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A device used for in-situ measuring soil humidity employing thermal
conduction has been designed'and built. The thermal conduction sensor consist of 1) a
sensitive temperature measuring circuit utilizing thermistor with a bridge amplifier, 2)
a small heater wire for providing heat pulse, and 3) a ceramic slab on with the heater
and thermistor are mounted. The operation of the sensor starts by applying a 5 sec
thermal pulse. The ceramic slab is the thermal conduction path to the thermistor. The
amount of heat reached the thermistor is correlated to the percent of soil humidity.

Testing of the sensor has been carried out with different humid soil humidity. The

Soil Humidity Sensor
Miss.Yaisiri Chaiwong
Miss Ratchanee Burapapanich
Asst. Prof. Wichit ~ Sirichote

Mr. Badin Damrongsak
Applied Physics

1997

Abstract

result showed a 13-20% of soil humidity can be obtained.
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® Moisture block
Moisture block huniesdiedmiviassdumnduvesauildaimiulsvesnam
i tfmSenamdumm iihwesagnpnnasiiafuszdunawiuvesiagnyuiudhy
fugm daulsznevvouniosiio s
1. s (block) vesiaguiuiifzlirumioundn it Muncivuani q fudae
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2. nsesiamnni Wfhmsomiesianamdmmndnih
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q U0TUNFIUVES gypsum 391]UA CaSO, ﬁqtma:a1mmznim]uag,iﬁmiyﬁ%m%'ﬂﬂiumh
gypsum  Fevzdinavinidaanni Ifmsenamd um i W fwesusia gypsum SnfTinn
a q & ay . o 3 ) AN '
¥84 CaSO, Hinzmwegluthiiday Se ludufusefunmduvesuns gypsum udvd1ufos ud
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moisture block uamﬁqgﬂﬁ 23
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Measuring Soil Water Content in the Laboratory and Field
with Dual-Probe Heat-Capacity Sensors

Julie M. Tarara and Jay M. Ham*

ABSTRACT

Dual-probe heat-capacity sensors were constructed and tested in
laboratory and field conditions to determinc their application for
measuring volumetric soil water content (6,). The dual-probe tech-
nique uses a transient heat pulse and a temperature sensor {o deter-
mine the volumetric heat capacity of the soil (pcy), which can be
subsequently converted to 0, for a nonswelling soil if bulk density is
known. In 1994, 24 dual-probes were simultaneously tested using a
multiplexed data acquisition system. In the laboratory, probes were
calibrated to the known heat capacity of water. Following calibration,
the probes correctly estimated pc, of glass beads and water-saturated
glass beads to within 2.2 and 0.2% of their calculated values, respec-
tively. Gravimetric and dual-probe estimates of 0, were compared
using the Tempe pressure cell technique to desorb soil columns. The
two methods agreed to within 0.03 m®> m~* and 0.04 m* m™ in two
soil types, over arange of 0, from 0.45 m*m ™" to 0.10 m® m "% estimates
of the change in 8, (A8,) between desorption steps agreed to within
0.01 m* m~% In the field, beneath bare soil, estimates of §, among
three dual-probes installed at the same depth agreed, on average, to
within 0.02 m®> m~. The probes detected A8, within 30 min during
the 21-d field trial. Dual-probe and gamma-attenuation measurements
of 8, agreed to within 0.05 m* m~*. In 1995, probe design was improved
to produce more robust, reliable instruments. Sixteen probes were
installed 10 cm beneath a drip-irrigated row crop. A consistent differ-
ence in 6, of =0.10 m* m™* between mulch-covered and bare soil
beds was detected during the 25-d trial. The dual-probe heat-pulse
technique for measuring 6, has direct applicability in agronomic and
horticultural production, where small-scale, automated measurements
of 6, are needed.

HE DUAL-PROBE HEAT-CAPACITY SENSOR (dual-probe)

has been developed to provide small scale. frequent
measurements of soil thermal properties: volumetric
heat capacity (pc,), thermal conductivity, and thermal
diffusivity. The heat capacity of soil influences both the
storage and transfer of heat, so it is a necessary parame-
ter in models of soil temperature and heat flow. In a

nonswelling soil, changes in pc, are due primarily to
changes in soil water content; hence, an application of
the dual-probe is to allow calculation of volumetric soil
water content (0,) from measurements of pc,.

The heat-pulse technique for measuring pc, is based
on an idealized scenario for conduction in a solid mate-
rial, in which a pulse of heat is released instantaneously
by a line source of infinite length (Carslaw and Jaeger,
1959, p. 258). In an actual sensor, a heater wire is en-
closed in a needle probe of finite length: the heat pulse
1s applied during a fixed interval, tvpically 8 s (e.g.,
Campbell et al., 1991; Bristow et al., 1993). The increase
in temperature that occurs as the heat pulse propagates
through the medium is detected by a sensor enclosed
in a second needle probe at a known distance from the
source. An estimate of pc, is directly related to the
energy released by the source and inversely related to
the maximum rise in temperature that occurs at the
temperature sensor (Campbell et al., 1991).

Bristow et al. (1993) applied the heat-pulse technique
to determine 6, by using a relationship commonly attrib-
uted to de Vries (1963), in which pc, is approximated
as the sum of the heat capacities of soil constituents.
Given a value of pc, from the dual-probe. the relation-
ship is solved for 6,. Bristow et al. (1993) performed
laboratory experiments to compare estimates of the
changes in soil water content (A8,) from dual-probe
measurements to A8, measured by gamma attenuation.
Dual-probes predicted A8, to within 0.04 m* m™ of
gamma-attenuation estimates at depths of 1.3. and 8 cm
in containers of repacked soil in which 6, was varied.
Each of their three dual-probe sensors included two
needle probes that were 28 mm long. constructed from
No. 20 hypodermic tubing, and mounted 6 mm apart.
Noborio et al. (1996) constructed a combination dual-
probe-TDR (time domain reflectometry) apparatus

Dep. of Agronomy, Throckmorton Hall, Kansas State Univ.. Manhat-
tan, KS 66506-5501. Contribution no. 96-470-J from the Kansas Agric.
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Abbreviations and variables: ¢,. heat capacity: pe.. volumetric heat
capacity; PVC, polyvinyl chloride; . heat pulse: r. distance between
heater and temperature sensor: ', calculated - TDR. time-domain
reflectometry: T, initial temperature: AT,,. maximum rise in tempera-
ture at distance r; X, and X,. mineral and organic fraction of soil
sample; 6,, volumetric soil water content.
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also with No. 20 hypodermic tubing. but the needle
probes were 75 mm long and 10 mm apart. In laboratory
experiments, estimates of 6, by TDR and the dual-probe
were compared with gravimetric measurements. The
largest differences between dual-probe estimates and
gravimetric measurements of 6, occurred at high values
of 6,. Below water contents of 0.30 m* m ™, most dual-
probe estimates were within 0.06 m*m ™ of the gravimet-
ric values. Both Bristow et al. (1993) and Noborio et
al. (19960) noted that dual-probe estimates of 8, are sensi-
tive to errors in probe spacing (i.e., the distance between
the heater and the temperature sensor). Although the
reports of Bristow et al. (1993) and Noborio et al. (1996)
documented the performance of the dual-probe heat-
capacity sensor in measuring 8,, their experiments were
conducted in a relatively controlled, laboratory setting.
Currently, no results have been published from tests of
dual-probes under field conditions. In addition, no data
have been collected from multiple dual-probe instru-
ments that are operated simultaneously, which is the
next logical step in the development of a useful field in-
strument.

Our experimental objectives concerned both the con-
struction and testing of dual-probe heat-capacity sen-
sors. Our first objective was to construct sensors robust
enough for field use and to operate a number of dual-
probes at the same time. Secondly, we wanted to assess
the performance of the dual-probes in terms of repeat-
ability and reliability in estimating pc,. Finally, we
wanted to use a combination of laboratory and field
experiments to determine the accuracy of the dual-
probe heat-pulse method for estimating 8, and A6,

THEORY

A dual-probe heat-pulse instrument with a temperature
sensor positioned a fixed distance from a line heat source can
measure the volumetric heat capacity of soil as

= q
Pee wer*AT, [1]
where pc, is in J m™ °C™'; ¢ is the amount of energy applied
per unit length of heater (J m™'): e is the base of the natural
logarithms: r is the distance between the heater and the tem-
perature sensor (m): and AT, is the maximum rise in tempera-
ture (°C) that occurs at the distance r from the heater (Camp-
bell et al,, 1991). This model is for an idealized heater that is
infinitely long and releases heat (g ) in an instantaneous pulse.
Kluitenberg et al. (1993) determined that for typical probe
geometry and heating times, the errors in pc, that are associ-
ated with this model are negligible (<1%).
The relationship between the volumetric heat capacity and
the volumetric water content (6,) of soil can be expressed by
an equation commonly attributed to de Vries (1963):

pc, = 1.92X, + 2.50X, + 4.186, 2]

where X,, X,. and 6, are the mineral, organic, and water
fractions of the sample, respectively. The leading coefficients
represent the volumetric heat capacity (MJ m™ °C™") of each
soil constituent. If bulk density and organic content remain
constant at a given location, then temporal variations in pc,
are due to corresponding variations in 8,. Substituting Eq. [1]
into Eq. [2] and rearranging terms yields an expression for

determining soil water content (m* m ™) from dual-probe mea-
surements: :

(¢) — (1.92X, + 2.50X,)
emriAT,

8, =
4.18 Bl

Figure 1 shows simulated output from a dual-probe follow-
ing the application of an 8-s heat pulse in a sandy loam soil
with water contents of 0.1 and 0.3 m* m™. The data were
generated using an analytical model for a pulsed. infinite, line
source (Kluitenberg et al., 1993), where ¢ = 600 J m™', r =
0.006 m, and X,, = 0.54. The resultant curves show that the
range of AT, is small (<1.5°C) and that AT,, decreases as 6,
increases. Typically, AT,, occurs less than 60 s after the heat
pulse, but the exact time of AT, varies with probe geometry
and the thermal diffusivity of the soil. The determination of
pc, and 6,, however, requires only AT,,. not its relative time
of occurrence (Eq. [1] and [3]).

Eq. [3] can be rearranged to solve for AT,
-

(192X, + 2.50X, + 4.186,) [4]

5
emnr-

AT, =

Figure 2 shows AT, simulated for a full range of 6,. using the
same inputs as Fig. 1. From oven-dry to saturated soil, AT,
varies by only about 1.2°C; therefore. accurate measurements
of AT, are required to correctly estimate 6,. Taking the partial
derivative of AT, with respect to 6, yields the sensitivity of
the temperature rise to the change in soil water content:

2500 —4.18¢ 5]
88,  emr? (1.92X, + 2:50X, + 4.186,)?

For a given 8,, the sensitivity of AT,, (inset. Fig. 2) increases
as more energy is applied to the probe (¢). but decreases
with larger probe spacings and higher bulk densities. If one
considers the range of water contents in a typical agricultural
soil (0.05 to 0.35 m* m~3), the average sensitivity of the dual-
probe is about 2.5°C per unit change (m* m~?) in water content;
that is. a 1% change in 6, causes a 0.025°C change in AT,.
For copper—constantan thermocouples, a 1% change in 8,
would cause only a1 pV change in the electrical signal. Hence,
if thermocouples are used to measure AT, dataloggers with
adequate resolution (e.g., 0.33 pV) are required to detect
small changes in 0,.

pCp=1.19
oY 1
pep = 2.02
v =0.30

0.8 +

(T-Ti, C)

0.6 -
0.4 r

02+ i

0.0 — T - . :
0 50 100 150 200 250 300
Elapsed time (s)

Fig. 1. The change in soil temperature (T — T)) as a function of 6,,
following the release of an 8-s pulse of heat from the dual-probe
heater. Curves were simulated as representative of a sandy loam
soil where ¢ = 600 J m™!, r = 0.006m, and X. = 054 (Eq. [3)).
Units of pc, are MJ m™3 °C~% units of 8, are m’ m~ AT, (°C) .
refers to the maximum rise in temperature detected at the thermo-
couple probe.




SOURCES OF ERROR

To successfully estimate 6, with dual-probe heat-capacity
sensors, one must measure the following: q, r, AT,, and X,.
or soil bulk density. In Eq. [3]. ¢ and AT, must be measured
for every estimate of 8,, whereas only single, fixed inputs of
rand X, are required for each instrument at a given location,
assuming that bulk density remains constant with time. How-
ever, estimates of pc, are most sensitive to errors in probe
spacing (Campbell et al., 1991: Kluitenberg et al., 1993, 1995).
For example, Campbell et al. (1991) showed thata 2% error
in r leads to a 4% error in pc, The sensitivity of Eq. 1]
to errors in r shows that probe spacing must be measured
accurately and that the needle probes themselves must be rigid
enough to withstand installation into soil without bending.

Because the thermocouple is housed in a stainless steel
hypodermic needle filled with thermally conductive epoxy.
both of which have thermal properties different from those
of soil, the heat pulse may travel through the temperature
probe differently than through soil. Contact resistance be-
tween the soil and the needle probe may reduce the magnitude
of the heat pulse crossing the probe (Incropera and De Witt,
1990, p. 86), thereby decreasing ATy, and leading to overesti-
mates of pc, and 8,. Errors in AT, also may be caused by the
analog-to-digital (A/D) conversion of the temperature signal.
but these can be minimized by increasing the sampling fre-
quency of the data logger. using high resolution data logging
equipment and applying enough power (o the heater probe
to ensure that AT, exceeds 0.5°C (Bilskie, 1994).

Although AT, varies with pc, and 6, (Fig. 1). g can be
selected to produce ar. adequate temperature signal (AT, >
0.5°C) for the expected range of 6. The value of g depends
on the resistance of the heater and the amount of current that
is passed through it. which is usually determined by measuring
the voltage drop across a precision resistor installed in series
with the probe’s heater. Accuracy in measuring g can be im-
proved by proper selection of the precision resistor and by
using accurate, high resolution equipment to measure resis-
tance and voltage. Lastly. if no other measurement or model
errors are present, one must still use an accurate value for
the bulk density of the sample and, in soils with high organic
contents, an accurate value for the soil organic fraction. This
may require that bulk density be sampled directly at the dual-
probe, after completion of the dual-probe measurements. Al-
though this is true for estimates of 8., if bulk density and soil

2.0 T T T
008 —— =~ "]

1.8 _ oo7 l 1
o
= i
- i

1.6t 3 i i
3 |
5 :
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03 04
i0¢f 1
08 \ 4
0.6 L K - A e
0.0 0.1 0.2 0.3 o4
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Fig. 2. Expected relationship between AT, measured by the dual-
probe and volumetric soil water content (0,) for a sandy loam soil.
The inset depicts instrument sensitivity, i.e., changes in AT, with
respect to changes in 6,, as a function of 8,. Plotted values were
calculated from Eq. {4] and (5] using the same input data listed
for Fig. 1.
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organic matter are constant with time, such accuracy is not

necessary to estimate Ad..

MATERIALS AND METHODS
Probe Construction

In 1994, 30 dual-probes were constructed using No. 20 hypo-
dermic needles (0.902 mm o.d., 0.584 mm i.d., 0.152 mm wall
thickness; Monoject, St. Louis, MO) as housings for the heat
source and the temperature sensor. The beveled tip and alumi-
num hub of each needle were removed. Pairs of needles were
mounted in parallel and held a fixed distance apart (=6 mm)
by inserting them through predrilled holes in a PVC block
(26 by 16 by 6 mm; Fig. 3). Effective probe lengths, or the
length of needle protruding from the PVC housing, were 27
to 29 mm. Heater probes were made by threading a single
strand of Evanohm enameled wire (0.062-mm diam., 444 ()
m~!, Evanohm R Alloy; Carpenter Technology Corp., Or-
angeburg, SC) through a needle four times. creating a double
loop. The heater wire was spliced onto 4.75-m copper leads
(28-American Wire Gauge [AWG]. 9128026 ribbon cable;
Belden Wire and Cable, Richmond, IN). The average total
resistance of a finished heater was 78 Q) (1776 Q m ™" of heater
probe). Temperature sensor probes were made by longitudi-
nally centering a Type T thermocouple junction (0.079-mm
diam., 40-AWG, TT-T-40-SLE; Omega Engineering, Stam-
ford, CT) in the second needle. The thermocouple wire was
continuous from the junction to the data acquisition system.
Both needles were filled with thermally conductive epoxy
(RBC-4300 and A-121 epoxy hardener; RBC Industries, War-
wick, RI), as was the cavity in the PVC housing; therefore,
finished probes were electrically insulated and waterproof.

