1 and 2) that resem-

ble the isolated wires leaving the sensor through the baseThe simulations for LNP0O3 measurements in a sample of
The hexagonal part of the base is approximated by a cylindevery low conductivity deliver measurement curves similar
of the same volume. A schematics of the model is shown into those obtained for simulated TP02 measurements in a
Fig. 16. The parameters used for the domains making up thematerial of very low conductivity. Measurement periods of
sensor are listed in Tab& 36 h were simulated. The derived temperature responses are
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Table 6. Parameters used for the different domains of the LNP03-model.

Domain Tinitial c o k
Kl Pkg k™Y [kgm=3 [wm~lk-1

(2): electrical wires of the sensor 297 385 8700 400
(material: copper)

(2): plastic protection of the wires 297 900 1380 0.15
leaving the base (material: PVC)

(3), (5): sensor base and unheated 297 500 7900 16

part of the needle (material:
stainless steel

(4): constantan heating wire 297 410 8900 49

¥ no cable

M. 1: H=12.5W/meK), no cable, no radiation
—g— M0, 2 He1 2500 m2K), no cable, no radiation
255 | —* Mo, 3 H=12.5W/m*K), cable, no radiation
= = No.4: H=1250W/(m?K), cable, no radiaticn
= = =No.5: no contact, no cable, only radiation
z7.5 | —% Mo.E no contact, cable, only radiation
= = =N, T He12 5W/mEK), cabla, radiation

3
= 26.5
25.5
o A RRRSSEEHER e cable
R,
245 e A - =
23.5
100 1000 10000 100000 1000000
i [sec]

Fig. 17. Temperature response of the LNP03-sensor (short thick needle) at the measurement point due to heating in a very low conductivity
sample with = 0.002 WnT 1K1,

shown in Fig.17. However, no upward bending of the tem-  — A difference in contact resistance causes a parallel shift
perature versus time series in the semi-logarithmic plot as for ~ of the curves in the semi-logarithmic representation for
the TP02 was found. Nevertheless, the data are split in three  times larger than 10 000 s. This behavior was also found
groups. The one with the highest temperature increase corre-  for TP02 and LNPO1.

sponds to the settings in which axial heat flow is not included

(No. 1, No. 2 and No. 5). The two curves with the lowesttem- — Radiative heat transfer leads to a somewhat higher tem-
perature increase are related to the scenarios considering pure  perature increase as the scenarios considering conduc-
conduction and axial heat flow (No. 3 and No. 4). The data  tion and axial losses only.

were evaluated in the time period specified{aysandsmax.

The conductivities obtained from data of settings including4-4.2  Setting (2): low sample conductivity

axial heat flow are at least ten times larger than the conduc- (k=0.02Wm~tK~1)
tivities calculated from the data related to other scenarios. ) o
The following conclusions can be drawn: For the setting of a low sample conductivity measurements

of 36 h were simulated. FigurE8 shows the temperature re-

— Axial heat flow modifies the data such that the evalua-sponses derived for the different settings. Similar as for the
tion leads to significantly higher conductivities than the TP02 an even split up of the measurement curves can be ob-
true sample conductivity. served. The highest temperature increase was found for the

setting involving only radiation heat transport (No. 5), while
the lowest was encountered with the scenario of good contact
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Fig. 18. Temperature response of the LNP03-sensor (short thick needle) at the measurement point due to heating in a low conductivity sample
with A = 0.02Wm 1K1,

29.85
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Fig. 19. Temperature response of the LNP03-sensor (short thick needle) at the measurement point due to heating in a moderate conductivity
sample withh = 0.2 Wm—1K~1.

between sensor and sample and axial heat flow occurring. — Differences in contact resistance lead to the familiar par-
From Fig.18it can be seen that the curves obtained from the allel shift of the curve in the temperature versusiot.
scenarios including axial heat flow show a different progress

than the rest. The data were evaluated in the time interval de- — Pure radiation interaction between sensor and sample
fined byfyansandmax. As for the previous setting of a very causes no notable differences.

low sample conductivity, the conductivities calculated from

data where axial heat flow was involved (scenarios No. 34-4.3 Setting (3): moderate sample conductivity

No. 4, No. 6 and No. 7) are significantly higher than the true (k=0.2Wm=tK~1)

sample conductivity. The following conclusions arise: )
For LNPO3 measurements in a sample of moderate conduc-

tivity, measurement periods of 10 000 s were simulated. The
— Axial heat flow leads to lower temperature increases andeceived measurement curves are shown in E8y.They
higher determined conductivities. exhibit the same behavior as the data obtained for TP02
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measurements in a sample of moderate conductivity. There 10w

fore, the temperature responses obtained for settings No.

and No. 4, which are those derived for good contact betweel

sensor and sample, were evaluated using the time perio

specified bytyans andtmax. In the case of the other curves, 1.00 R
two time intervals (an early time period and a late time pe-
riod) were inspected. The early time interval yielded conduc-x
tivities about one order of magnitude smaller than the true
sample conductivity, while the late time interval gave con-
ductivities in a range similar to the true sample conductivity.

