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Revisiting an article:

Measurements of soil water content, heat capacity, and thermal conductivity with a single TDR
probe. Soil Science, 161: 22-28 by Noborio, K., McInnes, K.J. and Heilman, J.L. (1996)
Kosuke NOBORIO!

Abstract: We developed a prototype of the now-called
“thermo-time domain reflectometry probe” in 1996. We
revisited the article describing the prototype and explained
how we thought at those moments. Let us start our visit;
first met a soil water sensor at college. Later year at
Texas A&M University as a graduate student, Jim Heil-
man and Kevin Mclnnes became my supervisors. They
inspired me to make a multipurpose time domain reflec-
tometry (TDR) probe by combining TDR and dual-probe
heat-pulse (DPHP) sensors. Our new TDR-DPHP sensor
owed the hard work of Clerk Topp, Gaylon Campbell and
Keith Bristow. When we published an article on the new
TDR-DPHP sensor in 1996, Robert Horton of Iowa State
University might be the only one who truly understood the
potential of the new probe in the world. He and his re-
search group named our sensor a “thermo-time domain re-
flectometry probe” and have been pushing its limit since
then.

Key Words : time domain reflectometry, heat pulse sensor,
soil water content, thermal properties, combined sensor

1. (ZLC®IC

INFEThHRALHEEOLEL VY —DHXEIHh, £
<IFHIKE N TWS (de Vries, 1952; Topp et al., 1980;
Malicki and Skierucha, 1989; Campbell et al., 1991; Tarara
and Ham, 1997; Campbell and Anderson, 1998; Noborio
and Kubo, 2017). zod T, W ¥+—F TDR 7
1 — 7 (thermo-TDR probe) ] & IFXi 5 Li+v v 4 —

1School of Agriculture, Meiji University, 1-1-1 Higashimita, Tama-ku,
Kawasaki, Kanagawa 214-8571, Japan , Corresponding author: % &% 8)
HIVE KB E8, T700-8530 214-8571 7= )11 U2 )11 I v 2% B X 3R = M
1-1-1

2021 4E 12 H 7 H3ZRE 202248 1 18 H3ZHL

DFRA L I 5722 VY —%BIFE L 7D T (Noborio et al.,
1996), HEDSHBICELREEZBNTS.

T EOREIZHAD THEbD 572D 1% 1980 £DE
WBIRRKFZTIT > REMPBEOBRTH -7z, 7 F
A =R —ZBWE 20 BARDKIEY ) A =X —Dffi%
BEFAIS DRHBETH -7z, BALED SRI (system of
rice intensification) BIEIZEDI BHISEIL, IBEHIZTH -
T AERESR — DS IR B 2 T Bk 23 B 0 — A7 DY L
BRENVWEE ST NTHD KK - B, 2011). ZA
7P, BARO®E REFHNY) THIZULZEEE
BT HBERENKDHDVPEDO LS L v — 1B X
7o RER, KoYy (BINTC avHiLzxy
V) AU CTHIR BB & Ao 72 RifiETO Y v T
HETOBREFHETE TV VA A =X =2 FWEIT 722,
O T YU ARA—R—DEARENEFHTHAN -
TF—ROF—IZik L7z, ZOHEZ, BENIZATY
VI T —TWWKEBKT B LEAMKERED L S
AT 202 PFET 2R T, FPAML CTHFEAARLS)
BrEoEBRE (BIZNTC A Y& —F Y aFitE)
Ml e o THED -, BIZIIRTORETHIEL £ T
BENDOED o F—2ah—0EE, LU THA
REDVWAFETTEIZHATH S5o77. ZORORKER
D, WKRY L LY 0 5 FARIR T B % F5 D 22 5%
2o 7z MEF (1983 4EEH) 1% £ 72 Z 0BRSS % B
L T\ 7z Gaylon Campbell DAFLEIXE] 5 7200 5 7.