In 1995, 30 probes were built using No. 18 hypodermic
needles (1.27 mm o.d., 0.084 mm i.d.. 0.203 mm wall thickness;
Monoject, St. Louis, MO) to improve rigidity and to help
maintain a fixed probe spacing when the instrument was in-
serted into soil. A lower resistance heater wire (210 Q m™)
with more durable enamel was substituted (0.079-mm diam.,
Nichrome 80 Alloy: Pelican Wire Co., Naples, FL). The aver-
age total resistance of a finished heater was 38 Q (840 A m™
of heater probe). The lower resistance alloy wire allowed us
to apply 12 V to the probe to achieve the desired energy input
during the heat pulse. Needle probes were filled with a more
viscous epoxy (Omegabond 101; Omega Engineering, Stam-

Top View (cutaway)

heater probe

\ e —nheater leads
~6mm I L“', """"" —T
O 3¢ SRR,
TN
G -
thermocouple Cn™

. i thermocouple
junction in center

probe PVC housing
no. 18 N .
hypodermic Side View (cutaway)
needle
\ 26 mm

27-29 mm

epoxy-filled cavity

Fig. 3. Schematic diagram of dual-probe heat-capacity sensor (not
drawn to scale). ;
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ford, CT). but the PVC housing was filled with the same epoxy
used in 1994

Laboratory Testing

All probes built in 1994 were tested for reliability and accu-
racy of determining pe, in media of known heat capacities. In
the first medium, water was stabilized with agar (2 g L") to
reduce free convection. We did not determine if the agar
affected the heat capacity of the solution and accepted the
published value of pe, for water at 20°C (4.18 MJ m™ °C™').
Two other media, one composed of dry glass beads and one
of glass beads saturated with water, were selected to represent
the extreme values of pc, that one might encounter in an
agricultural soil. Glass beads (Spheriglass; Potters™ Industries,
Persippine, NJ) were packed to a bulk density of 1600 kg m ™.
Values of pe, for the glass bead media were calculated from
an average specific heat (c,) of soda lime glass (087 J ¢
°C™"). an average density (p) of the composite glass (2500 kg
m ™). and the volume fraction of glass spheres in the container
(Bansal and Doremus, 1986, p. 35). The heat capacity of the
dry glass beads was calculated as 1.38 MJ m~* °C™": the heat
capacity of the water-saturated glass beads was 2.90 MJ m ™
°C~' based on the volume fractions and heat capacities of
water and glass. Probes were suspended in each medium such
that both the needles and the PVC housing were submerged.
Twenty-four probes were tested at the same time, using a data
acquisition system composed of a datalogger. multiplexer. and
relay driver (CR21-X. AM416. A6REL-12; Campbell Scien-
tific. Logan. UT). Details of the design. of the hardware-
software system are available from the authors upon request.

Measurements of pc, in each test medium were recorded
at 30-min intervals for 48 h. The data acquisition protocol was
as follows: the initial temperature of the medium (7.°C) was
measured immediately prior to the application of an 8-s heat
pulse to the heater probes (¢ = 700 J m™'). The value of AT,
was determined by recording the thermocouple temperature
every 0.5 s for 60 s and subtracting 7. Values of g and AT,
were used in Eq. [1] along with inputs of individual probe
spacings (r) to compute pc, at each dual-probe. The amount
of energy applied to the heater probe (g) was measured by
placing a precision resistor (1 {1, £0.1%; VPRS, Vishay Resis-
tors, Malvern. PA) in series with the power supply and the

dual-probe heater. The voltage drop across the precision resis-.

tor was used to determine.the current applied to the heater
probe. according to Ohm’s Law. During these and other labo-
ratory tests. approximately 2000 heat pulses were applied to
each dual-probe.

Estimates of pc, by Eq. [1] are most sensitive to measure-
ment errors in probe spacing. In 1994, for each probe, the
distance between needles (r) was measured to within 0.0025
mm. under a microscope equipped with a vernier scale. Data
collected from the water—agar medium were subsequently re-
analyzed by inserting the known heat capacity for water into
Eq. [1] and solving for r. This calculated value of probe spacing
will be denoted by r'. This method of calibrating dual-probes to
a known heat capacity (Campbell et al., 1991). uses calculated
probe spacing to account for nonideal heat flow between the
heater and the thermocouple junction and extraneous factors
in sensor materials or geometry that may affect the accuracy
of a dual-probe measurement. In 1995, all new probes were
tested in the water—agar medium and calibrated to the heat
capacity of water. The calculated probe spacing (') for each
instrument was then used for determining pc, in soil columns
and in the ficeld.

Soil Column Desorption

Two dual-probes were affixed from opposite sides of a
Tempe pressure cell [Product 1405, with No. 1435BIM3

1-bar (0.1 MPa). high-flow ceramic plate; Soil Moisture, Santa
Barbara. CA] and centered vertically. Oven-dried, ground
soil, moistened with 1 mM CaSO; solution was hand packed
in columns (8.9 cm diam., 3.0 cm high) and around the two
dual-probes at midcolumn height. Two columns of Haynie
sandy loam (coarse-silty, mixed, calcareous, mesic Mollic
Udifluvents) were packed to a bulk density of 1420 kg m™; two
columns of Kahola silt loam (fine-silty, mixed, mesic Cumulic
Hapludolls) were packed to bulk densities of 1260 and 1100
kg m™7, respectively. The organic matter content in the two
soils was 0.7 and 2.75% by volume, respectively, as determined
by the Walkley-Black method (Schulte, 1980, p. 5-8). After
the columns had been saturated from below with distilled
water, free water was allowed to drain, and the columns were
left to equilibrate overnight. The soil columns were desorbed
at constant temperature (20°C) by applying incremental pres-
sure to the Tempe cells, in a series of equilibrium steps (Klute,
1986), at 24-h intervals. Kahola silt loam was desorbed in the
following steps: 10, 20. 33, 65. and 95 kPa. Haynie sandy loam
was desorbed in smaller steps at low pressures (2, 5, 7.5, 10,
13,20, 33.65. and 95 kPa) because of the soil’s water-retention
characteristics. During the desorption, heat pulses were ap-
plied to the dual-probes every hour. A 30-min delay occurred
between pulses applied to probes in the same soil column to
avoid the effects of residual heat or temperature gradients
created by the pulse from the companion probe. The soil
columns were weighed to the nearest 0.1 g every 24 h. Follow-
ing desorption, the soil was oven dried (105°C for 24 h), and
gravimetric water contents associated with each pressure step
were converted to volumetric values (8,) as described by
Klute (1986).

The specific heat of each soil (¢;,) was analyzed with a
differential scanning calorimeter (Perkin-Elmer model DSC-
2) at the Thermophysical Properties Research Laboratory
(Purdue University, West Lafavette. IN). The specific heats
of Haynie and Kahola soils were 0.7590 and 0.7650J g™' °C™',
respectively. at 26°C. Assuming a particle density of 2650 kg
m™, the heat capacity of the soil mineral fraction would be
approximately 2.0 MJ m™* °C~!, which is close to de Vries’
(1963) value of 1.92 MJ m ™ °C~'. Because most users of the
dual-probe will not know the specific heat of soil minerals,
we elected to use de Vries® value in all calculations, to emulate
how the instruments would be used in the field.

Field Trials

In 1994. 24 dual-probes were installed at several depths in
a 1- by 1-m plot of Eudora silt loam (coarse-silty, mixed,
superactive, mesic Fluventic Hapludolls) near Manhattan, KS
(39.12° N.96.35° W: 324 m above sea level) as part of a separate
experiment on near-surface soil heat flux. Probes were in-
stalled horizontally by excavating an area to the desired depth,
and then gently depressing the probe to ensure good contact
between the needles and the soil. The excavated area was
carefully backfilled to approach its original bulk density. Ac-
cess tubes for the gamma attenuation meter were installed at
the north and south ends of the 1- by 1-m plot. The gamma
probe was calibrated according to the method of Van Bavel
et al. (1985). The plot was irrigated to near saturation over
24 h, using a fine mist to avoid ponding. runoff, and surface
crusting. The soil was allowed to dry and was protected from
rewetting by a retractable, automated rain shelter (12 by 12
m). Because of accidental continuous heating of the dual-
probes at the onset of the field trial, most of the heating
elements were damaged. Consequently, results of the 1994
field trial will report the performance of three instruments
installed at 4.5 cm that operated successfully for 21 d. Heat
pulses were applied to the probes every 30 min during the trial.

In 1995. 16 dual-probes were installed beneath a drip-irri-
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Table 1. Mean measured (r) and calculated (') spacing between
dual-probe needles, with standard errors and coefficient of
variation, for 24 probes built in 1994.

Probe spacingt

'

r

Statistic r Water Dry beads Wet beads
mm

x 5.75 5.87 5.81 3.85

SE 0.020 0.003 0.002 0.002

CV, % 1.65 2.09 1.74 1.79

T Probe spacing was calculated in three media of known heat capacities:
water stabilized with agar (“water™), dry glass beads (““dry beads™), and
glass beads saturated with water (“wet beads”).

gated tomato (Lycopersicon esculentim Mill. ev. Mountain
Pride) crop on Haynic sandy loam, 1.6 km west of the 1994
site. One-half of the crop had been transplanted onto plastic
mulch-covered beds; the other half had been transplanted
onto bare soil. Because the probes built in 1995 contained
sturdier needles, they were inserted horizontally at the desired
depth (10 cm), directly into an excavated soil face. Data were
collected every 2 h for 25 d, during which time no instruments
failed. Values of pc, were converted to 8, by Eq. [2]. At the
end of the experiment, soil bulk density was measured volu-
metrically at each probe.

RESULTS AND DISCUSSION

Table 1 lists the mean values of measured (r) and
calculated (r") probe spacings for 24 of the dual-probes
built in 1994. Calculated values of r' were in good
agreement, regardless of test medium, but were all
slightly larger (=0.1 mm) than measured values. Corre-
lation coefficients for the relationship between /' and r
were 0.84, 0.81, and 0.74 for water, dry glass beads. and
water-saturated glass beads, respectively, which sug-
gests that variation in probe spacing causes the variabil-
ity in pc, measurements, among probes immersed in
the same medium. These results support the use of the
calibration technique that we described in the methods,
in which the input value of probe spacing for each instru-
ment is calculated so that the probe is calibrated to the
known heat capacity of water. Calibration to a known
heat capacity eliminates the need for precise, accurate,

“physical measurements of the distance between the
heater and the thermocouple junction, and it corrects
the probe’s estimate of pc, for nonideal heat flow. De-
spite the slight bias between r’ and r, the results in Table
L indicate that ' is stable and repeatable, and that the
r' measured in one medium can be applied to measure-
ments collected in other media.

The key to successful use of the dual-probe is not the
magnitude of r or r’ per se, but that r is known and
remains fixed. Once the instruments are calibrated in
water, the distance between the needle probes must
remain constant. Therefore, the probes must be installed
in the soil with care. The use of sturdier hypodermic

needles to house the heater and thermocouple should -

be investigated, particularly if the instruments will be
developed further for use by agricultural producers.
Table 2 shows that the r' determined in water does
produce accurate estimates of pc, in other media. By
inserting 7' from water into Eq. [1], the heat capacities
of dry glass beads and water-saturated glass beads were

Table 2. Heat capacities (pc,) of three test media: actual values,
and values estimated using dual-probes and either measured
(r) or calculated (') probe spacing. Dual-probe estimates are
means of 2304 observations from 24 instruments.+

pS,

Dual-probe estimate{
— e i ST

Mediumi# Actual§ r r
——— MJ m~3°C™!

Water 4.18 4.36 4.18

Dry beads 1.38 1.41 1.38

Wet beads 2.90 3.02 2.90

7 Standard errors (SE) for all estimates of pc, were <0.003 MJ m™3 °C,

i Media of known heat capacities: water stabilized with agar (“water”),
dry glass beads (“dry beads™), and glass beads saturated with water
(“*wet beads™).

§ Published or calculated values, as described in the text.

{l Heat capacities estimated by the dual-probes were calculated using Eq
[1] with either r or r' based on calibration in water.

estimated to within 2.2 and 0.2% of their calculated
values, respectively. The overall standard error of the
mean for the 24 test instruments was less than 0.003 M)
m~? °C7'in all three media, which shows that all probes
estimated pc, at nearly its actual value. Lack of drifi
and the small amount of noise in the estimate of pe
support the dual-probes’ repeatability. The largest stan.
dard deviation from the mean pc, estimated by a singlt
dual-probe was 0.07 MJ m™ °C~!, which occurred ir
the agar-stabilized water.

Figures 4a and 4b show 6, with time for one columr
of each soil type that was desorbed in the Tempe pres
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Fig. 4. Soil water content (6,) of (a) Kahola silt loam and (b) Hayn
sandy loam, estimated by dual-probe and gravimetric methoc
during soil column desorption in Tempe pressure cells. Pressu.
steps ranged from 2 to 95 kPa at 24-h intervals.
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sure cells. Desorption of additional soil columns (data
not shown) produced nearly identical results. The mean
absolute differences between the dual-probe and gravi-
metric estimates of 0, were 0.04 m* m~ Y in Kahola silt
loam and 0.03 m* m~ in Haynie sandy loam. Dual-
probes estimated the cumulative water losses from col-
umns to within 0.03 m* m~ of the gravimetric estimate
for Haynie sandy loam and to within 0.01 m* m™ for
Kahola silt loam. The dual-probes responded rapidly to
the water loss induced by the step changes in pressure;
in addition, probe output was very stable after the soil
column had equilibrated. At high values of 6., estimates
from the two probes in the column of Haynie sandy
loam (Fig. 4b) differed, but at lower 6,, the estimates
converged. This behavior may be caused by errors in
the measurement of AT,. Because AT, is smaller in
wet soil than in dry soil, the relative magnitude of a
measurement error in AT, might be larger in wet soil
(Fig. 1). One should apply enough power to the heater
to minimize the error caused by small values of AT,.
Alternatively, one can program the datalogger to auto-
matically change g (i.e., heating time) according to 8.,
thereby maintaining a nearly fixed AT, (e.g., 1.0°C).
Dual-probes in the Kahola silt loam (Fig. 4a) consis-
tently underestimated 6.. The most probable explana-
tion for this result is that of an error in the measurement
of soil bulk density because the disagreement was nearly
constant over a range of 6,. Equation [3] shows that
errors in X, and X, would cause the same effect. The
bulk density value estimated for the entire soil column
may have differed from that between the dual-probe
needles, or from the bulk density of the layer that con-
tained the dual-probes.

Figure 5 shows combined data from the desorptions
of soil columns in Tempe pressure cells. The regression
shows that on average, the probes tended to slightly
underestimate 8, compared with gravimetric measure-
ments. Disagreement between gravimetric and dual-
probe estimates in Fig. 5 could be caused by measure-
‘ment error in AT, or in g, by model error, by error in
the gravimetric method itself, or by the use of incorrect
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Fig. 5. Comparison between volumetric soil water content (8,) esti-
mated by dual-probe and gravimetric methods, from pressure-cell
desorptions of soil columns for two soil types. Dual-prebe estimates
were made using the calculated probe spacing (r'). The regression
equation was computed by forcing the intercept through the origin.

physical constants in Eq. [3]. Errors associated with the
gravimetric method of estimating 6, are discussed by
Gardner (1986). However, potential error resulting
from the physical constants used in Eq. [3] warrants
further discussion here.

Accurate measurement of 6, depends on accurate esti-
mates of the specific heat of the soil constituents and
soil bulk density (Eq. [3]). We previously stated our
rationale for using de Vries’ (1963) estimates of the
specific heats of soil minerals and soil organic matter.
The following calculation is useful to illustrate the effect
of soil bulk density on calculations of f.. If a value of
1400 kg m~* were used in Eq. (3] for soil whose true
bulk density is 1300 kg m™, 6, would be reported as
0.19 m® m~? instead of its actual value of 0.21 m’ m
This hypothetical error of approximately 0.02 m* m™?is
not larger than the total error in 0, that we observed
during the soil column desorptions. However, for certain
research applications, very accurate measurements of
bulk density will be needed to estimate 6, to within 1 %.
For practical application of dual-probes in agricultural
production, small errors in estimating bulk density and
the use of de Vries’ estimate of the heat capacity of soil
minerals would not seriously affect estimates of 6, for
the grower. In greenhouse, nursery, and some landscape
applications, however, where soilless media predomi-
nate, one would need to analyze both the volumetric
composition of these products and the heat capacities
of their solid constituents. Not only must these values be
tabulated, but the shrink-swell characteristics of soilless
media must be determined for the dual-probe technique
to be useful in the horticulture industry.

If the bulk density and organic matter content of the
soil are not known, but remain constant with time, the
dual-probes would still correctly estimate changes in §..
For many applications, it is A8, that is important, be-
cause this value indicates the amount of water that was
lost by evaporation, transpiration, and drainage. Figures
6a and 6b show the loss of water (A8,) from soil columns
at each equilibrium step of the desorption process. Val-
ues of A8, determined by the dual-probe and gravimetric
methods were nearly identical. The mean absolute dif-
ference in estimates between two probes in the same
column was 0.004 m* m~>. These data show the true
strength of the dual-probe heat-pulse technique, that of
indicating AS, with time, especially in the range of 8,
typically found in agricultural production.

