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Abstract: [ Objective ] The technique of heat-pulse dual probe has been widely used for measuring soil thermal
parameters and water content. However, being only 2.8 cm long, the conventional dual probes are very limited in
monitoring range. Using lengthened probes may improve representativeness of the measurement, but long probes
tend to get deflected, causing deviation of the distance between two probes, thus affecting measurement accuracy.
Once the probe gets deflected by 1° the measurement of soil thermal diffusivity and volume heat capacity may

deviate by 10%. By measuring temperatures at different points of the probe, spacing error caused by the deflection
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may be corrected with an in-situ spacing correction linear model or non-linear model. The linear model is
preferred because it only requires the probe to have two thermistors rather than three thermistors as the non-linear
model does, thus making it easier to assemble and lower in cost because it needs less data acquisition interfaces.
However, as to which one, linear or non-linear, is more suitable for long probes, more work should be done.
[ Method ] In this study, 10 cm long probes were designed and used, because 1) in measuring heat-pulses in large
soil columns, the probe used by the single probe technique is 10 cm; 2) the thermo-TDR probes longer than 10 cm
can improve accuracy of the measurement of soil water contents; and 3) the minimum resolution of the distributed
optic fibre temperature measurement is about 10 cm. With development of the technique of thermo-TDR and
thermo-distributed temperature sensing with heated fiber optics, the use of 10 cm long probes in this study may
better embody the advantages of the above-described technique and cherish a bright future in applying the
technique. In the indoor soil column experiment, soil thermal properties and water contents were measured with
probes that might deflect off in four ways(coplanar extraversion, non-coplanar- extraversion, coplanar-introversion,
non-coplanar-introversion), and errors of the measurements resulting from deflection-caused changes in needle
spacing were corrected with the linear or the non-linear model, separately. [ Result ] In using the extended dual
probes, the non-linear model performed better in correcting probe spacing in-situ than the linear model (relative
error of the former was -8.30 and of the latter 43.90%). Correction with the non-liner model improved accuracy of
the measurement of soil volumetric heat capacities and water contents by a large margin, controlling relative errors
within 10%. It is worth noting that the main factor affecting the nonlinear model correcting probe spacing is that
the corrected spacing acquired by the non-linear model is determined only determined by #,(the time when the
temperature response curve reaches the highest value), while #,, is determined jointly by spacing and soil moisture
content. Therefore, it is expected to further improve the accuracy of probe spacing correction in using the
non-linear model by modifying ¢, value in the nonlinear model to reflect changes in probe spacing and water
content. [ Conclusion ] This study has effectively solved the problem of measurement errors caused by probe
deflection of the extended dual thermal pulse probe, and hence provided a theoretical basis for the wide
application of the probe. Compared to the linear model, the non-linear one can effectively minimize spacing errors.
With the development of thermo-TDR and thermo-distributed temperature sensing with heated fiber optics, the use
of 10 cm-long dual probes may embody advantages of the above-described measuring technique and has broad
application prospects.

Key words: Non-linear model; Extended probe; Soil thermal parameters; Soil water content; Probe spacing
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Fig. 1 Schematic of the apparatus with extended dual probes
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Table 1 New probe spacings of different types of deflection corrected by the non-linear model

154} TR BE
OD1 OD2 ID1 1D2
Probe spacing after deflection/mm
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123 6.46 6.62 4.50 6.06
r3 6.16 6.25 5.06 6.15
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Fig. 3 Measured curves and fitting curves of temperature
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Table 2 Corrected probe spacings and fitted thermal parameters for probes deflected outwardly (OD2)

A BE A B Bl g c/ Kl AT w5 AT s 5% 22°F- J5 N
Position of thermistors ~ New probe spacings/mm ~ (MJm~> K') (107 m*s") Residual sum of squares

28 P g (L, L)1 8.37 1.03 3.07 0.045
Linear model (h, L) h 7.01 1.47 2.16 0.045
(L, bh) b 7.53 1.12 3.07 0.040
(L, ) b 791 1.01 3.39 0.040
(L, L) 9.12 1.13 2.92 0.083
(L, L) 1 6.31 1.44 2.29 0.083
R LR PERIAY L 7.23 1.38 2.29 0.045
Non-linear model b 6.62 1.44 238 0.040
I 6.29 1.45 2.28 0.083

e LARERIEH 1, (4, b)) L ARFRLUARH 1 FNBBH 2 g 37 2 M 56 2R A8 FH 2 MR R AR A5 A RH 1 07 BB B . Note: [, represents
the position of thermistor 1, and( /,, [, )/, the new probe spacing of thermistor 1 acquired by using linear-model based on the established linear
relationship between thermistors 1 and 2.
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Table 3 Relative errors in heat capacity with spacing error corrected with the linear model, non-linear model

AR LA T oD1 0oD2 ID1 D2
Position of the

thermistors &/ Jkg' K')  ER% o/(Tkg"K') ER% ¢ /(Jkg"K') ER% c/(Jkg'K') ER%
LB AT (L, L)1 668 17.51 755 —6.66 921 13.79 1068 31.94
Lincar model ~ (fi» B4 1164 43.90 972 20.14 724 10.51 890 9.94
(L, L) b 652 24.47 770 10.76 1035 19.90 1073 24.35
(L, L) b 632 26.70 679 21.34 873 1.22 902 4.52
(L, L) 660 23.30 724 15.89 912 5.90 902 4.85
(h, L) I 904 5.07 888 3.11 912 5.90 926 7.59
A Pl 75 I 815 0.64 851 5.20 760 -6.07 858 6.07
Non-linear L 795 —7.84 885 2.60 827 —4.12 867 0.48
model L 789 -8.30 876 1.77 827 -3.98 852 -1.06
RBIE L 1084 33.94 1074 32.65 543 32.92 698 13.75
Uncorrected L 939 8.83 1011 17.19 694 19.52 795 -7.89
I 861 0.07 933 8.33 786 -8.69 845 -1.87
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Fig. 5 Volumetric heat capacities acquired with probe spacing corrected or not with the non-linear model
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