B PR R T B B SIS EE A 2 5 e <
otz DT, 1985 TR VIV X Y 2RIELTHE
BUKZRFBNCAFE U Tz, g U 7z B b e e i)
WS % K SCEERF SR AT & 2 A DR IE A FED 5%
THWZZ20HBEERNKSEHE D - 7. TEASBEH)
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BT 2EBRICMEZ DD TIEBRVRE KRETL D,
RERRKRD LITIRERGFEESP K E S THSDERIZ
HRDE T —TRWI DN o7z, FEREDOR I
BREDPISOTMEL TH 72D THS. Kiiv /) A—
R—IZBNET VYA A= R =% flioCTHEKS LIHE
BEIOM%EET 52U (KE5,1988). Z D%
BTMHoTWEKIRY ) A =& —1%, £ TFE/ED T
THREINTH o 7=, VRO RFEMAE (0L, R
TR, AR, REAA, INREN) LFES D4
WZEELZWREDEMTHEZ L NEL A0 o7,

FAEHBH, MEETT AV I TERNZELSFE (SS-
SAJ) % & < > T\W/= 5, Dasberg and Dalton (1985) D3
XWEIZEE -7z, YRHIIMEEDPKEHEIEAL TV
LHREE BEUOMFHEORH B NNy I F o N—% —
H i A il D DS CERERIE D £ TdH - 7z, Dasberg
and Dalton (1985) D3 i%, TDR (time domain reflec-
tometry) EZM S L RMEKELELRLEEEEZ 1 AD
TU— 7 TCHSIZHETES L VWS EATERVAR
THot. BIACEERTASE G.C. Topp 574 1980
BIZHFR U - BRHIR Z M 5 72 ED TR > T Wz,
Topp et al. (1980) I, TDR JEiZ & % 13Kk 4 &HIE
i, MR, WHODOEE, vrY— LEOEMEAIIF
CACHBEEZRVWEREL TV, ZhRIxdok
BLTWEBASHUERO v —Tho7-. HiE,
KDY ¥ v 7B T OGRS (LR
BHE Hz F2E) ERMBELEIZMA L. 727U A T
LT 4 B AU SHAL T, ZOFIZKE ANTH
FROERZ ANTZD, BIEEHIIIMT S ZA A - 7=,
FfEeD B IEEE LY 5 LB 5 KIEHBFE LIRS
7-. BR L TDRIZET 2 MBSV F F I IC kA
FEEBIT KRB b 572, LHL, TFY X AKM K
FICHEF OO EEIC, HEEEE > /M EANE,
TDR ZHE&E%2 HEUL-ZETH B L2 REZE LTSN
ZEIRBEITR o THIo 7.

1988 27 F ¥ A A&M K% Ph.D. SR ICHEFEIL,
1 FEEIFE ERF RO, HET L THRARZED Jim
Heilman & 1852 D Kevin Mclnnes »3\» % Environ-
mental Physics Laboratory IZFff@3 5 Z &2/ -7z,
S5 1A v AMALKF D Evapotranspiration Laboratory
T Ed Kanemasu %* 5 Ph.D. % HUf5 U 7z B2 & F D Hf
BWHETH 7=, B, Mclnnes 137 &> b UMLK
@ Gaylon Campbell D& & TELHEZET LD T,
LI D LY B D F1E T dH - 72 Soil Physics with
BASIC (Campbell, 1985) OWNEZFEIL T\ 7=,

2. t8H8KD - BRCEE - #HRAE

Ph.D. %2 D 3592817 TDR & A %77 & Mclnnes
E-276, ¥FRIENLSERZFELTIAMALT
ANz, EEDETH>7-RFHD TDR EEZEZ P> & F
T B EeNTEL. LALYEIE, FEir—7 1<