Figure 7 shows 6, estimated by three dual-probes at
the same depth in the 1994 field trial. All three instru-
ments were in good agreement. Although gamma atten-
uation measurements were collected up to 0.5 m away
from an individual dual-probe, the two methods agreed
to within 0.05 m® m~>. As in the laboratory. the dual-
probes responded rapidly to changes in 6,, indicated
here by irrigation and heavy rain. The sole discrepancy
between gamma attenuation and dual-probe estimates
of 6, may have been due to soil bulk density, which was
measured at the end of the experiment, between the
gamma access tubes. This value probably differed from
that of the repacked soil between the needles of an
individual dual-probe. Additionally, settling may have
occurred in the dual-probe area after the heavy rain on
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Day of Year 237-238. The accuracy of, and agreement
among, multiple probes at shallow depths suggest a po-
tential application of the dual-probe technique in esti-
mating near-surface evaporation (e.g., Baker and
Spaans, 1994). Bristow et al. (1993) reported that strong
temperature gradients near the soil surface affected
dual-probe performance at 1 cm, but did not influence
estimates of 6, at 3- or 8-cm depths.

In 1995, improvements in probe design resulted in
more robust instruments that could be installed directly
into undisturbed soil beneath an established crop. The
probes detected a consistent difference in 6, of approxi-
mately 0.10 m* m™ between mulch-covered and bare
soil, under frequent irrigation (data not shown). No
instruments failed during the experiment. Dual-probe
measurements were not compared against an indepen-

~dent means of estimating 6, because of the position of
dual-probes (in the root zone) relative to that of the
gamma attenuation access tubes. Local variation in 8,
caused by the adjacent root system precluded meaning-
ful comparisons between individual dual-probes. How-
ever, from this complication one can propose a further
application of dual-probe technology: determining the
uptake of water by plants in the field or grown in con-
tainers. Positioning several dual-probes in or near the
root zone of a potted plant or field crop would permit
detailed evaluation of spatial and temporal variation in
0,. The small sampling volume of the dual-probe (=3.5
cm?) makes the instrument appropriate for this type of
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Fig. 7. Field performance of dual-probe heat capacity sensors in esti-
mating 6, in bare soil, compared with measurements from
gamma attenuation.

investigation but also requires attention to both the
positioning of individual probes in the soil and to the
probes’ sampling rate.

CONCLUSIONS

Depending on one’s experimental objectives, using
dual-probe heat-capacity sensors to determine 6, and
A®, in a nonswelling soil offers a number of advantages
over other methods. Because the instruments are elec-
tronic, measurements can be automated to provide fre-
quent (e.g., hourly) estimates of pc, and 6, at a number
of locations. In 1994, 24 instruments were used simulta-
neously, and in 1995, 16 dual-probes were operated suc-
cessfully. The small volume of soil sampled by a dual-
probe makes the technique ideal for detecting small-
scale spatial and temporal variation in 8,, especially at -
shallow depths. The instruments estimated 6, to within’
0.03 m?® m~* in the laboratory and to within 0.05m*m™
in the field. Nonetheless, the strength of the dual-probe
technique is in measuring changes in 6,, estimates of
which are unaffected by errors in the measurement of
soil bulk density, specific heat of the soil mineral frac-
tion, and soil organic matter, if these properties do not
change with time. In soil column desorptions in the
laboratory, estimates of A8, by the dual-probe method
and the gravimetric method agreed to within 0.01 m’
m . The dual-probe heat-pulse method has broad util-
ity in soil and plant science. because values of soil tem-
perature, heat capacity, water content, and thermal dif-
fusivity can be determined from a single reading.
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Bangkok 10520

THAILAND

Dear Dr. Nuntagij,

Enclosed are diagrams and text descriptions of two data-acquisition and
control (DAC) systems for dual-probe heat-capacity sensors. Documents for the first
system are labeled “1994-97 Dual-Probe system.” This is the DAC that we have been
using since 1994, which will accommodate up to 24 probes.. It requires the following
equipment: ‘

Campbell Scientific Datalogger, 21-X (1)

Campbell Scientific Multiplexers, AM-416 (2)

Campbell Scientific Relay Driver, AREL-12 (1)

Vishay VPRS Precision Resistors, 1-ohm, 0.1% (1 per dual-probe)
DC Power Supply, 12-V (2; 1 for datalogger and 1 for DP heaters)

The documents labeled 1998 Dual-Probe system” are for a streamlined, less
expensive hardware system. We have yet to test this design. It eliminates the
Campbell Scientific Relay Driver (AREL-12) and all but two of the precision
resistors, representing a savings of about US$1200. In addition, this DAC can
accommodate up to 32 dual-probes. The 1998 system requires:

21-X or CR10X datalogger (1)

AM-416 multiplexers (2)

precision resistors (2)

relay driver/switch: build-your-own (1)

DC power supply, 12-V (1 or 2; not tested yet)

I have included two programs written for the Campbell Scientific 21-X
datalogger. The larger one is the main DAC program that controls the DP heaters,
monitors temperature, then calculates heat capacity, water content, and adjusted probe
spacing. As written, it controls 16 probes, but it is expandable to 24 probes by
changing various loop counts from “4” to “6”. A word of caution: this program is
too large for the standard program memory on a 21-X. On the first page, I indicated
which sections (namely, the calculation of water content and adjusted probe spacing)



you should eliminate to use the program on a standard 21-X. In a spreadsheet, water
content and adjusted probe spacing can be calculated later from the raw data.
Alternatively, the program can be used on a 21-X with expanded program memory or
it can be rewritten for a CR-10X. The second, smaller program (“DPFOUR”) is
written specifically for determining adjusted probe spacing (1’) in a medium of known
heat capacity. Attached is the schematic diagram for wiring and controlling four
probes. The “build-your-own” relay driver/heater switch is the same for the 4-probe
calibration system and the 32-probe 1998 DAC.

Thank you for your interest in our dual-probe systems. Should you encounter

any trouble using our system, please do not hesitate to contact me directly or to send
e-mail to Jay Ham.

-Sincerely,

Jo ~Tanaa

Julie Tarara
jtarara@ksu.edu
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.Development of In-Situ Soil Water Measurement by

Heat-Probe Method

Tatsuaki KASUBUCHI*

Department of Agricultural Environment, Hokkaido National Agricultural Experiment Station

(Hitsujigaoka, Sapporo, Hokkaido, 062 Japan)

Abstract

Thermal conductivity of soil which increases linearly with the soil water content over a wide
range of values of soil water content can be measured accurately by the twin transient-state
cylindrical-probe method (twin heat probe method). An automated measuring system with

a micro-processor was developed 10 measure t

field.

Discipline: Soils, fertilizers and plant nutrition

he in-situ soil water content continuously in the

’

Additional key words: soil water content, thermal conductivity, twin heat probe method

" Introduction

’ It is important but difficult to measure the in-situ
soil water content continuously in the field, because
the measurement of the soil water content which con-
sists of mass measurement, requires the use of the
weighing or mass adsorption method. The former
is a destructive method of measurement and the lat-
ter cannot be applied in the field due to the use of
a gamma beam.

Therefore several methods were examined to de-
termine the soil water content based on other physi-

cal properties, including soil water potential, neutron

scattering, electrical resistance, etcy’ However, most
of the methods currently used are not practical for
routine application in the field.

The thermal conductivity of soil which increases
linearly with the soil water content over a wide range
of values of soil water content, can be measured ac-
curately by the twin transient-state cylindrical-probe
method (twin heat probe method). An automated
measuring system with a micro-processor was deve-
loped to measure the soil water content in the field.

Principle and method

1) Principle

The twin transient-state cylindrical-probe method
(twin"heat probe method) was developed to measure
the thermal conductivity of soil®).

When an infinitely long line source of heat is
embedded in an infinite, homogeneous, isotropic
medium, the increase of the temperature of the line

source can be approximated by the equation:
T=To=q/(4m\) {d+In(t—to) }, for t<ty,

where T is the temperature at time t, To is the tem-
perature at t=0, g is the amount of heat produced
per unit time and unit length of the line source, X
is the conductivity, d is a constant, and t; is the end
of the heating period. The decrease of the tempera-
ture during the time of cooling ‘can be approximat-
ed by the equation: )

T-To=g/(4m\) {d+In(t+ o)}
—q/(@m\) [d+In(t =t —to) }, for t>11.

For the thermal conductivity measurements, the
infinite long line source can be approximated by a

* Present address: Faculty of Agriculture, Yamagata University (Tsuruoka, Yamagaia, 997 Japan)
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long, electrically heated wire enclosed in a cylindri-
cal probe, and the temperature of the line source
can be measured with a thermocouple or metal wire
resistor placed next to the wire.

When the two probes with the same characteris-
tics are introcuced-into material A (thermal conduc-
tivity ) and material B (thermal conductivity Ag),

respectively, the ratio of the temperature rise of the _

two probes is represented by the equation:

Resistance wire

/Thermocouple

179

Ta—To .. .a/(4mha) [d+In(t=13)] Ag -
Tg—-To  q/(4mhp) (d+In(t—to)] M

where T, and Ty are the temperature of the probe
of A and B, réspectively. The tangent of the locus
of the temperature changes of both probes is the in-
verse ratio of the thermal conductivities of both the
standard and. measuring materials. _If the thermal

Cold junction
Lead wire

A

1.0mmI G £ L=

“Stainless steel pipe

[ S ——— 50 ~ 100 mm

(a) Short probe =

Nickel wire

]

Reference resistance wire

1.5 mml 67 =

( : |

f— 200 mm ~

(b) Long probe

L [

__________.,{ =

Fig. 1. Structure of heat probes
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Plate 1.

Heat probes
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conductivity of the standard material is known, the
thermal conductivity of the measuring material can
be calculated by multiplying the value of the stand-
ard material and the ratio as follows:

)\B = )‘A(TA b TO)/(TB = To)

The decrease of the temperature of the two probes
is also represented by the same equation.

2) Structure of the probe

The structure of the probe is shown in Fig. 1 and
Plate 1. The temperature of the probe can be meas-
ured by two methods, one requiring the use of a ther-
mocouple and the other requiring the use of a metal
wire resistor. The former method can be used for

Diluvial soil

=
2

. .
0.4 0.6

0 0.2

Volumetric water content (v/v)

Fig. 2. Relationship between soil water content
and thermal conductivity
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a short probe and the latter for a long probe. As
a long probe can measure the average thermal con-
ductivity, the average soil water content can be
determined?”.

Accuracy by this method mainly depends on the
accuracy of the temperature measurement. One of
the ways to increase the accuracy is to increase the
temperature of the probe. However when the tem-
perature increases, the soil water around the probe
moves due to the heat generated from the probe.
Therefore, the temperature increases by at most
several degrees (centigrade) and the accuracy should
reach a value of more than 1/500 of the tempera-
ture increase.

3) Structure of the system

This method was applied by using a micro-
computer system. By switching on and off the elec-
tric current sent to the heater, the storage of the data
on the temperature changes with time and the cal-
culation can be performed by using a computer. As
the data on the temperature change of the probe in
the standard metarial can be stored in the memory
of the computer beforehand, the ratio of the tem-
perature change between the standard  and the
measuring material can be calculated by applying a
self-correlation method. This computerized measur-
ing system enabled us to use only one heat probe
instead of two probes to measure the thermal con-
ductivity by the twin heat probe method.
It is also possible to measure many points at the
same time by using the scanner which is controlled
by the computer.

= 05 Rainfall
> B - o
=
5 L
c
S
S 041 50 cm
- = - 40 cm o
L « 10 cm
= 30 cm
£ ‘qok Scm /
";5 20 cem
! { ! 4
0 12 24 36 48 (hrs)

water content after rainfall



This system can operate with a battery for more
than one month and the data stored in the memory
of the system can be collected by a handy computer
through RS232C interface.

The system is currently being manufactured by two
companies. }

4) Measurement of soil water content in the field

The probes are fixed in the soil form the wall of
a small pit in the field. After the setting, the pit
is refilled carefully.

Results and discussion

Fig. 2 shows the relationship between the thermal
conductivity and soil water contents measured ih_the
laboratory. There was a linear relation in the range
of the values of the field water content. Since the
relationship between the thermal conductivity and soil
water content varies with the kinds of soils, the con-
version coefficient must be calculated for each soil
type. To determine the conversion coefficients, it
is recommended to take samples several times near
the pit from each horizon where the probes are set

up.
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Since the thermal conductivity depends on the tem-
perature of the soil, the thermal conductivity in-
creases with the increase of the temperature. The
changes in the thermal conductivity associated with
the changes in the temperature amount to approxi-
mately a few perceht for 10°C. However since the
temperature changes in the soil are not very- large,
the error is not considerable in relation to the changes
of the soil water content except for the soil layers
near the soil surface. . y
Fig. 3 shows the changes of the soil water content
measured by the method. The results indicate that
this system can be used for the measurement of the
soil water content in the field.
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Table 2 Soil taxonomy, land type (L=lowland, U=upland, H=highland), land use and location

ot soil sampling.

Soil series Soil taxonomy Land type and use Longitude/ Soil
. Latitude map.
Central Plain
Bk Bangkok Typic Tropaquepts Paddy 93°51'00"E 49
very fine, montmorillonitic, 13°20'20" N
nonacid
Bl Bang Len Typic Haplaquolls Paddy 100°04'40"E 40
very fine, montmorillonitic 13°41'S5" N
Bn Bang Yhen Typic Tropequepts Paddy/Sugar cane 100°08'30"E 40
fine, mixed, acid 14°01'30" N
Dn Damnoen Saduak Typic Haplaquolls Mango orchard/ 100° 07 00" E A
very fine, montmorillonitic Vegetable 13°36'20"N
Ks-1 Kamphaeng Saen Typic Haplustalfs Sugar cane 100°00' 20" E 40
fine sifty, mixed 13°57 45" N
Kyo Khao Yoi Aeric Tropaqualfs Paddy/Sugar cane 95°48 40"E 49
fine loamy, mixed 13°33' 40" N
Nn Nakhon Phanom  Aeric Plinthic Paleaquults Paddy 93° 47 50"E 49
cleyey mixed 13°29'50" N
Np Nakhon Pathom Aeric Tropaqualfs Paddy 100° 00" 15" E 40
fine, mixed 13°58 00" N
Pth Pak Tho Aeric Plinthic Paleaquults Paddy 99° 48' 10" E 49
clayey, kaolinitic 13°32 00" N
Rb Ratchaburi Aeric Tropaquepts Paddy/Vegetable 939° 51'45" E 49
fine, mixed, nonacid 13°39° 05" N
Sb Saraburi Aeric Tropaquepts Paddy/Sugar cane g3° 59 S5 E 40
fine, mixed, nonacid 14° 00' 30" N
Se Sena Sulfic Tropaquepts Paddy/Sugar cane 100°02 30" 40
very fine, mixed, acid 14°01'55" N
Sm Samut Prakan .  Typic Ttopaquepts Degraded 93°56'55"E 2§
fine, rnixed, nonacid mangrove 1 392 P30
Tm Tha Muang Typic Ustifluvents Bare plot/Maize 99° 52" 257E 49
) loamy, mixed, nonacid 13229 25" N
Northern Region
Ce Chiang Saen Orthoxic Palehumults Mixed deciduous 100°04' 00" E 15
clayey, kaoiinitic 20°15'50" N
Cr Chiang Rai Plinthic Paleaquults Paddy 93°02 CO"E 38
g clayey, kaolinitic 18°33' 50" N
Hd-1  Hang Dong Typic Tropaqualfs Paddy/Soybean 100°13'S0"E 25
fine, kaolinitic 18°15° 00" N .
Hd-2 Hang Dong Typic Tropaqualis Soybean/Paddy 98° 56 20" E 4 27
fine, kaolinitic 18°42 SO° N
Ks-2 Kamphaeng Saen  Typic Haplustalfs Mungbean 93°50'00"E 32
. fine sitty, mixed 17°24' 10" N
Lp Lampang Typic Tropzqualfs Paddy 100°06'30°E 25
' fine silty, mixed 18°00' 00" N
Ms Mae Sai Aeric Tropaqualfs Paddy 100°06'30"E " 23
fine sitty, mixed 17°27 30" N
Mt Mae Taeng Typic Paleustults Merkusii pine 98° 5T 10"E 27
clayey, kaolinitic 19° 10" 10" N
Na Nan Aeric Tropaqualfs Paddy 100° 44 40" E 6
fine, kaolinitic 18° 35 00" N
Ph Phan Typic Tropaqualfs Paddy 100°10°"10"E 25
fine, kaolinitic 18°07 20" N
Sai San Sai Typic Tropaqualfs Paddy 98°43'00"E 27
coarse loamy, mixed 18°29' 30" N
Sir Si Satchanalai Uttic Haplustalfs Sugar cane . g3°51'S5"E 32
fine sitty, mixed 17°24'30"N .
Sp San Pa Tong Oxic Paleustults Eucalyptus 98°49'C0"E 38
coarse loamy, mixed ) 18°22 45" N
Tp That Phanom Uttic Haplustalfs Sugar cane 100°05'30"E 23
fine, mixed 17°26° 00" N
utt Uttaradit Aeric Tropaqualfs Paddy 100°05°40"E 23
) fine, mixed C 17° 35 40" N
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Table 2 (continued)