-——
_——

=—0—TP02 good contact
—r—LNP01good contact
—O—LNP03 good contact

eval,noax  evalax

From this the following statements arise: — —poor contact
— Axial heat flow leads to enhanced evaluated conductiv-
ities. 0.001 001 [Wim™ K] 0.1

sample
— Adifference in contact resistance causes a change in the

it results in a constant temperature offset which does nofhent curves, obtained for scenarios including and not including ax-
affect the evaluation ial heat flow, versus the preset sample conductivity. The continuous

lines stand for good contact between sensor and sample and dashed
— Pure radiative interaction between sensor and sampldnes for poor contact.
produces the highest temperature increase and some-

what elevated conductivities. ) .
heat flow was encountered with the LNP03, the weakest with

the TP02. Figure0 summarizes the influence of axial heat
5 Discussion and conclusions flow on the determined thermal conductivities as a function

of preset sample conductivity.
Numerical simulations of thermal conductivity measure-

ments with the TP02, LNPO1 and LNPO3 probe in a sample5.2 Contact between sensor and sample

of varying thermal conductivity, as encountered in a granular

material at different pressures, were done. For each condud=or the simulated conditions a strong influence of the contact
tivity setting different measurement conditions (see Table conductance (contact resistance) on the measurement curve
were studied. A strong dependence of the obtained type ofould be noted for samples of moderate conductivity. A dif-
measurement curve on the investigated sample conductivitjerence in contact conductance causes (i) a difference in the
and measurement condition could be noted. The observed ircharacteristics and length of the transient period and (ii) a
fluences of axial heat flow, contact resistance and radiatiorgonstant temperature offset at later measurement times in the

on the measurements are discussed in the following. semi-logarithmic representation of the measurement curve.
Poor contact (low contact conductance) causes a stronger
5.1 Axial heat flow modification of the measurement curve than good contact.

) ) o Furthermore, the intensity of the influence is controlled by
The impact of axial heat flow on thermal conductlwty Mea- the magnitude of the sample conductivity. If the sample ma-
surements depends on the sample thermal conductivity. FOgria| is a moderate thermal conductor, a high contact resis-
very low sample conductivities the largest deviations due toignce (small conductance) acts as a thermal barrier between
axial losses occur, while for moderate conductivities the in-gensor and sample. In this case the temperature response is
fluence is negligible. This is caused by the isolating effeCtmqgified in the way described above. On the other hand, if
of the very low conductivity material. In this case the heat the sample itself is a poor conductor, the modification of the
introduced by the measurement flows more easily in axial di-neasurement curve is negligible. Under such circumstances
rection, where the conditions for thermal transport are supezyial heat flow along the probe axis plays a dominant role and

rior to those prevailing in the sample and thus a large paricap affect the evaluation results for the thermal conductivity
of the energy is transported along this way. On the othergjgnificantly.

hand, in a sample of moderate conductivity the major portion

of the induced heat energy flows via the sample. Howevers .3 Radiation heat transport between sensor

axial losses cause a decrease of the measured temperature  and sample

response and a modification of the measurement curve that

leads to an overestimate of the thermal conductivity, whenThe investigated scenarios, including radiation interaction
the standard evaluation methods as presented in&éare  between sensor and sample, indicate that this heat transfer
applied. In our simulations the strongest effect due to axialmechanism can be treated as if there were a high contact
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resistance between sensor and sample. For the settings of lowant role, while at ambient conditions contact resistance is
and moderate thermal conductivity, the measurement curvethe main influencing factom.hus, the results of the numerical

for the radiation scenario showed the strongest modificationsimulations suggest that the difference in evaluated thermal
Thus, if the radiative interaction between sensor and sameonductivity depending on the used sensor at high vacuum is
ple would be replaced by a corresponding contact resistancesaused by axial losses and too short measurement periods.
it would be even higher than the contact resistance used fofhe model calculations for the different sensors showed that

poor contact in this work. modifications of the measurement curves due to axial losses
become most severe for very low conductivities in the range
5.4 Evaluation methods of 10-3Wm~1K~1, which is the case under high vacuum

conditions. Under high vacuum conditions very low heating
The nonlinear fit method is the most stable evaluation methOCbowers are needed. Furthermore, the necessary measurement
and gives the best values also for early time intervals. Influ-times, especially for large sensors in samples of very low
ences of too short measurement times and axial heat flowtonductivity (as e.g. granular materials in vacuum) are up to
are most severe for the method of linear regression and sugeveral days. To fulfill these needs, appropriate data loggers
cessive linear regression. Thus the evaluation technique odnd software, respectively, have to be used.
choice is the nonlinear fit method. Moreover, the very low sample conductivities produce se-
vere axial losses in the measurement probes, which lead to
significant errors in the evaluated conductivity. This is an
6 Summary important point that needs to be addressed in future work.
Further, it follows that thermal conductivity measurements
In this work sensors suitable for the measurement of the theren airless bodies like the Moon using methods based on the
mal conductivity of soils in situ were investigated for appli- transient line heat source technique are strongly influenced
cation on surfaces of extraterrestrial bodies like the Moon orby axial losses and need special treatment. For bodies like
Mars. Numerical models of different sensor types were setMars, where the ambient pressure ranges from 6—-10 hPa the
up, in which measurement scenarios could be studied thasimulations reported in this work indicate that such problems
were not realizable with the equipment at hand. These simwould not occur.
ulation data were analyzed in terms of thermal conductivity,
using three different evaluation methods, namely linear re- ] ]
gression of a predefined interval of the measurement curvef,cknowledgementsThis work was supported by the Austrian
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