F 7V 2% —» 5 TDR #ilfl 71 275 4, TDR ¥ f#
Wom 7o LETCE2THNTHESIBEND 72 (BRE
5, 1997). Baker and Allmaras (1990) Z&#%I1Z L CH
fili~)VF VLY —& TDR WEMGF 7025 L, FL
T TDR #lfl 70 75 LB RfTHER TR I T 572012
1 EMEEL -, BEFERTIE, 38X TDR 7u—
TOMUDBMRD —AIZBERN 2T AL T, REEKE,
BRAZEE, HRZFE -G CHIET 2 Z LTI L
7= (Noborio et al., 1994) (Fig. 1). FH#tOEIZME T
AT R F 2 7B OFGRANE P I N7z - SRR ISR
ORMZERETS. WS Z ik, ERANICEYZ AN
THERBERRICITRER I T TH S, EIK, FHil
T — TN DOFRARGIEESE U - Ze gy NN EVE S &
ALTH TDR HHIZIE L A EHRLNER D572, T ORI
73 TDR 7'1u— 7 L MiOFEE & @G U7z v — 2B
TEEonT kot BT, AT — 7V OSERICEE
FeL7-mhzs oy NIZEZY % Ad % & TDR EEIELN
B0, B5DORMAEIZIFIEZIL RN LG o7z,

3. RNMERE

B DOBRERADFEIZET 51551, Mclnnes 2°
H2Y U 7= KEBE# 35 O Advanced Soil Physics % fA%3%%2
BUZBIZIHULZL R = IRl > THhE- 7. Z
@ Mclnnes D#FH THi- =8B EIX, 53 A, Soil
Physics with BASIC T® - 7z. Z O#FRIE TIXEVEE
BRE2EDECTHS AEPTEIEHIN TN S, B

50Q coax cable
(RG-174/U)

epoxy resin

acrylic plate

type T thermocouple

100 mm

d=1.6 mm stainless
steel tubes

| 15 mm | 15 mm |

Fig. 1 SMUBBIZABN 2 AL =&Y O#EEG X TDR 7
17— (Noborio et al., 1994 @ Fig. 1A % —#ikZ).

The first combined TDR probe with a thermocouple inserted in
the outer electrode (partly modified Fig. 1A of Noborio et al.,
1994).
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FEELROHEICIE, BMEERUEOHETHo7-H—T
O—7 kL, YU vy&X—ik%Eff-72 (Noborio and
Mclnnes, 1993). >V ¥V X —iKkTEZT — X DESIEIC
& 2 (Riha et al., 1980) i, McInnes O tigEE%Z T
» o 7= Campbell 5D FHFEL 72 HEETH 5. Mclnnes 1
Riha et al. (1980) DX T2 ZBHOEH L L THA %
HRTWSDT, EEIZL < DFERE LD TIERWD
LRI B, 7272, Noborio and Mclnnes (1993) Tl
Rihaetal. (1980) & %70, Parikhetal. (1979) & [Ekk
IZFARE U 72 TR O LB BVE IR ERT 2 FEA L,
) v X =K% 30 °C fE D B IR THLR DR
EELEFE L. ZDORFORERD S, 4 Carslaw and
Jaeger (1959) DfiEMfrfR % - 7-3mX (BRE S, 2005) %
ez eitkotz.

B IZIE, BMRER (1), AEEARE (p.) & Bk
BUREL (k) & EN, TNEFNIE A = kp. TR S
N5, 1990 MK, A 1d¥— 7 10— 7 (de Vries, 1952;
Shiozawa and Campbell, 1990) T, pc & T Y A —& —
# (Taylor and Jackson, 1986) THlE 3 % DA —KHT
HH, BSEME—THo7/. A A—-X—1ETIX, &
e AN BRI TR 2B AL T EOREZ
{bEHET BDOT, FAETOHENTERVREHR
BB, T ABRRIZEN 2220 E BB OV ATk
(heat-pulse method) T & - 7z (Campbell et al., 1991).
ZOBEUOVAFEE VY =X, E0.8mm, EX 28 mm
DEFE 2 ATHER I T W, FHOEHE Iz —
R—%, I HHOEHNFICBENREF2HALT
6 mm @ CEE L 28Ty 1oy —Tho
7. T ERZBEC, RN TDR Tu—7¢ &
SPTVWBZ 2IZE&DB DW=,