Soil series Sail taxonomy Land type and use Longitude/ Soil
Latitude map
Northeastern Region
Ki Kula Ronghai Typic Natraqualfs L Paddy 102°26 40" E 21
fine loamy, mixed 15°20° 05" N
Kt Korat Oxic Paleustults U Cassava 102° 44" 10" E 14
fine loamy, siliceous 16° 06 00" N
Ng Nam Phong Ustoxic Quartzipsammen:s U  Sugar cane 102° 49 15" E 14
sandy, siliceous 16°36 10" N
Pe Pak Chong Oxic Paleustults H Custard apple 101°18'20" E 21
clayey, kaolinitic 14°38 10" N
Pm Phimai Vertic Tropaquepts L Paddy 102° 36 10" E 14
very fine, mixed, nonacid 16°05 10" N
Re Roi Et Aeric Paleaquults L Paddy 102° 46 40" E 14
fine loamy, mixed 16° 26" 50" N
Rn Renu Aeric Plinthic Paleaquults L Paddy/Sugar cane 102°53' 20" E 12
fine loamy, mixed 16° 56" 30" N
Suk  Satuk Oxic Paleustults U Deserted cassava 102°38'20" E 14
fine loamy, siliceous 16°05 10" N
Ub Ubon Aquic Quartzipsammients L Paddy 102° 49 10" E 14
sandy, siliceous 16°36 00" N
ud Udon - Typic Tropaquepts L Bareplot 102° 48 S5 E 14
coarse loamy, silicecus w7 16° 26 30" N
Ud,cl Udon, clay Typic Tropaquepts L Paddy 102° 40' 50" E 14
fine loamy, mixed 16°04'00" N
Wn Warin Oxic Paleustults U Cassava 102°38' 30" E 14
fine loamy, siliceous 16°05 45" N
Yt Yasothon Oxic Paleustutts H Cessava 102°34' 20" E 14
fine loamy, siliceous 16°05 40" N
Southern Region
Ak Ao Luk Rhodic Paleuduis H  Cocoa orchard 98°50' 60" E 61
clayey, kaolinitic 8°11°40" N
Ba Bangnara Typic Paleaquults L Paddy 100°04 10" E 34
clayey, kaolinitic y 6943 00" N
Bc Bacho Typic Quartzipsamments U  Coconut orchard 101°48' 20" E 4
sandy, siliceous 6°24 30" N
Bh Ban Thon Typic Tropohumods U Cashew nut 101°56°30"E . 4
" sandy, noncemented orchard 6°20° 00" N .
Cp Chumphon Typic Paleudults H  Secondary forest g93° 07 50" E 7
) clayey skeletal, mixed 10°25 45" N
Fd Fang Daeng Rhodic Paleudults H  Coconut orchard gooqev3gyey -7
fine loamy, mixed N\ 10°24° 30" N
Kh Kohong Typic Paleudults U Para rubber 100° 30 20" E 18
' coarse loamy, siliceous 7° 00 45" N
K Klaeng Typic Flinthaquutts L Paddy 100°19'30"E 18
clayey, kaolinitic 7°06 30" N
Kit Khlong Teng Dystropeptic Tropudutts U Para rubber ©9° 40 20" E 46
fine loamy, mixed 7°34 00" N
Km Khlong Thom Typic Paleudutts U Para rubber 98°57 20"E 61
fine loamy, mixed . 8°05 00" N
Ko Kokidean Typic Paleaquutts L Paddy 101°43' 80" E 4
fine loamy, mixed 6°24' 10" N
Koi Khok Kloi Orthoxic Tropudutts U Para rubber 98°20'20" E 35
clayey, kaolinitic 8°06 10" N
Lgu  langu Typic Tropaqualfs L Paddy 105°0540"E 34
fine, kaolinitic 6°42 00" N
u Lamphu La Typic Paleudults U Para rubber 93°34'10"E 46
clayey, kaolinitic ‘ 7°41°30° N
Ntm  Na Tham Oxic Plinthudutts U Cashew nut 98°S6'30"E 61
fine loamy, mixed orchard 8°09'30" N
Pga  Phangnga Typic Paleudults H Para rubber 98°20°05"E 35
clayey, kaolinitic 8°07 10" N
Ran  Ranot Typic Tropaqualfs L Paddy 100°30°05"E 18
clayey, mixed 7°1T 05" N
Sd Sadao Oxic Dystropepts H  Para rubber 98°53'35"E 61
coarse loamy, siliceous 8°05' 30" N
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Table2 (continued)

Soil series Soil taxonomy Land type and use Longitude/ Sail _
Latitude map

Ta Tak Bai Typic Tropaquepts L Paddy 102°05'20" E 4
fine loamy, mixed, acid 6°14'30" N

Tanyv Thanyabun Sulfic Tropaquepts L Bare plot 101°53' 05" E 4
varant very fine, mixed, acid 6°23 50" N

Te Tha Sae Typic Paleudults H  Para rubber 99°04'30" E 7
fine loamy, mixed 10°03' 20" N

“Detailed Reconnaissance Soil Map. Province Series. Division of Soil Survey, Departr.ent of Land Development, Ministry of
Agricutture and Cooperatives, Bangkok.

Map No. Province Year
4 Narathiwat 1975
6 Nan 1972
7 Chumphon 1372
12 Udon Thani 1972
4 Khon Kaen 1973
15 Chiang Rai 1973
18 Songkhla 1973
21 Nakhon Ratchasima 1977
23 Uttaradit 1975
25 Phrae 1976
27 Chiang Mai 1976
29 Samut Songkhram 1977
32 Sukhothai 1977
34 Satun 1580
35 Phuket 1980
28 Lamphun 1981
40 Nakhon Pathom 1979
45 Trang 1980
49 Ratchabur 1981

61 Krabi 1986
A Southern Central Plain Area 1972
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Table 3 Basic physical properties of soils, soil layer 1is from 0-0.1 m, layer 2 is 0.1-0.3 m, and
layer 3 is 0.3-0.6 m.

Soil Particle size distribution Textural Textural Density (Mg m™) Total
type series layer %sand %silt  %clay index  class particle  bulk  porosity
Central Plain
L Bk 1 2.51 19.77 7772 83.90 clay 2.10 1.07 0.490
L Bk 2 269 1817 7914 8486 clay 2.19 1.27 0.420
L Bk 3 073 2068 7853 8487 clay 2.19 1.16 0.470
L Bl 1 11.72 1870 6958 76.36 clay 2.25 1.20 0.467
L Bl 2 1130  17.41 7129 7764 clay 2.27 1.33 0.414
L BI 3 11.89 1860 6951 76.28 clay 2.20 1.15 0.477
L Bn 1 7.85 1875 7340 78.81 clay 2.16 1.30 0.398
L Bn 2 597 1769 7634 8224 clay 2.26 1.67 0.261
L Bn 3 2.15 1723 8062 86.00 clay 2.26 1.35 0.403
L Kyo 1 3140 2287 4573 5573 clay 2.38 1.60 0.328
L Kyo 2 57.95 1267 29.38 38.98 sandy clay loam 2.50 1.67 0.232
L Kyo 3 50.17 1055 39.28 47.46  sandy clay 2.47 1.92 0.223
L Nn 1 20.98 3089 4803 59.42 clay 2.46 1.48 0.398
L Nn 2 12.74 2834 5892 68.70 clay 2.37 983 0.354
L Nn 3 12.28  30.88 56.84 67.33  clay 2.40 1.61 0.329
L Np 1 12.85 3370  S345 64.84 clay 2.3 1.34 0.435
L Np 2. 962 3296 57.42 68.27 clay 2.37 1.44 0.392
L Np 3 3.10 3333 63,57 73.88 clay 2.40 1.32  0.450
L Pth 1 63.15 16.07 20.78 31.92  sandy clay loam ~2.85 1.01 0.570
B Pth 2 57.68 1228 30.04 3945 sandy clayloam 2958 1.82 0.292
L Pth 3 554{ #ied1 2702 37.82  sandy clay loam 2.53 196 0.292
L Rb 1 g.14 2359 6787 7588 clay 2432 1.08 0.534
L Rb 2 213 1966 7321 8432 clay 2.30 1.36 0.4C9
L Rb 3 515 | 210067 7 {7808| LSO08p ds&iay 2.34 1.43 0.389
L Sb 1. 19.89 . 2467 5544 6482  clay 2.40 '1.25 . 0.479
L Sb 2 2038 2363 5599 65.12 clay 2.41 1.38 0.427
L Sb 3 20.24 2549 5427 63.84 clay 2.43 139 0.428
L Se 1 068 2552 7380 8152 clay 250l 1.26 0.391
L Se 2 212 2318 7470 81.87 clay- 2.34 1.48 0.368
L - Se 3 3.13 2102 7585 8247 clay 2.32 1.45 0.375 -
L Sm 1 748 1571 76.81 8227 clay 2.16 1.19 0.449
L Sm 2 045 2462 7483 8236 clay 2.09 0.94 0.550
L Sm 3 3,57 2308 7335 80.63 clay 1.94 0.67 0.655
U Dn 1 496 2078 7426 80.99 clay 2.17 1.25 0.424
u Dn 2 563 2218 7219 79.41 clay 229 7 0.471
U Dn 3 6.50 22.86 70.64 78.15 clay 2.16 1.27 0.412
U Ks-1 1 30.83 3642 3275 4676  clayloam 2.41 1.18 0.510
u Ks-1 2 22.03 3570 4227 55.18 clay 2.38 1.37 0.424
U Ks-1 3 1486 3163 5351 6448 clay 2.40 1.34 0.442
u Tm 1 63.90 8.84 2726 36.30 sandy clay loam 2.50 1.22 0.512
U Tm 2 64.10 1239 2351 33.64 sandy clay loam 2.49 1.33 0.466
U Tm 3 71.29 9.91 18.80 28.90 sandy loam 1.33 0.478

2.55
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Table 3 (continued)

Soil Particle size distribution Textural Textural Density (Mg m™>)  Total
type series layer %sand %silt  %clay  index  class particle bulk  porosity
Northem Region
H Ce 1 18.52 26.72 5476 64.63 clay 2.61 1.03 0.606
H Ce 2 16.23 27.19 56.58 66.36 clay 267 1.14 0.574
H Ce 3 13.97 34.07 51.96 63.58 clay 2.65 1.15 0.568
H Mt 1 63.29 2256 14.15 27.25 sandy loam 2.61 1.41 0.462
H Mt 2 5552 28.42 16.06 30.14  sandy loam 2.62 1.48 0.435
H Mt 3 51.51 3243 16.06 30.94 loam 2.64 1.47 0.441
L Cr 1 36.13 3955 24.32 39.80 ioam 2.62 1.5 0.424
L Cr 2 3272 4506 22.22 39.01 loam 2.63 1.59 0.3%4
L Cr 3 26.14 39.29 34.57 48.97 clay loam 2.68 1.59 0.406
L Hd-1 1 23.22 66.17 10.61 32.78  silt loam Peb3 1.54 0.330
L Hd-1 2 26.74 5232 20.94 39.31  siltloam 2.60 1.70 0.345
L Hd-1 3 23.74 55.97 20.29 39.46  siltloam 2.60 168 0.353
L Hd-2 1 25.07 37.56  37.37 51.15  clayloam 2.54 1.24 0.511
L Hd-2 2 2493 40.43 34.64 439.26  claylcam 2.58 1.49 0.422
L Hd-2 3 2111 46.33 32.56  48.57 claylcam 256 . 1.45 0.433
L Lp 1 13.78 7586 10.36 34.50  silt loam 259 i\ 55 0.400
L Lp 2 2488 64.83 10.29 32.23  sik loam 2.62 1.63 0.377
L Lp 3 19.79 70.08 10.13  33.13 siitloam 2.62 1.50 0.426
L Ms 1 1.47  56.52 = 42.01  538.11  silty clay 2.58 0.94 0.638"°
L Ms 2 2.06) 33.224 464 BZeed A0 NCIaY 2.59 1.51 0.414
L~ Ms 3 440 3122 64.38 74.19 clay 2.62 1.42 0.458
L Na 1 3.73 6533 30.94 50.91  silty clay 2.58 1.21 0.532
L Na 2 595 63.02  31.03 50.53 silty clay loam 2.59 1.41 0.455
L Na 3 6.43 63.02 30.55 50.10 silty clay loam 2.61 1.50 0.423
L Ph 1 13.21  €5.88 2C.91 42.00 siltloam” 2.56 1.37 0.465
L Ph 2 11.25 68.36 20.32 42.02  siltloam 2.60 1.65 0.364
L Ph 3 11.03  68.77 20.20 41.93  siltleam 2.63 g 153 0.419
L Sai 1 6564 1410 20.26 31.05 sandyloam 2.59 1.64 0.368
L Sai 2 77.38  14.55 8.07 20.17  sandy loam 2.61 1.68 0.359
L Sai 3 75.13 |, 20.83 4.04 17.80 loamy sand 263 1.69 0.359
L° ut 1 434 8517  10.48 36.48  silt 2.58 1.20 0536
L Uit 2 1791 71.84 10.25 33.59 siit loam 289 1.48 0.425
L Utt 3 16.98 62.46  20.56 41.00 silt loam 2.60 1.42 0.453
U Ks-2 1 206 87.32 10.62 37.02  sitt 2.60 1.21 0.533
U Ks-2 2 2.14 87.50 10.36 36.82  sift 2.60 1.30 0.499
U Ks-2 3 1.40 88.35 10.25 36.90 siit 2.61 1:23 0.530
U Sir 1 494 7431 20.75 43.54 siltloam 2.57 1.37 0.467
U Sir 2 4.82 7455 20.63 43.48 siltloam 2.60 1.36 0.477
U Sir 3 5.78 73.48 20.74 43.36 siltloam 2.63 1.34 0.489
U Sp 1 80.13  15.85 4.02 16.79 loamy sand 2.67 1.57 0.412
u Sp 2 76.82  19.10 4.01 17.43 loamy sand 2.65 1.55 0.414
U Sp 3 7436 21.63 4.01 17.94 loamy sand 2.67 1.79 0.331
U Tp 1 59.98 29.86 10.16 25.12 sandy loam 2.65 1.58 0.404
u Tp 2 54.47 3543 10.10 26.18 sandy loam 2.65 1.53 0.420
U Tp 3 5537  34.51 10.12 26.01 sandy loam 2.59 1.38 0.470

15
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Table 3 (continued)

Soil Particle size distribution Textural Textural Density (Mg m™>)  Total
type series layer  %sand Ysilt  %clay index class particle  bulk  porosity
Northeastern Region
H Pc 1 22.00 38.00 40.00 53.60 clay 1.86 0.89 0.468
H Pc 2 6.00 19.00 75.00 81.30 clay 2.10 1.03 0.510
H Pc 3 0.00 8.00 8200 S4.40 clay 1.88 1.15 0.388
H Yt 1 72.00 18.00 10.00 22,60 sandy loam 2.25 1.25 0.444
H Yt 2 65.00 15,00 20.00 31.00 sandyloam 2.61 1.49 0.429
H Yt 3 66.00 15.00 18.00 30.10 sandy loam 2.26 1.35 0.403
L Ki 1 82.00 9.00 S.00 12.30 loamy sand 2.36 1.60 0.322
L Ki 2 86.00 3.00 500 16.30 loamy sand 2.32 1.73 0.254
L Ki 3 59.00 14.00 27.00 37.10 sandy clay loam 2.48 1.54 0.379
L Pm 1 59.00 27.00 14.00 28.00 sandy loam 2.38 1.28 0.462
L Pm 2 54.00 27.00 18.0C 32.50 sandy loam 2:33 1.60 0.313
L Pm 3 52.00 10.00 38.00 46.20  sandy clay 243 1.60 0.342
L. Re 1 73.00 21.00 6.00 19.60 sandy loam 2.42 1.48 0.388
L Re 2 73.00 19.00 8.00 21.00  sandy loam 2.30 1.67 0274
L Re 3 73.00 19.00 8.00 21.00  sandy loam 245 1.62 0.339
L Rn 1 83.00 12.00 5.0 16.9C loamy sand 2.51 1.36 0.458
kL Rn 2 85.00 11.00 4.00 15.80 loamy sand 2.45 1.55 0.367
L Rn 3 76.00 15.00 8.00 21.10  sandy loam 2.78 1.46 0.475
L Ub 1 78.00 20.00 2.00 1580 loamy sand 2.43 1.41 0.420
L Ub 2 72.00 21.00 7.00 20.50 sandyloam 242 . 162 0.331 -
L Ub 3 84.0C 15.00 190 13.90 loamy sand 2.44 1.45 0.406
L ud 1 83.00 14.00 3.00 1550 loamy sand 283 1.64 0.352
L Ud 2 82.00 i5.00 3.00 1570 loamy sand 2.47 TNEA 0.283
L ud 3 80.00 13.00 7.00 18.50 loamy sand 2.54 1.68 0.339
L Ud,c! 1 45.00  37.00 18.00 33.60 loam 1.96 ©1.49 0.240
L Ud,cl 2 37.00 36.00  27.00 41.50 clayloam 273 198 0.320
L Ud,cl 3 35.00 35.00 30.00 44.00 clay loam 2.07 1.64 0.208
U Kt 1 86.00 10.00 4.00 15,69 loamy sand 2.66 1.49 0.440
U Kt 2 84.00 11.00 5.00 15.70  loamy sand 74 <19y 1.53 - 0349
U Kt 3 74.00 15.00 11.00 22.90 sandy loam 2.41° 1.52 0.369
U Ng 1 84.00 12.00 4.00 16.00 loary sand 250 1.45 0420
U Ng 2 S90.00 7.00 3.00 14.10 sand - 2.38 1.53 0.357
u Ng 3 82.00 6.00 2.00 13.00 sand - 3.26 1.45 @555
U Suk 1 79.00 14.00 7.00 19.10 loémy sand 2.74 1.54 0.438
U Suk 2 78.00 13.00 9.00 20.70 loamy sand 261 ° 156 0.402
U Suk 3 75.00 13.00 12.00  23.40 sandy loam 2.15 1.36 0.367
U Wn 1 53.00 32.00 15.00 29.90 sandy loam 2.38 1.50 0.370
u Whn 2 37.00. 33.00 30.00 43.60 clayloam 2.03 1.34 0.340
U Wn 3 33.00 . 30.00 37.00 49.30 clay loam 2.27 1.29 0.432
Southemn Region
H Ak 1 13.00 24.00 63.00 71.50 clay 2.59 1.05 0.5385
H Ak 2 6.00 20.00 74.00 80.60 clay 2.63 1.06 0.597
H Ak 3 6.00 18.00 76.00 82.00 clay 2.61 1.16 0.556
H Cp 1 74.00 21.50 4.50 18.35 loamy sand 2.52 1.54 0.389
H Cp 2 78.00 17.50 4.50 17.55 loamy sand 2.66 1.60 0.398
H Cp 3 69.00 29.00 2.00 17.60 sandy loam 2.58 1.74 0.326
H Fd 1 74.00 15.00 11.00 22.90 sandyloam 2.48 1.55 0.375
H Fd 2 72.00 16.50 11.50 23.65 sandy loam 2.55 1.38 0.459
H Fd 3 64.00 27.00 9.00 23.50 sandyloam 2.67 1.54 0.423
H Pga 1 54.00 15.00 31.00 40.90 sandy clay loam 2.47 1.20 0514
H Pga 2 52.00 12.00 36.00 44.80 sandy clay 2.61 1.21 0.536
H Pga 3 51.00 3.00 40.C0 47.80 sandy clay 2.49 1.37 0.450