4. ZBHYTDR 70— 7 OEH

1991 4E 1 AHIZ Campbell et al. (1991) DL Ak
MBI N T A ) H BRI S (SSSAT) &5
PEWTHALIZE R LT, BV AR v —& TDR
70— 7 OfgRE & R 72 3% W TDR 7o — 7%
fEBZ 2127z, TIEOBMEE OB EKRIKGF T —
X% —ARKD3HEAXTDR 7o —7CHETEZSRE W
e RBREOHETH-/-0T, ZO%HKTDR Yo —
TR OBERICEVIPEL X TE R h -7, Fig. 2
IZHIFOWISE ) — S O—H A2 RT . WD SHRERD
1991 £ 9 HQIZfETm — T 2o 7= ERIZEEL 72 2
EDIMPNRB.

BNV AL Y —DA ) VFmay RFE (EX 28
mm, g 6mm) # TDR 7Yu—7& LT 5121,
Oy REMNEIESLL, vy NERIHRT 5. M,
BEIZ TDR 70— 7 OIS EIC B9 25 T Wiz
DT, TNoHEBEIZLT, By FEX 75mm, By K
k@ 10 mm & P& L7 (Fig. 3). fiZemy RiZfifL

e
[T

7 1E4T 8%, Campbell DOV 23+ >3 — (21 gauge,
A 081 mm) KO ELTEIRENHZDT, 1 7=V

mu/g rprans. Probe 9-17-9/ @
b Pl ] o senidie 0115
" whid ) Pl
3 | Headade pigeditioren | (25020

P o m = A0, i

2 -
GBS [ pehantlih s &
7 2

1 (Then 3y PPN
|t |
FVC 1og : )1
1 oV gast!) ™ a5V
S f,\d lgpodermie nesbles / 2 & e
P T et
5 [aivdey won s
AR lidgad) YL
perLT il Sy B
vl e ¢ 3 218
3 : 3’, 23, 500
. 21 T L
1 59 b vk 2.4
= 7t 1 e 3. 8179
41 89 b7 v?)f,
i 8% bbb 23.41.
i) /3.9 24.76Y 13-4
i /6> 254,285 23,492~
o 199, A 2 41
e 007 7. 9% & ,i0
2 2.7 27,240 23w
T S ARMBEY %% )| 2348
54 ) 2343 3.
% W7 e L4
\ .8 9./ 2).5¢ BH7Y
2 #§ oz 23. 43¢
.9 ‘40 .13".? 1.4 23,59
#9 54 2.9 23.57)
i 395 L e 22573
g 370 B> 224K 253
R 52 5.9 Dl 2537
i 7 B4 28,037 2550
e D2 2077 257
i P (30| | brami L3/213
19 23701 3.6 2.3y 13"'[4/
e : 3 %3 3k
12,8 O b A1 !L}-ﬁ 3 12
474 27, 83D R 2435, )'Li
17T ligs . Sl 48
od 24972 ISug | 26MS )
o .o BcD 110 2350\ ESR)

Fig. 2 Z HIW TDR 70— 7% Hi\\72 1991 49 A 19 HA#F
5/ — kD

Part of a research note depicting a multipurpose TDR probe
dated on September 19, 1991.

line heater
I Il — 50Q coaxial cable

E‘M I epoxy resin
| I Ul acrylic plate

type T thermocouples =
yp p €]

75 mm

d=0.60 mm
hypodermic needles

10 mm

10 mm |

Fig. 3 5¢RiL 722 HI% TDR 71—~ (Noborio et al., 1996
O Fig. 1 % —HL) |

Completed multipurpose TDR probe (partly modified Fig. 1 of
Noborio et al., 1996).
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Simultaneous Measurements of Thermal Conductivity, Specific Heat, and
Water Content of Soil Using a Single TDR Probe.

K. Noborio and K.J. McInnes
Department of Soil and Crop Sciences
Texas A&M University, College Station, TX 77843

ABSTRUCT

Knowing soil physical properties such as thermal conductivity and specific heat as a
function of soil water content is essential for soil scientists, agronomysts, and engineers,
Using a probe for time domain reflectometry (TDR), which estimates volumetric water
content of soil, we developped a4 new probe enclosing thermocouple junctions and a heater
10 measure simultanously thermal conductivity and volumertric specific heat of soil. The
new probe enabled us to measure the selected properties within the same control volume of
soil.

MATERIALS AND METHODS

Loamy sand (sand=80 %, silt= %, and clay= %) was mixed with distilled water to
produce water contents in plastic bags. Water content ranged from 0.005 (air dry) to 0.25
m? m-3. After mixing, moistened soil was packed into a plastic container (V=645 cm?)
resulting bulk density was 1.29 Mg m=3.

A probe was made from three hypodermic needles (20 GA). The needles were 1,0
em apart and 7.7 cm long, The center needle enclosed a line heater (40 GA) and a
thermocouple junction (Type T) at the mid-plane of the needle, and one of the outer needles
enclosed a thermocouple junction (Type T) at the mid-plane of the needlle. The line heater
was made of Evanohm Alloy R, and its resistance was 125.2 £2, Thermal conductivity was
measured by the heat probe method (De Vries, 1932). Volumetric specific heat was
measured by a heat-pulse method (Campbell et al., 1991), Water content was measured by
time domain reflectometry (TDR) (Topp et al., 1981) with a three-red probe similar to one
proposed by Zegelin et al. (1989). After packing the soils in the container, TDR
measurements were taken using a metalic cabie tester Tektronix 1502C (Tektronix,
Beaverton, OR), and data were transferred to 2 computer for further analyses. Then 24 V
DC was applied to the line heater for 12 s. During applying and after terminating voltage

supply to the heater, temperature changes in the thermocouples were recorded by a data
logger CR-7 (Campbell Scientific Inc., Logaa, UT).

Thermal conductivity A (W m~! K=1) was calculated by the equation as (De Vries,

1952)
T=q/@nd){c+In1)

(1)

where T is temperature of the heater (K); g is the amount of heat input per unit ime and unit
length of the pobe (J s~ m~!); and t is time (s). A value of q was calculated as

q=E?/RL)

2)

where E was applied voltage (V), R is resistance of the line heater (€2), and L is the length
of the probe enclosing the line heater (m). The thermal conductivity of soil was determined

by plotting In tvs. T, and the slope of the plotted line was taken to equal to q / (4 T &),
Volumetric specific heat pe (J K~ m~3) was determined by a equation as

(Campbell et al., 1991)
pc=Q/ (e mrm? ATm)

(3

Fig. 4 1992 4 11 A 4 HAFO#F5E — M2, B— 70— 73 K28z ELHIE (X 1) & DPHP T

LB HRHMAEENE (KX 3) WENTHS.

A research note, dated November 4, 1999, described the thermal conductivity measurement by the single probe
method (Eq. 1) and the volumetric heat capacity measurement by the DPHP method (Eq. 3).

INE N 20 gauge (AME0.91 mm) 12 L72A%, AEERMIZIE
H o LKW, HlZIX 16 gauge (SM4% 1.65 mm) FEEE D5
FHZ T RETH o7z, Campbell BifF 57z ALY A X
(B 75 um) TR UME (Evanohm) O b — X —HRH3J
REBIZFE > TWDTHES Z 212 U7z, IREFHZ ISR
DTHR (- avRA&RVRY) BERNZM -7z, HFY
HNE, BVZERIE— T 0 — TVET, RREAARIZEUS
WAKETHET BEIETH - 72DT, WEFHTe—X—
e ANn-BAFORET Y REAMID 1 ADdzEn y
RIZDAFFEAL 7z, 20 gauge {15 EF D AIZEHY 0.60 mm

DT —X—fEBENOW G2 —ARKDhzEay RN
AT 2 DIZ 897 U7, BVEXN O E TR ¥ U
HTHifx U CTHAT OB —MHTho7-. ’oT, Z
OBy FNEHIZZW EBEEL RF SR ERDBRED
EY—IZFEAT DI EDNTERNST.. B —X—DFE
Oy REERIZEIEBEIEEHERNH 720, T0
FWTHEHDLEPRS7ZDONE D DIFRFATH 5.