Table 3 (continued)

Soil Particle size distribution Textural Textural Density (Mg m™>)  Total
type series layer %sand %silt  %clay index  class particle  bulk  porosity
H Sd 1 83.00 14.00 3.00 1550 loamy sand 2.67 1.32 0.506
H Sd 2 80.00  14.00 6.00 1820 loamy sand 2.58 1.44 0.442
H Sd 3 7400 1300 13.00 2430 sandyloam 2.63 1.54 0.414
H Te 1 65.00 18.00 17.00 28.80 sandyloam 2.57 1.51 0.412
H Te 2 65.00 19.00 16.00 2820 sandyloam 2.59 1.50 0.421
H Te 3 4500 26.00 29.00 4130 sandy clayloam 2.57 1.48 0.424
L Ba 1 9.00 64.00 27.00 47.10 siltloam 2.61 1.22 0i533
L Ba 2 3.00 62.00 3500 5380 siltyclayloam 2.64 1.53 0.420
L Ba 3 400 4800 4800 6280 siltyclay 2.54 1.45 0.429
L Kl 1 28.00 48.00 2400 4120 loam 2.52 1.61 0.361
L Kl 2 27.00 53.00 20.00 3860 sittloam 2.51 1.72 0.315
L. Ki 3 19.00 32.00 49.00 6050 clay . 2.80 1.52 0.457
L. Ko 1 75.00 16.00 9.00 2130 sardyloam 2.64 1.52 0.424
L Ko 2 62.00 19.00 19.00 3090 sandyloam 2.34 1.67 0.286
L Ko 3 68.00 12.00 20.00 3040 sandyloam 253 1.98 0.217
L Lgu 1 30.00 45.00 25.00 4150 loam 2.7 1.54 0.444
L Lgu 2 2200 4500 33.00 4870 clayloam 2.74 1.70 0.380
L Lgu 3 20.00 38.00 42,00 5540 clay 2.67 1.66 0.378

L Ran 1 32.00 51.00 17.00 3550 siltloam 2.34 142 0.393
L Ran 2 15.00 37.00 4800 6060 clay 2.43 1.49 0.387
L Ran 3 23.00 39.00 38.00 52.00 clayloam 2.57 1.54 0.401
L Ta . 1 3400 4300 23.00 3930 loam - 2%2 1.29 0.488
L Ta 2 27.00 3500 38.00 5120 clayloam 2.54 1.35 0.469
L 3 3 22.00 50.00 2800 4520 clayloam 2.26 1.31 0.445
L Tan,v 1 60.00  32.00 8.00 2360 sandyloam 1.74 0.43 0.753
L Tan,v 2 37.00  31.00 3200 4500 clayloam \\2.56 0.92 0.641
L Tan,v 3 67.00 1800 1500 27.1C sandyloam 2(59 1.41 0.456
u Bc 1 89.50 9.50 100 12.80 sand 2.53 1.55 0.387
U Bc 2 88.00 5.00 6.00 1660 sand . 278 1.72 0.381
] Bc 3 88.00 8.00 400 1520 sand §2.63 1.58 0.399
U  Bh 1+ 9600 350 050 1115 sand 268 155 0422
8] Bh 2 96.00 4.00 0.00 1080 sand 259. 145 0.440
U Bh 3 97.00 300 000 1060 sand .2.82 1.43  0.493
U Kh 1 70.00 21.00 9.00 2230 sandyloam 2.68 1.48 0.448
U Kh 2 70.00 19.00 11.00 2370 sandyloam 2.49 1.69 0.321
U Kh 3 65.00 19.00 16.00 2820 sandylcam 2.68 1.63 0.392
U Kit 1 50.00 32.00 .18.00 3260 loam 2.37 1.40 0.409
U Kit 2 41.00 3500 2400 3860 loam ) 2.49 1.29 0.482
u Kit 3 36.00 3400 30.00 4380 clayloam 234. 136 0.419
U Km . 1 75.00 21.00 400 17.80 loamy sand 2.66 1.46 0.451
U Km 2 68.00 2100 11.00 2410 sandyloam 2.60 1.44 0.446
u Km 3 62.00 19.00 19.00 3080 sandyloam 2.65 1.45 0.453
U Koi 1 58.00 22.00 20.00 3240 sandyloam 2.58 1.40 0.457
9] Koi 2 61.00 17.00 2200 3320 sandy clay loam 2.58 1.34 0.481
U Koi 3 42.00 2100 37.00 4750 clayloam 2.58 1.37 0.469
U LI 1 17.00 41.00 42.00 56.00 silty clay 2.46 1.11 0.549
8} Ll 2 11.00 41.00 48.00 61.40 silty clay 2.52 1.06 0.579
U u 3 12.00 47.00 41.00 56.30 silty clay 2.51 1.19 0.526
U Ntm 1 80.00 14.00 6.00 18.20 loamy sand 2.60 1.41 0.458
u Ntm 2 82.00 10.00 8.00 19.20 loamy sand 2.46 1.35 0.451
U Ntm 3 69.00 1500 16.00 27.40 sandy loam 2.55 1.48 0.420




Table 4 Soil water retention functions.

Volumetric water content (m> m”

Soil 3) at matric potential (kPa) of
type series layer 0 -5 -10 -20 -33 -50 -100 -300 -500 -1000 -1500  Airdry
i ! - )
Central Plain NEER=RY /| P /) /S e 3 < 10 e N
/ 3 ~>
L Bk 1 0.5994 0.5791 0.5724 05668 0.5607 0.5100 0.3819 0.3253 0.2947 0.2746 0.1010
L Bk 2 0.7741 0.5683 0.5260 0.5173 0.5132 0.4831 0.4277 0.3790 0.3434 0.3254 0.1096
L Bk 3 0.6949 0.6317 0.5997 0.5803 0.5638 0.5478 0.4337 0.3885 0.3471 0.3310 0.1040
L 2] 1 0.6126 0.5375 0.5187 0.5069 0.4S85 0.4413 0.3349 0.3003 0.26% 0.2610 0.0802
L Bl 2 0.5617 0.5451 0.5456 0.5409 0.5322 0.5247 0.3962 0.3562 0.3136 0.2878 0.0963
L BI 3 0.6183 0.5823 0.5658 05533 0.5450 0.4506 0.3473 0.3138 0.2741 02548 0.0818
L Bn 1 0.5608 0.4885 0.4705 0.4443 0.4260 0.4043 0.3606 0.3310 0.2919 0.2787 0.0831
L Bn 2 0.7701 0.5489 0.5398 0.5311 0.5266 0.4958 0.4494 0.4130 0.3739 0.35C7 0.1152
L Bn 3 0.5970 0.5077 0.4883 0.4822 0.4776 0.4474 0.3974 0.3681 0.3301 0.3078 0.0997
L. Kyo 1 0.4573 0.3984 0.3573 0.3490 0.325% 0.3142 0.3007 0.2653 0.2380 0.2277 0.0643
L Kyo 2 0.3697 0.2887 0.2613 0.2384 0.2307 0.2140 0.1858 0.1694 0.1501 0.1343 0.0386
L Kyo 3 0.5220 0.4164 0.3650 0.3557 0.3304 0.3092 0.3099 0.2699 0.2437 0.2262 0.0595
L Nn 1 0.4260 0.3694 0.3678 0.3692 0.3409 0.3121 0.3044 0.27z2z1 0.2400 0.0478
L Nn 2 0.3625 0.3604 0.3391 0.3318 0.3230 0.3091 0.3081 0.2654 0.2385 0.0575
L Nn 3 0.4714 0.3971 0.3736 (03739 0.3458 0.327S 0.3302 0.2865 0.2739 0.0646
L Np 1 0.4694 (0.4458 0.4314 04119 0.3981 0.3850 0.3818 0.3580 0.3101 0.2562 0.0614
L Np 2 0.4740 0.4035 0.3982 0.3881 0.3711 0.3522 0.3315 0.2852 0.2753 0.0585
L Np 3 0.4897 0.4183 04104 0.4056 0.3970 0.3634 0.3551 0.3117 0.3041 0.0748
L Pth 1 0.8854- 0.8791 0.7973 0.5682 0.4239 0.2160 0.1280 0.1017 0.Cc941 0.0760 0.0244
L Pth 2 0.5385 0.2952 02563 02497 0.2236 0.2235 ©.1323 0.1138 0.0807 0.0780 0.0151
L Pth 3 0.4705 0.3268/-0:3111:.=0.2794 10,2555 0.2480 0.2071 0.1878 0.1655 0.1520 C.0284
L Rb 1 0.4062 0.3831 0.3825 0.3648 0.3579 0.3544 0.3014 0.2712 0.2402 0.2209 0.0544
L Rb 2 0.5199 -0.4355 0.4120 0.4125 0.3951 0.3725 0.3581 0.3369 0.2964 0.2842 0.0738
L Rb 3 0.5027 04754 (G.4722 04650 0.4443 0.4237 0.3836 0.2573 0.3147 0.3029 0.0723
L - Sb 1 0.4230 0.4067 0.4041 03935 0.3819 0.3674 0.3160 0.2919 0.2634 0.2624 0.0545
L, Sb 2 0.4653 0.4261 0.4034 0.3811 0.3648 0.3276 0.3179 0.2978 0.2568 02559 0.0579
L Sb 3 0.4202 0.3950 9.3838 0.3711 0.3715 0.3667 0.3066 0.2823 0.2532 0.2370 0.0547
L Se 1 0.5977 04527 0.4117 0.3816 0.3741 0.3664 0.3559 0.3255 0.2908 0.2868 0.0694
L Se 2 0.6085 0.5018 0.4846 04634 0.4662 0.4561 0.4345 0.3995 0.3622 0.3560 0.0835
L Se 3 0.6153 0.5025 0.4896 0.4819 0.4741 0.4609 0.4481 0.4042 0.36845 0.3465 0.0864
L Sm 1 0.6729 0.6316 0.5974 0.5753 0.5612 0.5202 0.4717: 0.4210 0.3711 0.3516 0.1150
& sm 2 0.6970 0.6296 0.5998 0.5806 0.5435 0.4848 0.4101 0.3599 0.3197 0.3176 0.0995
L: Sm 3 0.7112 0.6345 0.6278 0.6239 0.6CS89 0.5500 0.2993 0.2622 0.2409 0.2350. 0.0948
U Dn 1 0.6954 0.6463 0.6180 0.5842 0.5730 0.5227 0.4042 0.3674 0.3334 0.3153 0.0974
U Dn 2 0.6090 0.5154 0.4943 0.4862 0.4826 0.4305 0.3723 0.3262° 0.2927 0.2735 0.0976
u Dn 3  0.7324 0.6374 0.6048 0.53935 0.5841 0.5407 0.4103 0.3614 0.3250 0.2985 0.1127
U Ks-1 1 0.5731 0.4466 0.4011 0.3789 0.3479 0.3130 0.2917 0.2613 0.2274 0.2083 0.0502
U Ks-1 2 0.5731 0.4148 0.4028 0.3832 0.35893 0.3422 0.3417 0.3035 0.2709 0.2619 0.0581
U] Ks-1 3 0.5183 0.3777 0.3749 0.3552 0.3309 0.3100 0.2967 0.2758 0.2463 0.0576
U Tm il 0.4471 0.3059 0.2828 0.2645 0.2513 0.2245 0.1518 0.1367 0.1086 0.0991 0.0265
U Tm 2 0.3779 0.2539 0.2173 0.1949 0.1840 0.1732 0.1312 0.1147 0.0962 0.0872 0.0235
U Tm 3 0.3917 0.2704 0.2214 0.1753 0.1755 0.1505 0.1018 0.0914 0.0797 0.0732 0.0199




Table 4 (continued)

.‘/
Q1L umit

19

Soil

\Volumetric water content (rn3 m'3) at matric potential (kPa) of

type series layer 0 -5 -10 -20 -33 -100 -500 -1000 -1500 . Airdry
Northermn Region

H Ce 1 0.5308 0.3416 0.3231 0.3005 0.3190 0.2984 0.2768 0.2243 0.2140 0.0351
H Ce 2 0.4898 0.3744 0.3733 0.3562 0.3653 0.2607 0.3175 0.2663 0.2561 0.0346
H Ce 3 0.4997 0.4470 0.4424 0.4022 0.3964 0.3953 0.3332 0.2838 0.2723 0.0327
H Mt 1 0.3820 0.2782 0.2431 0.2206 0.2136 0.1967 0.1307 0.1208 0.1152 0.0131
H Mt 2 0.3635 0.2707 0.2647 0.2426 0.2322 0.2174 0.1568 0.1509 0.1494 0.0142
H Mt 3 0.3737 0.2755 0.2666 0.2430 0.2401 0.2357 0.2018 0.1885 0.1827 0.0162
L Cr 1 0.3416 0.3496 0.3285 0.2743 0.2848 0.2502 0.0844 0.0648 0.0068
L Cr 2 0.3053 0.2482 0.2530 0.2402 0.2275 0.2291 0.1702 0.1273 0.0102
k Cr 3 0.3232 0.2973 0.2926 0.2862 0.2957 0.2846 0.2226 0.1860 0.0194
L Hd-1 1 0.3435 0.3123 0.2983 0.2678 0.2066 0.2453 0.2082 0.2046 0.1465 0.0193
L Hd-1 2 0.3168 0.2512 0.2548 0.2454 0.2340 0.2388 0.2115 0.2193 0.1698 0.0216
L Hd-1 3 0.3258 0.2769 0.2742 0.2537 0.2665 0.2507 0.2266 0.2325 0.1801 0.0222
L Hd-2 1 0.4360 0.3890 0.3903 0.3717 0.3593 0.3531 0.2428 0.1536 0.14399 0.0241
L Hd-2 2 0.3650 0.3494 0.3314 0.2941 0.2881 0.2837 0.2523 0.2777 0.1807 0.0276
L Hd-2 3 03866 0.3144 0.3144 0.2869 0.2838 0.2797 0.2681 0.2782 0.2072 0.0369
L Lp 1 0.3356 0.3867 0.3715 0.3193 0.3450 0.2824 0.1978 0.1961 0.1234 0.0175
L Lp 2 0.3463.0.2734 0.2782 0.2631 0.3084 0.2793 0.2130 0.2126 0.12%1 0.0201
L Lp 3 0.38609 0.3017 0.3007 0.2778 0.2993 0.2978 0.2434 0.2535 0.1614 0.0252
L Ms 1 0.5735 0.3731 0.3698 0.3843 0.3703 0.362S 0.2812 0.2898 0.2306 0.0264
L Ms 2 04814 0.4558 0.4657 (0.4495 0.4078 0.3895 0.3362 0.0450
L Ms 2 G.4674 0.3803 C.3911 0.3878 0.4198 0.8995 0.3345 0.3406 0.2990 0.0465
L Na 1 0.5167 0.3966 0.3933 0.4057 0.3756 0.3692 0.2389 0.2005 0.1746 0.0246
L Na 2 04386 0.3510 0.3597 0.3301 0.3473 0.3462 0.2457 0.2106 0.1864 0.0283
L Na 3 0.6251 0.5000 0.4799 0.4523 0.4359 0.4955 0.4228 0.3672 0.2¢62 0.0232
L ° Ph 1 0.4528 0.3754 0.3702 0.3754 0.3455. 0.3121 0.1955 0.1600 0.1459 0.0283
L Ph 2 0.3888 0.3467 0.3356 0.3473 0.3410 0.3154 0.2156 0.1877 0.1690 0.0330
L Ph 3  0.4118 0.3219 0.3327 0.3205 0.3160 0.3041 0.2107 0.1843 0.1660 0.0291
L Sai 1 0.3373 0.2061 0.1838 0.1685. 0.1571 0.1423 0.0720 0.0556 0.0524 0.0088
L Sai 2 0.2558 0.1693 -0.1458 0.1307 0.0572 0.1006 0.0419 0.0352 0.0302 0.0070
L Sai 3 0.2485 0.1603 '0.1586 0.1248 0.1097 0.1080 0.0337 0.0304 0.0270___ 0.0053
L Utt 1 0.4991 0.3992 0.3832° 0.3611 0.3480 0.3956° 0.3376 0.2932 0.2365. 0.0265
L utt 2 03749 0.3286 0.3340 0.3193 0.3242 0.3230 0.2977 0.2500° 0.0372
8 utt 3  0.3546 0.2225 0.3232 0.3253 0.3036 0.3134 0.2857 0.2594 0.0355
u Ks-2 1 0.4434 0.3206 0.3176 0.2834 0.2669 0.2594 0.2157 0.2280 0.1673 0.0225
U Ks-2 2 0.3983 0.3114 0.3196 0.2849 0.2955 0.2973 0.2534 0.2634 0.1987 0.0280
U Ks-2 3 04112 0.3128 0.3070 0.2799 0.2575 0.2570 0.2200 0.2292 0.1872 0.0264
U Sir 1 0.4073 0.3510 0.3632 0.3222 0.3204 0.3304 0.2830 0.2992 0.2243 0.0315
U Sir 2 0.3871 0.3163 0.3325 0.3068 0.2702 0.3191 0.2820 0.2929 0.2436 0.0390
8] Sir 3 0.3998 0.3081 0.3194 0.2901 0.2960 0.3042 0.2624 0.2736 0.2226 0.0348
U Sp 1 0.3289 0.1600 0.1538 0.1114 0.0941 0.0722 0.0345 0.0329 0.0282 0.0034
U Sp 2 0.2904 0.1583 0.1536 0.1133 0.0869 0.0745 0.0636 0.0636 0.0580 0.0024
U Sp 3 0.2519 0.1767 0.1678 0.1267 0.0964 0.0660 0.0125 0.0125 0.0089 0.0018
6] Tp 1 0.3151 0.2296 0.2146 0.1803 0.1323 0.1478 0.1246 0.1025 0.0859 0.0141
U Tp 2 0.3054 0.2060 0.1953 0.1783 0.1443 0.1614 0.1348 0.1396 0.0928 0.0135
U Tp 3 0.3351 0.1988 0.1877 0.1628 0.1312 0.1514 0.1272 0.1316 0.0875 0.0120
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/ Table 4 (continued)

Sail Volumetric water content (m3 m-3) at matric potential (kPa) of
type series layer 0 -5 -10 -20 -33 -50 -100 -300 -500 -1000  -1500  Airdry

Northeastern Region

H Pc 1 0.5440 0.3181 0.3011 0.2713 0.2554 0.2569 0.2233 0.2149 02092 0.0591
H Pc 2 0.4810 0.2957 0.2839 0.2629 0.2348 0.2608 0.2316 0.2280 0.2199 0.0732
H Pc 3 0.4890 0.4151 0.3703 0.3410 0.2951 0.3141 0.2858 0.2787 0.2729 0.0947
H Yt 1 04440 0.3034 0.2447 0.1846 0.1326 0.0839 0.0560 0.0453 0.0425 0.0160
H Yt 2  0.4300 0.2862 0.2495 0.2009 0.1832 0.1545 0.1132 0.1028 0.0917 0.0308
H Yt 5 0.4040 0.2856 0.2208 0.1864 0.1554 0.1317 0.0976 0.0807 0.0805 0.0292
L Ki 1 0.4301 0.4049 0.3169 0.2638 0.2138 0.1282 0.0915 0.0854 0.0867 0.0261
L Ki 2  0.3302 0.3161 0.2172 0.1573 0.1388 0.0726 0.0514 0.0471 0.0373 0.0173
L Ki 3 0.3757 0.3008 0.2988 0.2980 0.2701 0.2344 0.1689 0.1566 0.1296 0.0521
L Pm 1 05320 0.4221 0.2886 0.3212 0.3078 0.1999 0.0979 0.0868 0.0708 0.0140
L Pm 2 0.5190 0.3921 0.2845 0.2149 0.1495 0.1252 0.1130 0.0408
L Pm 3 0.4880 0.3432 0.2994 (.2653 0.2663 0.2193 0.0833
L Re 1  0.3890 02741 0.2175 0.1605 0.1283 0.0995 0.0472 0.0370 0.0427 0.0130
L Re 2 0.4340 0.2846 0.2484 0.2037 0.1707 0.1455 0.0792 0.0702 0.0716 0.0217
L Re 3 0.4420 0.3069 0.2178 0.1485 0.1081 0.1258 0.0560 0.0487 0.0472 0.0235
L Rn 1  0.4580 0.2749 0.2179 0.0862 0.0528 0.0474 0.0289 0.0274 0.0281 0.0076
L”  Rn 2 0.3700 0.3326 0.2761 0.1868 0.0976 0.0404 0.0224 0.0195 0.0220 0.0062
L Rn 3 0.4760- 0.3283 0.2635 0.1777 0.1391 0.0942 0.0638 0.0634 0.0606 0.0156
L Ub 1 0.4220 02476 0.2220 0.1095 0.0448 0.0609 0.0346 0.03C3 0.0342 0.008%
.L UuUb 2 04140 0.3342 0.3022 0.2532 0.2129 0.1362 0.0864 0.0773 0.07058 0.0256
L Ub 3 0.4040 0.2395 0.1758 0.0708 0.0334 0.0234 0.0091 G.0082 0.0138 0.0033
L ud 1 (0.3830 0.36465-0.2173 0.1878 0.1484 0.0781 0.0424 0.0237 0.0311 0.0108
L Ud 2 0.3790 0.3384 0.2718 02066 0.1445 0.0747 0.0406 0.0320 0.0234 0.0091
L Ud 3 03510 0.2709 0.2277 0.1692 0.1146 0.0735 0.0414 0.0323 0.0305 0.0098
L Udc 1 05220 0.3274 -0.2936 02523 0.2208 0.2443 0.1523 0.1295 0.1161 0.0443
L Ud.cl 2 04900 0.3078 0.3027 0.2932 0.2951 ‘\0.3350 ¢ 02300 0.1839 0.1735 0.0609
L Udc 3 0.5120 03647 0.3530 0.3318 0.3230 0.2891 0.2595 0.2255 0.0692
u Kt 1 03680 0.2120 0.1679 0.1055 0.0617 0.0539 0.0330 0.0280 0.0233 0.0083
u Kt 2 0.3320 0.2642 0.1734 0.1144 0.0890 0.0533 ©0.0362 0.0307 0.0266 0.0115
u Kt 3 0.3430 0.2568 0.1918 0.1512 0.1388 0.0971 0.0713 0.0657 0.0546 0.0214
U Ng 1 03710 02609 0.1771 0.1160 0.1090 0.0518 0.0324 0.0285 0.0284 0.0064
u Ng 2 0.3330 0.1915 0.1230 0.0861 0:0566 0.0434 0.0271 0.0252 0.0248 0.0052
u Ng 3 0.3330 02352 0.1065 0.0631 0.0345 0.0278 0.0193 0.0160 0.0148 0.0029
u Suk 1 0.2030 0.1553 0.1496 0.0783 0.0571 0.0634 0.0419 0.0330 0.0375 0.0095
u Suk 2 0.3210 0.2106 0.1842 0.1230 0.0849 0.0699 0.0499 0.0448 0.0421 0.0153
u Suk 3 0.3930 0.1885 0.1576 0.1352 0.1138 0.0825 0.0611 0.0579 0.0544 0.0161
U Wn 1 0.3520 0.3097 0.2821 0.2527 0.1650 0.1927 0.1179 0.0971 0.0887 0.0031
U Wn 2 - 0.3720. 0.3326 0.3067 0.2635 0.2121 0.2447 0.1869 0.1758 0.1535 0.0637
U Wn 3 0.3890 0.3385 0.2951 0.2586 0.1926 0.2521 0.1975 0.1681 0.1611 0.0580
Southern Region
H AK 1 0.5180 0.3190 0.3100 0.3050 0.3020 0.2890 0.2580 0.2490 0.2470 0.0240
H Ak 2 0.5930 0.3400 0.3510 0.3540 0.3400 0.3150 0.2880 0.2810 0.2780 0.0260
H Ak 3 0.5070 0.4030 0.3850 0.3750 0.3370 0.3120 0.3030 0.3000 0.0380
H Cp 1 05810 0.1870 0.1820 0.1460 0.1200 0.1080 0.0750 0.0440 0.0390 0.0400 0.0060
H Cp 2 0.6190 02110 0.1880 0.1460 0.1130 0.0970 0.0670 0.0380 0.0330 0.0320 0.0050
-H Cp 3 0.5080 0.2060 0.1700 0.1400 0.1200 0.0870 0.0650 0.0340 0.0270 0.0270 0.0030
H Fd 1 05690 02110 02100 0.1650 0.1370 0.1330 0.1140 0.0850 0.0450 0.0740 0.0090
H Fd 2 0.5580 0.1860 0.1960 0.1320 0.1210 0.1150 0.1030 0.0830 0.0780 0.0730 0.0080
H Fd 3 0.5580 0.2500 0.2280 0.2010 0.1890 0.1530 0.1450 0.1180 0.1060 0.1020 0.0090
H Pga {  0.4760 02900 0.3060 0.3000 0.2780 0.2640 0.2460 0.2090 0.1930 0.1870 0.0230
H " Pga 2 0.5220 02720 02540 0.2730 0.2580 0.2680 0.2230 0.2010 0.1870 0.1990 0.0170
H Pga 3 05500 03130 0.3080 03060 0.2770 0.2690 0.2730 0.2340 0.2250 0.2340 0.0190



Table4 (continued)

Soil

Volumetric water content (m3 m'3) at matric potential (kPa) of

type senes layer
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Te
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Ba
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Ko
Ko
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Lgu
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Lgu

Ran
Ran
Ran

Ta
Ta
Ta

Tan.v
Tan,v
Tan,v

Bc
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Bc

Bh
Bh
Bh

Kh
Kh
Kh

Kit
Kit
Kit
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Koi
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LI
LI

Ntm
Ntm
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a WN =2 WN=2 W= W= WN2 W= WN =2 WN= WN=2 W= W= W= BN = W= WRN = WN =

w N

0 5 .10 -0 33 -50- -100 500 _-1000 1500 _ Airdry
05300..0.1660 0.1800 0.1350 0.1210 0.1110 0.1010 00740 0.0670 0.0610 0.0080
05430 0.2000 0.1830 0.1650 0.1470 0.1350 0.0970 00790 0.0820 0.0660 0.0090
05350 0.2010 0.1880 0.1880 0.1700 0.1630 0.1370 0.1120 0.1060 0.1030 0.0080
0.5670 0.2330 0.2270 0.2250 0.2070 0.1840 0.1760 0.1360 0.1230 0.1250 0.0200
0.4870 0.2330 0.2450 0.2040 0.1820 0.1700 0.1550 01220 0.1100 0.1100 0.0150
0.5700 0.2950 0.2790 0.2660 0.2620 0.2160 0.2270 0.1890 0.1750 0.1740 0.0250
0.5960 0.3320 0.3490 0.3430 0.3470 0.3390 03020 0.2540 0.2380 0.0220
0.6980 0.3930 0.3970 0.4100 0.3950 0.3820 03820 0.3280 0.3290 0.0370
06350 0.3550 0.3660 0.3830 0.3640 0.3670 03750 0.3310 0.3310 0.0400
06130 03420 0.4090 0.3440 0.3240 0.3080 02020 0.1510 0.1260 0.0130
0.5600 0.2600 0.2580 0.2750 0.2810 0.2800 0.2420 0.1840 0.1710 0.0150
0.6370 0.3840 0.3800 0.3780 0.3820 0.3230 03450 0.2970 0.2720 0.0240
0.6820 0.4030 0.3180 0.3060 0.2850 0.2020 0.1290 0.1090 0.0120
05780 0.4340 0.4670 0.3900 0.3990 0.3470 0.2710 0.1990 0.1680 0.1580 0.0150
0.5540 02590 0.2470 0.2420 0.2200 0.2280 02050 0.1770 0.1520 0.0340
0.5750 0.3560 0.3870 0.3440 0.3080 0.3050 0.3020 01980 0.1600 0.1310 0.0140
06330 03360 0.3150 0.3140 0.3140 02620 02720 02360 0.2230 0.0220
0.6200 0,3410 03150 0.3270 0.3220 0.2870 0.2930 0.2590 0.2510 0.0270
06330 03360 0.3530 0.3040 0.2900 0.2870 0.2820 0.1440 0.1500 0.1040 0.0130
0.5650 0.3870 0.3320 0.3300 0.3520 0.3120 0.2970 0.2620 0.2420 0.0430
0.6580 0.3770 0.3370 0.3640 0.3830 0.3040 0.3270 0.2840 0.2630 0.0510
0.7320 0.5280 0.5320 05000 0.4610 0.4000 02520 ©.1980 0.1680 0.0300
06150 04500 04200 0.4030 0.3340° 0.3520 0.3450 0.2830 0.2480 0.0280
06810 0.4890 04850 04650 0.4580 0.4120 0.3830 0.3280 0.2920 0.0340
06000 0.4280 0.4020 02950 0.3430 0.2490 0.1760 0.1500 0.1500 0.C320
06800 06390 0.6840 06320 0.3620 0.3500 02570 0.2830 0.2080 0.0190
06610 04800 0:4520 0.4390 0.4820 0.4020 0.2370 0.1670 0.1520 0.1310 0.0150
0.5880 0.1570 0.1180 0.1070 0.1040 0.1010 0.0350 0.0560 0.0770 0.04900.0080
05340 01490 0.1230 0.1180 0.1100 0.0950 C.0780 0.0600 0.0580 0.0530 0.00S0

. 05300 014370 0.1270 0.1140 0.1100 0.0990 0.0710 0.0630 0.0420 0.0530 0.0090
- 0.5480 0.0440 0:0320 0.0250 0.0360 '0.0180 0.0210 0.0180 0.0170 0.0020
0.5020 0.0550 0.0440 0.0400 0.0450 0.0370 0.0140 0.0160 10.0110 0.0160. 0.0010
0.4760 00390 00410 0.0320 0.0340 0.0350 0.0120 0.0150 0.0070 0.0100° 0.0010
05320 0.1710 0.1930 0.1710 0.1680 0.1470 0.1100 0.0880 0.0710 0.0620.0.0090
0.5320 02260 0.1840 0.1730 G.1670 0.1430 0.1300- 0.1010 0.0870 0.0780;,0.0100
0.5420 02100 0.2090 0.1820 0.1650 G.1440 0.1440 0.1060 0.0860 0.0820 0.0020
0.5930 03280 03370 0.3040 0.3050 0.2910 0.2470 10.1580 0.1410 0.1360 0.0200
0.5260 03350 0.2990 03320 0.2700 0.2370 0.2380 0.1720 0.1560 0.1520 0.0180
06170 03170 02750 02750 0.2480 0.2310 0.2120 0.1940 0.1890 0.1580
0.6380 02070 0.2200 0.1820 0.1380 0.1240 0.0990 0.0800 0.0700 0.0660 0.0120
05960 0.1830 0.1530 0.1360 0.1130 0.0900 0.0730 0.0620 0.0580 0.0540 0.0060
0.5600 0.1840 0.1710 0.1610 0.1560 0.1540 0.0950 0.0850 0.0790 0.0750 0.0090
06200 02210 02240 02200 0.1980 0.2210 0.2300 0.1750 0.1550 0.0210
0.4410 0.2140 0.2030 0.1860 0.1890 0.1430 0.1610 0.1540 0.1530 0.0170
0.5730 0.2690 0.2610 02890 0.3050 0.2550 0.2700 0.2450 0.2480 0.0250
0.5530 0.3940 0.4150 0.3890 0.3670 0.3740 0.3470 0.2650 0.2350 0.2240 0.0300
0.4320 04020 0.4010 03910 0.3520 0.2850 0.3200 0.2480 0.2200 0.2020 0.0250
0.5500 03800 0.3650 03490 0.3460 0.3270 0.3590 0.2810 0.2460 0.2460 0.0270
0.5030 01990 0.2140 0.1620 0.1420 0.1300 0.0980 0.0740 0.0630 0.0610 0.0100
0.5180 02040 0.1910 0.1770 0.1680 0.1380 0.1320 0.1010 0.0950 0.0900 0.0120
0.5590 0.2960 0.2630 0.2530 0.2270 0.1960 0.1790 0.1490 0.1340 0.1300 0.0160




Table 10 - Average values of basic physical properties for the soil profile of 0-0.6 m.