Fig. 4 (24 UHZEEDHEFETH > 72 Jay Ham (B
anm T RMNLRFER) DR oTWhEIEZ2ELHTEN
7-% HI TDR v —7IZET 24192/ — h D — &R
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A research note, dated September 23, 1992, describing the presentation of Dr. Bristow, CSRIO, at the regular seminar
of the Department of Soil and Crop Sciences, Texas A&M University. With his presentation, it was apparent that the
thermal conductivity (1) could be determined from measurements of the thermal diffusivity (D) and volumetric heat

capacity (pc) using the DPHP method.

9. Ham I3/N TR FHFERD & KERMFTIIED £ T,
AT o 2R TOMIEE 1 T DI D &S Lk — b
IZEEHTEHL W2, ZRNEERVWERLZLE-TE
@%Téitﬁbt.ﬁgZ@ﬁh/—F#bEg4@
Bge/ — MESRE T 1AL EORAEE L 2201, 2
DRI EEERE Lz w2 Bbhd. Fig. 4 D%
J—FTIE, BMRERIE T 10— TIET, KRS E
BRSOV AETHET 5 Z e REPNT VS, YD
NTHXFERIZORIF LS e EXT WA, BER—D
Hotz. TNIE, B—T0—THELBU ZETIINBE

LEINBL—R—0O EFRENRLLDT, 2 EIZ5
THBTEIBELRD o7z, INTIE, LWHIZBMKIT A
Y —THo. BEERUEAND L — X —FIRIELD
WEIIZOBERS (2002) O Fig 4 12F L.
ZTAhRHBHH, FiET 5 LEKRCEMRIER O KFERE
+ 3 J—T CSRIO O Keith Bristow D3 % [ < #4212
EEh7z (Fig. 5). ZORIZHIHT, BV AL V3 —
DATHHMEDOETE2HERLI L2 -7, ZH
TRtk et Y —potkiy it s &8 -7, Campbell
DEVV A% DPHP (dual-probe heat-pulse technique)
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15 & WA 72 Bristow et al. (1994) DFXAH 5 D% fF-
TT— X2 D ELZFER, MerigxXizTtEZ >
WAEREF SN, ZORTDR 7O —7 2 H—J 00—
TEMAGLEZEE T —-TRBIIRRI TV
(Baker and Goodrich, 1987) %%, ZH# TDR 7 u—7®
BefiE R 2L O TVARIZHO TIDHEE M- /2.
Y OMEZEIZH 95 % Mclnnes & Heilman (ZMH# L 7z &
Z %, WEEH HER L T\ Soil Science AR < HiiK
TETEBWEAS LDBER 7. HIREED 2 » AiZ
— D SSSAJ FETIX, HENMZEEZBINZBNLDH B
TR N

FSCHE D R IEFADHY U 72, Mclnnes 1, & —
R—DiRE LRP e —X—1 v NEMHO KRR
XHD T I &DEMARIE OV AR & B EHEE
HIEIZ5 2508 % Y Iab—ya vETIVEES T#E
BrUT, ZOES LBV A K BB EKEHIED
R & MEEL T < v/ (Noborio et al., 1996). [FEREDfE
HriZ 7 1 A& 7 M7 KD Robert Horton @ Ph.D. #ifE2#
4 TdH - 7z Jim Bilskie (1994) £X>TWT, XIEH U
FREF TV & &% Horton DRA R 2Z127-5C
Moz, e—X—0OHEE ERIZERNT S L e —&—
0y N OEMCR BRI — 71 — 7RI & B HlEi s
EUTRLSAIONT W, & ZA0, BUuLAETIZZ
DEDOMENFEL RV ENERTHYIalb—V 3
VTHEIEI NS Z LITEEBRE.