Re- Soil Particle size distribution Textural Textural Density (Mg m™3)  Total
gion series type %sand %sitt  %clay  index  class particle bulk  porosity
€ Bk L 168 1969 7863 8471 clay 2.18 1.18  0.4569
c Bl L 11.67 1822 7012 7675 clay 2.23 1.22 0.4544
c Bn L 437 1764 T199 8372 clay 2.24 1.45 0.3547
Cc Kyo L 4964 1331 3706 4501 sandyclay 2.47 178 0.2766
Cc Nn L 13.88 3005 56.07 6€6.47 clay 2.40 156  0.3491
c Np L 690 3327 5983 7050 clay 2.39 135 0.4282
c Pth L 5749 1553 2699 3739 sandyclaylo2m 2.52 167 0.3391
(o} Rb L 4.64 2113 7423 81.03 clay 2:32 1.35 0.4198
C Sb L 2023 2473 5504 6448 cly 2.42 136 04363
Cc Se L 239 249 7513 8211 clay 2.28 1.43 03752
Cc Sm L 318 2237 7445 8148 clay 2.03 085 0.5856
c DOn U 595 229 7176 7904 cley 2.18 123 04335
Cc Ks-1 U 19.91 3379 4630 5843 clay 2.40 132 04474
Cc Tm U 67.66 1056 2178 3171 sandycley 2.52 1.31 0.4798
N Ce H 1548 3055 5397 6468 clay 2.66 1.13 05783
N Mt H 54.81 29.45 1574 3005 sandyloam 2.63 145  0.4425
N Cr L 3000 4126 2875 4412 clayloam 2.65 158 0.4052
N Hd-1 L 24.65 56.45 18.89 3829 sittloam 2.59 1.66 0.3555
N Hd-2 L 23.04 4280 3406 4823 clayloam 2.56 143 0.%424
N Lp 8 20.49 69.29 1022 . 3305 it loam 2.61 4 59 0.4051
N Ms 14 3.13 36.10 B0V 7 1 181..| \cley 2.60 1.37 0.4732
N Na L 5.82 63.41 3078 5038  sitclayloam 2.60 1.42 0.4523
N Ph L 11.47 6845 2038 41.87  sittloam 2.61 154 04085
N Sai - 74.3C 17.62 8.09 2080 sandy!cam . 2.62 167 0.3605
N utt L 4518 6937 1545 3777  sitlcam @.5% 1.41 0.4577
N Ks-2 U 1.76 87.50 1035 36.83  sitloam 2.61 1.25 0.5205
N Sir U 5.3% 73.98 20.71 4343  sitloam 2.61 1.39 0.4811
N Sp U 76.17  19.82 401 1758 loamysand 2.66 167 03718
N Tp U 5584 3404 1012 2592  sandyloam 2.62 146  0.4424
NE Pc H 5.67 1667 7167 8323 clay 1.98 108  0.4418
NE Yt H 66.67 1550  17.83 29.15  sandyloam 2.38 1.33 04184
NE Ki b 7183 1150 1667  27.30 sandy loam 2.41 1.61 0.3280
NE Pm L 53.83 1850 27.67 3860  sandyclayloam 2.39 1.55 0.3522
NE Re L 73.00 1933 767 2077 sandyloam 2.40 161 -0.3254
NE Rn L 80.17  13.17 667 1863 lcamysand 2.63 147 04382
NE Ub L 79.00 17.83 317 16.42 lcamy sand 2.43 150 0.3830
NE Ud L 81.17 1383 500 1727 loamysand 252 170 - 03224
NE Udd L 3733 3567 27.00 4143 loam 241 158 02305
NE Kt U 7933 1283 783 1962 loamysand 2.43 152 03743
NE Ng U 90.00 7.33 267 1387 sand 2.84 1.48  0.4867
NE Suk U 76.67 13147 1017 2178 sandyloam 2.40 1.46 0.3908
NE Wn U 3767 3133 3100 4417 lkam 2.21 1.34 0.3908
S Ak H 747 1967 7317 7978 clay 2.61 1.11 0.5759
S Cp H 7283 2392 325 1771 sandyloam 2.60 1.66 0.3604
s Fd H 6833 2150 10.17 2345 sandyloam 2.60 1.49  0.4271
S Pga H 5183 1100 37.17 4565 sandyclay 253 1.29 0.48%4
S Sd H 7750 1350 900 20.80 sandyloam 2.62 1.47 0.4388
S Te H 5500 2233 2267 3487 sandyclayloam 2.58 1.49 0.4211




Table 10 (continued)

Re- Soil Particle size distribution Textural Textural Density (Mg m™3)  Total
gion series type  %sand %silt  %clay index  class paiticle  bulk  porosity
S Ba L 2233 4150 36.17 50.85 clayloam 2.71 1.65 0.3897
S Kl L 2567 4383 3050 46.22 clay loam 2.45 1.32  0.4600
S Ko L 67.17 1500 17.83 29.05 sandy loam 2.49 1.80 0.2748
S Lgu L 5583 2467 1950 32.48 sandy clay loam 2.44 1.08 0.5668
S Ran L 21.83 4033 37.83 5212 clayloam 2.49 1.50 0.3949
S Ta L 4.50 5533 40.17 57.22 siity clay loam 2.59 144  0.4435
S Tan,v L 2317 4167 3517 49.98 clay loam 2.66 1.60  0.3937
S Bc U 88.25 7.58 417 1527 sand! 2.66 1.62 0.3913
S Bh u 96.50 3.42 0.08 10.76 sand ! 2.72 146  0.4634
S Kh U 67.50 19.33  13.17 2572 sandy loam 2.62 1.63 0.3776
S Kit u 40.00 34.00 2600 4020 loam 2.40 1.34  0.4383
S Km U 66.17  20.00 13.83 26.45 sandy loam 2.64 1.45 0.4503
S Koi U 51.00 18.83 2917 4022 sandy loam 2.58 1.37 0.4709
S Lt u 1250 4400 43,50 5795  silty clay 2.51 113 0.5475
S Ntm U 7517 1317 1167 2313  sandy loam 2.53 143  0.4365




Table11 - Average values of water retention functions for the soil profile of 0-0.6 m.

Re- Sail Volumetric water content (m3 m'3) at matric potential (kPa) of
gion series type 0 -5 -10 -20 -33 -50 -100 -300 500 -1000  -1500  Airdry
c Bk L 07054 06018 05706 05623 05464 0.5199 0.4231 03748 0.3371 0.3197 0.1054
c Cc 8l L 05985 05624 05512 05414 05330 0.4738 0.3615 0.3257 0.2865 0.2668 0.0864
C Bn L 06487 05182 05025 04922 0.4853 0.4564 0.4086 0.3769 0.3383 0.3174 0.1021
2 C  Kyo L 04605 03708 03284 03155 0.2964 02783 0.2670 02356 0.2116 0.1958 0.0533
C Nn L 04275 03803 03611 03581 0.3374 0.3190 03185 0.2771 0.2565 0.0584
C Np L 04811 04181 04098 04008 0.3886 0.3633 0.3477 0.3026 0.2932 0.0671
¢t C  Pth L 05623 04087 03733 03176 0.2749 0.2345 0.1650 0.1488 0.1287 0.1147 0.0233
C Rb L 04924 04467 04372 04308 04135 0.3951 0.3614 03362 0.2952 0.2830 0.0888
C C sb L 0.4424 04073 03957 03782 0.3710 03538 0.3119 02891 0.2561 0.2475 0.0557
C Se L 06104 04940 04750 04510 0.4548 0.4436 0.4282 03895 0.3515 0.3397 0.0826
C Sm L 07001 06324 06134 06014 05797 05233 0.3650 0.3212 0.2889 0.2820 0.0897
¢ Cc Dn U 06851 05982 05702 05562 0.5484 0.5010 0.3966 0.3507 0.3156 0.2830 0.1051
T C  Ksi U 05457 04016 03886 03885 0.3432 03212 0.3250 02931 0.2661 0.2453 0.03%65
C Tm U 0.3963 02708 02303 0.1967 0.1910 0.1704 0.1199 0.1057 0.0500 0.0822 0.0222
T N Ce H 0.5016 04052 03935 03693 0.3731 0.3676 03186 0.2681 0.2572 0.0337
SUN Mt H 03717 02743 0.2621 02381 02330 0.2231 0.1749 0.1647 0.1603 0.0150
N Cr L 0.3203 02897 02854 02689 02712 0.2604 0.1821 0.1462 0.0142
N Hd-1 L 03257 0.2742 02718 02533 0.2438 0.2458 0.2185 0.2237 0.1711 0.0215
N Hd-2 L 0.3976 03385 0.3327 03034 0.3008 0.2832 0.2586 0.2573 0.1888 0.0317
N Lp L 03518 03085 03050 02729 03100 0.2891 0.2257 0.2303 0.1443 0.0222
N Ms L 0.4898 0.4043 0.4133 0.4215 0.3501 0.3485 0.3000 0.0426
N Na L 0.5449 04364 0.4254 04038 0.3963 0.4247 0.3331 0.2873 0.2393 0.0301
N Ph L 04110 03391 03393 03386 0.3282 0.3092 0.2098 0.1814 0.1637 0.0303
N Sai. L 0.2657 01703 0.1595 01341 0.1134 0.1112 0.0428 0.0362 0.0323 0.0065
N Ut L 03855 03373 03363 03283 0.3179 03205 029i1G 0.2525 0.0345
N  Ks-2 U 04123 03136 03129 02821 0.2717 0.2708 0.2304 0.2404 0.1877 0.0263
N Sir U 03968 03180 0.3374 03010 0.2915 0.3136 0.2724 0.2843 0.2288 0.0357
N Sp U 02775 01678 0.1607 01187 0.0929 0.0699 0.0332 0.0329 0.0288 0.002Z3
N - Tp U 03219 02063 0.1947 01703 0.1358 0.1541 0.1293 0.i794 0.0690 0.0128
C NE Pc H 04955 0.3591 0.3300 03034 0.2584 0.2868 0.2573 0.2512 0.2446 0.0816
NE Yt H 0.4193 02888 0.2344 01208 0.1608 0.1313 0.0359 0.0822 0.0779 0.0275
2L NE K L 03596 03233 02746 02454 0.2170 0.1628 0.1168 0.1082 0.0884 0.0362
NE Pm L 05057 03727 0.2881 0.2556 < 0.1894 01591 0.0576
NE Re L 0.4305 02940 0.2280 0.1689 0.1325 0.12€0 0.0623 0.0539 C.0548 0.0212
NE Rn L 04377 03211 02601 ~0.1655 0.1108 0.0685 0.0469 0.0428 0.0423 0.0111
NE Ub L  0.4103 02724 02256 0.1381 0.0851 0.0673 . 0.0391 0.0350 0.0361 0.0117
E Ud L. 03657 0.3090 02407 0.1848 0.1302 0.0747 ©0.0413 0.0324 0.0302 0.0097
NE Udcl L 05083 03395 03263 03057 0.2967 0.2466 02126 0.1839° 0.0624
Ne Kt U 03432 0.2518 0.1817 0.1313 0.1094 0.0753 0.0532 0.0478 0.0401 0.0161
9 NE Ng U 0.3393 0.2243 0.1238 00796 0.0543 0.0370 0.0241 0.0212 0.0204 0.0038
NE Suk U 03373 0.1903 0.1651 0.1217 0.0847 0.0751 0.0542 0.0504 0.0475 0.0147
SC NE Wn U 0.3775 03317 02968 02593 0.1945 0.2397 0.1807 0.1588 0.1465 0.0508
S Ak H 0.5375 0.36880 0.3613 0.3512 0.3217 0.2850 0.2867 02838 0.0317
S Cp H 05572 0.2045 0.1780 0.1430 0.1177 0.0838 0.0673 0.0370 0.0310 0.0308 0.0042
S Fd H 05598 02222 02143 01720 0.1577 0.1370 0.1238 0.1015 0.0865 0.0877 0.0087
3C s Pga H 05283 02955 0.2897 02940 02708 0.2678 0.2518 0.2188 0.2070 0.2145 0.010
S Sd H 05468 0.1548 0.1850 0.1715 0.1542 0.1450 0.1177 0.0947 0.0915 0.0837 0.0088
fc-s  Te H 0.5418 0.2640 0.2593 02385 02262 0.1970 0.1845 0.1578 0.1447 0.1445 0.0208
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Table 11 (conlinued)

Re- Soil Volumetric water content (m3 m‘3) at matric potential (kPa) of

gion series type 0 -5 -10 -20 -33 -50 -100 -300 -500  -1000  -1500 Airdry
S Ba L 0.6495 0.3638 0.3735 0.3883 0.3715 0.3707 0.3652 0.3172 0.3148 0.0360
S Kl L 0.6073 0.3357 0.3445 0.3380 0.3387 0.3058 0.2868 0.2383 0.2140 0.0192
S Ko L 0.5833 0.3413 0.3322 0.3020 0.2505 0.1663 0.1468 0.0240
S Lgu L 06168 0.3418 0.3270 -0.3255 0.3170 0.2817 0.2702 0.2348 0.2217 0.0232
S Ran L 0.6228 0.3735 0.3380 0.3627 0.3572 0.3052 0.2865 0.2543 0.2295 0.1428
S Ta L 0.6677 0.4827 0.4712 04502 0.4372 0.4033 0.3485 0.2913 0.2567 0.0313
S Tanyv L 06572 0.5243 05210 04793 0.4188 0.2767 0.1985 0.1953 0.1592 0.01°92
S Bc U 0.5427 0.1443 0.1242 0.1142 0.1080 0.0883 0.0773 0.0608 0.0532 0.0553 0.0088
S Bh U 0.4973 0.0452 0.0405 0.0335 0.0358 0.0137 0.0163 0.0102 0.0132 0.0012
S Kh U 0.5370 0.2088 0.2013 0.1772 0.1662 0.1442 0.1337 0.1013 0.0848 0.0773 0.0058
S Klt U 0.5827 0.3248 0.2933 0.2988 0.2648 0.2430 0.1897 0.1725 0.1678 0.0883
S Km U 0.5850 0.1875 0.1732 0.1562 0.1387 0.1277 0.0883 0.0765 0.0705 0.0665 0.0085
S Koi U 0.5368 0.2427 0.2355 0.2432 0.2485 0.2120 0.2270 0.2030 0.2008 0.0217
S LI U 0.5112 0.3837 0.3853 0.3697 0.3515 0.3208 0.3440 0.2673 0.2355 0.2277 0.0268
S Ntm U 0.5360 0.24%2 0.2308 0.2125 0.1932 0.1660 0.1498 0.1205 0.1092 0.1052 0.0137

R TSR T o= g!;‘, .
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Figure 1  Examples of (a) soil water retention and (b) differential water capacity functions

for 6 different textures. In each texture, 3 soil series are shown representing lowland, upland
and highland soils (except the sandy soils which are all upland soils). The values are average
for the 0.6 m profile.
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Chapter

Temperature
Sensors

Nearly every electrical property of a material or device varies as a
function of temperature and could In principle be employed as a
temperature sensor. The requirements of operation over a wide tem-
perature range with high sensitivity, reproducibility, and linearity
greatly limit the possibilities. especially if cost, size, and ease of
readout are also considered. No sensor availaple has all these desirable
properties but may have the proper combination for a particular
application.

4-1 Thermistors

One of the most popular thermosensors is the thermistor, basically a
resistor with a high temperature coefficient. A thermistor is a semi-
conductor in various geometrical configurations to which two leads are
attached (Fig. 4-1). One of the advantages of the thermistor is the wide
variety of shapes and sizes (down to microscopic) possible. Often a
coating is applied for olectrical insulation and mechanical protection.

Like most other semiconductors, the standard thermistor has a
temperature coefficient « which is negative (resistance decreases with
increasing temperature) and quite high, butis noniinear in resistance-

S e -

temperature variation. Over most of its range the resistance (R7)

decreases exponentially with temperature (Fig. 4-2)

RT = R_.;e'GT

where 7T'is absolute temperature in Kelvin and B and R4 are constants

for the device. Most manufacturers express the temperature depen-

59 s



30 Sensors

Glass or
Teflon
coating ~
EARE
Thermistor
(a) (b) . (c) {d)

Figure 4-1 Thermistor configurations: (a) coated-bead: (b) disk; (¢) diode
case; and (d) thin-film.

dence in terms of the resistance (R, at a specifled temperature, e.g.,
25°C) and temperature coefficient o, defined as

2 AR R iy
o g i (4-2

aw'd

Note that « is the same at all points along the curve, a characteristic
of an exponential dependence. Thermistors with a wide range o
resistances are available, and for most commercial units the temper-
ature coefficients are in the range of 3 to 5 percent per degree Celsius
A conversion chart (Table 4-1) or graph line (Fig. 4-2) is generally
supplied by the manufacturer. For precision units £, is closely con
trolled (say =1 percent), but for standard units only the temperature
coefficient is controlled while R, may vary by 10 percent or more from
unit to unit. Thus at most each thermistor requires an individua
calibration at one temperature. It is fair to observe that most thermis
tors are not highly precise sensors because the resistance-temperature

= lo ﬂ
< g Ro 0
-1
) | i | 1
2.5 3.5 4.5
Temperature, °C 1000 -
. T °
(a) (b)

Figure 4-2 Thermistor resistance versus temperature (typical): (a) Jinear
scale and (b) logarithmic plot.

B
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TABLE 4-1 Thermistor Resistance as a Function of Temperature (Rr, = 5 k{1 at 25°C)

Temperature. °C R, Q Temperature. “C Ry Q
0 14129 35 1728
5 11335 60 1472
10 9152 635 1260
15 7437 70 1082

20 5080 73 934
25 "5000 30 808
30 4134 85 703
35 3438 20 , 613
40 2873 95 » 537
45 2414 100 : 471
50 2038 105 41

characteristics are not highly reproducible. Also, thelr nonlinearity is
a nuisance. Their low cost, high sensitivity, ease of readout, and small
size outweigh these disadvantages for many applications. 24/ ' “9

Two additional parameters can be important, the time constant +r
and the power dissipation constant m. Internal heating or power
dissipation is caused by the voltage applied to the thermistor from the
readout or converter unit. Soth depend on the device thermal insula-
tion and degree of external heat dissipation; these may be 3 to 10 times
different for a thermuistor in still air compared with a stirred liquid.
Typical values in a liquid are 77 = 0.5 to 3 s and n = 0.3 to 3°C/mW.

A simple readout is the voltage divider (Fig. 4-3a), which has an
output Vrof

\ v ‘
Vip\= __SET_:(_S- Ry (4-3)
RT 5 Rg Rs

High sensitivity is achieved by increasing Vg and V¢, but care must be
taken to limit the internal heating effect due to the power dissipation
in the thermistor (Pp = V*#R7). Typically a temperature rise of 0.2°C
can be tolerated: if we assume 1 = 0.3 mW/°C and R+ = 10 k{2, the
maximum value of Ppis 6 mW or V7 7.5 V (maximum).

Rs
—NN\N\———————0
| i ! _
1 \' 10
v L+ amplifier
7. Re or
l | voitmeter
' —0

Figure 4-3 Thermistor read-
out: simple voltage divider.
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Figure 4-4 Positive-temperature-coefficient thermistors: ta) linear and ()
switching.

Positive-temperature-coefficient - semiconductors, a nonstandard
type of thermistor, are available but not popular. Heavily doped silicon
(Fig. 4-4a) has a fairly linear response. Another type (Fig. 4-45) used
for switching exhibits a rapid rise above a specified temperature.

4-2 Readout and Linearization
of Resistance-Type Sensors

The resistance-to-voltage converter, suitable for the thermistor or any
wide-range resistance sensor, is shown in Fig. 4-5. Conversion is done
by the first-stage inverting amplifier with an output of

14
—vT=( R (4-4)
\Rl

If the high accuracy is required, Vye should be a precision-regulated

RS
Rs
- =~
Linearizing & 2970
resistor —\V\ 4\,0&
(optional) \i\\\_/ R. +V,,
—
=NV >/ Calib

R-to-1

Figure 4-5 Resistance-to-voltage converter for thermistor or other
resistance- type sensor.
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source (Sec. 10-8), although for most thermistor readout applications a
standard power-supply.requlator has adequate stability (0.5 percent is
typical). Resistor R, (with V.. is chosen such that the thermustor
voitage (vr) produces an acceptable internal temperature rise at the
lowest temperature ‘max Rrj. Zero oiset and gain are set Dy the
optional second inverting amplifer. The output v, is proportional o
temperature with any desired offset.

‘/— 3 Rd,\ | P
vy = ( R - - (43)
R] L?')
to\4tn
where the zeroing voitage is Vz = V. (R4JR5). Note that the zero

(offset) and calibration {gain, controls are noninteracting, & desirable
feature. Some users may prefer to digitize the outpur of the first stage
(vp) directly (possibly after changing v to positive polarity by making
V.. negative). Offsets for an individual sensor correction can then be
corrected by software, a possible nuisance if sensors are exchanged.
The R-to-V converter may be used for any resistance-type sensor,
including those that require an ac drive, by replacing V.. by an ac
source. :

The nonlinear (exponential) response of thermistors can be compen-
sated by several methods. One method is to employ a nonlinear
amplifier with a response characteristic which is the inverse of the
thermistor response.

A simple and surprisingly effective method of thermistor lineariza-
tion is to add a fixed resistor (R4 in parallel which is approximately
equal to the thermistor resistance at the middle of the temperature
range (7). The circuit (Fig. 4-6) acts as a thermistor Ry with
effectively half the resistance and temperature coefficient of the actual
thermistor (Eq. 4-6) but with a substantial linear range (typically a
span of 20 to 50°C).

RM a
R'p === 1 S STal (4-6)

The compensation technique is based on the observation that the net
resistance of a variable resistor in parallel with a fixed resistor Ras
changes nonlinearly with the resistance of the variable resistor. By
proper choice of a shunt resistance, this nonlinearity compensates the
thermistor nonlinearity over a certain range. This can be shown
mathematically by expanding the thermistor response Kt as a power
series in AT = T' — T\ and retaining terms in (AT)2. This linearization
technique is not restricted to thermistors nor even to an exponential
resistance variation. Several other simple techniques (e.g., series
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(a) (b)

2.00 ‘—

1.50

R;

Zle—1.00

0.50 !

0.00 ' | | I |
0.00 10.00 20.00  30.00  40.00  50.00

Temp, °C

(c)

Figure 4-6 Thermistor linearization by shunt resistance: (a) actual circuit;
(b) equivalent circuit; and (c) linearized response.

resistor) are equally, but not more, effective. In Fig. 4-6¢, the nearly -
straight line is the linearized thermistor response. Nonlinearity (least-
squares fit) is about 1 percent for 30°C range, better over a narrower
range, and much worse over a wider range.

Two (or three) thermistors properly combined in a single package Fig.
4-7) provide good linearization over a wide temperature range (up to
100°C). Each thermistor effectively covers part of the range. The match-

‘ing of the close-tolerance thermistors and resistors is an involved and

somewhat costly process normally done by the manufacturer.

4-3 Bridge Amplifier
for Resistance Sensors

The bridge amplifier (Fig. 2-16) discussed in Chap. 2 is well suited as a
readout device for a resistance thermometer or any resistance-type.
sensor. Bridge voltage is derived from the precision voltage regulato
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Figure 4-7 Two-thermistor linearization: (a) actual circuit and ()
equivalent circuit.

through an amplifier. The bridge voitage and resistance ir2 znosen
such that the sensor power dissipation is no:t excessive.
From the gegeral 2xpression for the odridse 1T1v1
aind che thermisgefgefioeracurs ::ezﬁ::en: i
response for the bridge near balance (AT smalil) is
V, =S¢ AT : (4-7)

where S; = AV /4 and A = the amplifier voitage gain.

The bridge readout (Fig. 4-8) can be operated ‘in either of two
modes, a null mode or a small-deviation (limited temperature excur-
sion) mode. The bridge output (AV), which is balanced with respect to
ground, is converted to a single-ended output (u,) by an instrumenta-

‘tion amplifier. With the_null mode, £. Wnl the output

and the temperature found by r referrmg to a calibration tab table. With the

voltage v, is zero. The value of Ry is read off the dial, an nvenience,

/*—’ v N\ Y Ay §
second mode of operation, K., becomes null at the lowest ter temperature of -

a limited range (e.g., 95°F for 95 to 105°F). The amplification factor is
chosen so that the output voltage change is an even number times the

temperature change (e (e.g., 0.10 V/°F). An advantage of this circuif is... . .

that it can measure small changes in temperature accurately, but 1t
has the disadvantageof a limited linear range.

Ry Lt/Rz

R
A R 2kQ AN
>
‘ (2 Rl) R1+R2 _
= R,

Figure 4-8 Bridge amplifier for resistance sensors.

Ty
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When § = AR/R. is not small, the output v, contains quadratic and
cubic terms also. From Eq. (2-14) the response becomes

AV 52 & '
hp = |8 — — + — (4-8)
4 9 4

4-4 Resistance Thermal Detector (RTD)

The RTD is made of a metal with a positive temperature coefficient (a).
The resistance variation is an order of magnitude less for that of the
thermistor, but the response is much closer to linear. Platinum 1is
usually used because of its wide temperature range, stability, and
resistance to chemical attack. Sometimes, however, copper and nickel
are used (Fig. 4-9). =
Both wire-wound and thin-film versions of the platinum RTD are
- available. Wires are wound strain-free around an insulating form and
protected in a housing such as a stainless steel tube (Fig. 4-106). Two
(or more, usually copper) lead wires are brought out of the probe. The
resistance (R7) of an RTD as a function of temperature (T), in degrees
Celsius, is approximated by the linear equation

RN 7 D) ' (4-9)

where R, is the RTD resistance at 0°C and « is the temperature

5 O Ry ' - T ‘ T T T T T T T -{
: Tungsten 7
40 —
i Nickel : .
R 301 Platinum
R(} [ &
20— ]
1.0 _l [ l Loty I, L b e 1
0 200 400 600 800

Temperature, °C

" Figure 4-9 Resistance versus temperature for vari-
ous RTD metals. :

@
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o K i ‘Nire Caramic tube
/ T 1 P
TR L
Le3as \/ \ l carcd o — ' \\ \\ \\__‘ L\
\ \ \ \ \ Leacs \\‘-w / \
N ] - %
+ : Wire ” >cotective/
sheath
(a) (o)

(c)

Figure 4-10 RTD configurations: (a) spiral wire wound in probe; (b) filar wound;
and (c) thin-film.

coefficient. Note that « is defined differently here than for the thermis-
tor, since AT here islarge and R, is fixed (not R7). For pure platinum,
the value of & (averaged over 0 to 100°C) is 0.003927 Q/Q - °C. More
commonly, the RTD is made of platinum with impurities added so that
o = 0.00385 (0 to 100°C average), an established standard. A more
accurate equation for the resistance variation with temperature 1s
given by

Ry = R, (1 = AT = BT? (4-10)

where 4 = 3.986 x 1072 and B = 5.88 X 107 for @ = 0.003927, or A
— 3.90 x 10%and B = 5.7 x 1077 for a = 0.00385 with T in degrees
Celsius and R a best-fit (0.1 to 0.5°C) approximation in the range 0to
420°C. The resistance-to-temperature conversion* is given in tabular
form in Table 4-2 and in graphical form in Fig. 4-9.

A close tolerance of 0.2 percent for resistance is standard (class B),
thus facilitating interchangeability between sensors. Long-term sta- .
bility of wire-type platinum RTDs is exceptional (0.01°C precision
possible). _

Thin-film platinum RTDs (Fig. 4-10c¢) are smaller, lower cost, and
higher in resistance (R, = 1000 Q) than the wire type. High-resistance
units have less internal heating and less lead resistance error. Fre-
quently they are manufactured with the standard temperature coeffi-
cient (@ = 0.00385). Stability over long periods and with multiple

~International Practical Temperatures Scale established by the International Elec-
trochemical Commission (1968). For a discussion, see Robert P. Benedict, “Fundamen-
tals of Temperature, Pressure, and Flow Measurements,” 2d ed. John Wiley, New York,-
19717. ’ =
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Storage temperature range . . . ... LSO O g Jeoy. . .. ~-65°C:0 150°C I
Lead temperature 1,6 mm (1,18 inch) from case for 60 seconds: JG package o 300°C
Lead temperature 1,6 mm (1:18 inch) from case for 10 seconds: D or P package . 260°C
NOTES: 1 Al voitage values. unless othervas2 noted. are with respecy 10 the midpoint perween WO - aC Jrc
2. DKifErennaI voitages are at the ncn;nvemng I0oul lerminar with respect to tne ynvs_rnng nNput (8rminal
3 Tre magniuge of the input voltage must never exceed tha magnitude of

the supoly voltage er 135 voits. wn'z=sver 15 iess.
T2 Outoul Mav Ce sNOfled (0 grouna or 2iiner sower Sichiv

T
=

[STI N

Cr Jperation aoove 64°C !ree-air temperarture. Jerate ihe D Dackage to €84 m\W at 70°C at :re rate of SL2 =N, *C.

o}

2-148

TExas ‘{?
INSTRUMENTS

POST TFF 71 30X 655012 « DALLAS. TEXAS 75265

i
!



E siaijlldwy Jeuonelad(

(o))
<t
—
[SS U] :
~ o =
(== TV .
D.l = 1O 21PWNSD BUundamBUD U S AT DAY 10 D00 Nl e g o) o o
S = 1SR S
- 0. s e s 5y .
fan] R -
r~ m e 9 v f t 4 t '
o T AN M LR
a. M ozt St 08 : )
o= |\ - = ; R i i WS B, » : S |
= AN [ ¢ B P & . RN oy PR gy ey y
() m 0z G / Y LAY BRS N PN CH e ey Apknoeg !
7 v . B e e T S o
o = 2 ot 201 v RS
Y < an - Lo WS A Ma N
o, oo €l 901 0Lt [} RIEITRIRIII
[T T | = e e - S — A e —
o o DWW 04 (1] I 4 / S pehog "
0 7HWN 90 0 _4 0 i - B A - . A " _”'ﬂﬂn_ﬂ_ﬂl_! g mﬂ_.
i ost ot o ST
[do]
P 005 00¢
= AWA iy o
m oov 051 oot oo 2
= v
- A A gzri WYy S 200 01,0 nve s oS mn
L T RoT: AN AN 1 v
AT (AEE W i ]
w A . alitioa ndine yeag  WOA Z 4
H gzLy v Lt N TS CRARRE - - ") ; ez My ] 2
- - <
o €1F Szl gL Zut £ A wyor - Ny > @
SELT €17 SELL R GEVI R b v Sl =
= A - ~ [TRON EU >
w viT IR (N [ vl [N RIYS TR a
o
7 ) ) < pndu, x
< Doivd | G¢ €1 06 71 05 0 D207 0 0.0 _ T, MN 9
m JO e oY angeradiad | N w
= v
3 T vl £ 6 v D207 01 D40 —_—
- - ey - = - 7. = - wann smig o anduag an m
v
[e]
a

Do/vd | sE 8 0s 4 05 71 ooy Qd @70 Oty
€S 60 8 91 8 91 .04 01 0,0
wu - on
8'€ S0 9 80 9 80 K
AW [ (] (o B, T4 L Pmlbing dag NIRRT Sy aliueg upunsnlpe 12510
abirgo ns awl
B 5 . co & R 10A 1S 10 ndo
Jo nnap g Buoy
. Joo o
DolA"| €1 €0 57 L0 il G0 RV nos S 0 Oa _ € X
o |oe! Su 052 G A, ——— & o -
Y ( £y ol
St ot 051 09 09 ) A
XV dAL NIW XVW dAL NIW dAl NIW F
LINN -— N i P SNOILIONOD 1S3t R REIAARTAT
34O 9140 YD)
(PAoU asIMIINO SSHUN) A GL T = T D0 "oumeradway sie 901y pojnads 10 SHONSHDIIPIRYD [POI1D0]D
e s e A am e e s e e o s . e
4 - >>>> 70 .
Q 5 4 A M LYY g
> a O . NaoONE O O oo 2 .
g =2 > 3 rnn=0oT"Yge 209
e wlo % | ke TO o OWN < S



sianduwy [euonesado FSHE

op-07C, OP-07D, OP-07E
ULTRA-LOW-OFFSET VOLTAGE OPERATIONAL AMPLIFIERS

operating characteristic

- o 0P-7C 0p-7D V oP-7E \:&1;
PARAMETER TEST CONDITIOM MIN  TYP MAX| MIN TYP MAX | MIN TYP MAX l.ll’]’
T G0 Hz 10.5 10.5 10.3 I 1
v, Equivalent input Ta = 25°C || = 100 Hz 10.2 10.3 10.0 nV/\)}; ‘,
noise voltage f = 1 xHz 9.8 9.8 9.6
b
e f = 0.1Hz 1010 Hz. 0.38 0.38 0.35 g
VNpp eaquivalent input Ta = 25°C A I
noise voltage
P 0.35 0.35 0.32
- Eguivalent input Ta = 25°C | f = 100 Hz 0.15 0.15 0.14 pA/ Ty
noise current i = 1 xHz 0.13 0.13 0.12
Peak-to-peak f = 0.1Hzto 10 Hz. 15 15 14 x
Inpp  eGuivalent input Tas= 25°C .
noise current
e — - CET RN 269G 0.3 | 0:3 0.3 Vs

TAll characteristics are meas

s at specified free-air temperature, VCC+ = 15V (unless otherwise no -

ured under open-looo conditions with zero common-mode input voltage unless otherwise specified.

FIGURE 1.

TYPICAL APPLICATION DATA

IN+

V@i

Vee+

QUTPUT

JINPUT OFFSET VOLTAGE NULL CIRCUIT
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