FSCAHY Soil Science #1996 4E 1 A S IZH I Nz D
%, TFYZAKM R¥E%2HELTAF X - JTIVT K
FCRARIEZLTWERTH- 7. faflinrs 1 »HIF
ET 100 FEX L TWBIR D A eTELS ko, H
Z A3 EREER D RSN Mclnnes 28, BES - 7ZHFIC
BLESITEELAZZ LIFHREN. 1V X —3%y M2BZ
MIEEFEL TV eh o 72 4R, S Rl % B {E T
HWRT DN TH > 7=,

5.%%—ETDR 7 O— 7~ M1t

BRI D ER A S5 N2 B RELRBELEFHF>TVWS
e ohot. TOFHD—ADT A AT KED
Robert Horton TH o> 7-. B F X TORA R 7 EIGEHIK
DOIZTEDWZ 1997 EDHBH, HF2HKELIIZLT
B2 THLZDOT, HOH LW TDR £ ¥ —IZflT
BMEERDENPOT A TIZKZNPE VWS HED R —
JVH Horton 725 W 72, IRDITEHEZBHEL TWAZDT
ZORFETHEIE L. 1997 £ 5 FIZT7 A F 7ML KRZ
IZEBEWERIZI, By ARCHF & - TV — R KED
5 E|# U 7z Tusheng Ren (BRH[EEFEKNTEHE) HEEIC
RARZ L2 UTH TDR £+ —DEEBBL T W,

Horton, Ren, = U CHRD=ANIXHE 1 B0 EHIE % B
WTH TDR £ H— 2 DWTEE LA - 72, &, v
P—DRE X ZFHME L7z, Noborioetal. (1996) Dk

B OHEMSRAEZH T 50k 0 Yy NHERE r 224k
THEVWTH L Z LB FTHARRTNWADT,
Oy RERA% 1.3mm, 7y FEIZ240mmiZT52L
T, r DZAbZEMBHMZ 72 (Fig. 6). Ren O T &K%
HOY720izLT, EBRTErRbARVEREELE. 7
F Y A A&M KZFEFEFEHIZEIFE U 72 Macintosh i TDR
WM 7025 L% Ren 189 &, 11k DOS EO
MS Basic (IZBHEL Tio7z. Wk X#H TDR £ v 4 —
DJEFE % SSSAT (2 ¥efad 5 FE M - /-1, Horton »°
%L DMEHIZEZTH S5 WVWH W “thermo-time domain
reflectometry probe” L FERDIFE S 72 & K4 ITREL
72. Ren EFMIFFEFES LWVWAHRTZ EER LU T, Ren &
1998 DA F. %2 12 SSSAT GEANERE U 72, 2D
AT 72 1999 4E 5 ALABE, ¥ —E TDR YR —7 D%
ik, Horton & Ren DHFZE 7V — 7 DRE IR M58 &
MXEREDO BT THRAICEH L, T DMKIE Noborio
5 (1996) DEZEZTHEWERD -7z HMIZE REHEKRL
THEIZE>TWS (Blx1X, Ocshner et al., 2001; Ren
et al., 2003; Heitman et al., 2010; Tokumoto et al., 2010;
Kojima et al., 2014; He et al., 2018; Tian et al., 2018).

6. 5H Y IC

% < DFEEZE N > T TDR % & DPHP ¥ D ] 2
VE % LT 5 RAHY 2000 EWIEE F THi\ 7z, TDR &
DPHP DRI L IER B U WHRTH - 72, A Z
DORRIZEBTEZZ L IFFICEETH -7z, HBITH

type T thermocouple 50Q coaxial cable

line heater

epoxy resin

PVC plate

20 mm

40 mm

Il —epoxy resin filled

d=1.3 mm
hypodermic needles
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A multipurpose TDR probe, which have come to be called a
thermo-TDR probe (partly modified Fig. 1 of Ren et al., 1999).
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