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Abstract:

It was possible to obtain thermocouple psychrometer readings at -2 bars water potential in soil samples
at temperatures as low as -20° C. Below -2 bars water potential the psychrometers worked well, -20° C
seemed to be the low temperature limit for satisfactory operation. Under ideal conditions, water
potential as high as -0.5 bar could be read from a single psychrometer at +20° C; this was not possible
at lower temperatures. Correction factors for temperatures from -20° to +40° C were developed from
data tabulated from standard psychrometric theory.

Hydrophobic coatings on thermocouple wires of four psychrometers stabilized readings, but made
cooling rates and periods more critical.

Water potential in frozen soils comes to equilibrium with freezing potential (Wi, the potential of the soil
ice subsystem) which is a function of temperature alone, and can be calculated by the equation Wi
RT/V In (Pi°/pw®), using the saturation vapor pressure over supercooled water and the saturation vapor
pressure over ice at the temperature of interest, as obtained from standard water vapor pressure tables.
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ABSTRACT

It was possible to obtain thermocouple psychrometer readings at
-2 bars water potential in soil sgmples at temperatures as low as -20°
C. Below -2 Bars water potential the psychrometers worked well, -20° C-
seemed to be the low temperature limit for satisfactory opération. Under
ideal coﬁditiéns, water potential as high as -0.5 bar could be read from -
é single psychrometer at +20° C; this was not possible at lowe¥ tempera-—
tures. .Cofrection factors for temperatures from -20° to +40° C were
devéloped from data tabulated from standard psychrometric fheory.'

Hydfoéhobic coatings on thermocouple wires of four psychrometers
stabilized readings, but made cooling rates and periods md%e critical.

Water potential in frozen soils comes to équilibfium with freéziﬁg
potential (¥, the potential of the soil ice subsystem) which is a
function of temperature alone, and can be calculated by the equation

¥i = RT/V 1n (pi°/pw®),

using the saturatioﬁ_vapor pressure over supercooled water and the
saturation vapor prESsurenover ice at the temperature of interesﬁ, as

obtained from standard water vapor pressure tables.




INTRODUCTION

Scientists have continually searched for improved means of de-
scribing and measuring water status in plant and soil systems. Thermo-~
dynamics has long been recognized as a conveniént means of deséribing‘
the water relétionships withinAtheSe systéms. Soil Wéter Poteﬁtial ié
défiﬁed as, "The amount of work that must be doné per unithuantity'of
pure watér in order to ;ranéport reversibly.and iéothermaliy.an infini-
tesimal quaﬁéity of water from a pool of pﬁre water, at‘a specified

elevation and_at atmospheric pressure, to the soil water (at the point’

'ﬁnder considerafion)." This potential may be identified with the

partiai speéific Gibbs free energy of the soil water with respect to
pure free wafer at the same témperature (26). Appiica£ion of the well
known thermodynamic principles to plént and soil syétems was'deiafed
bebauée of the difficﬁlty encountéred in accurately'ﬁeésuriﬁé‘the small

vapor pressure differences between pure, fréee water and water in these

_ systems. The development of the thermocoupie psychrbmeter provided é

convenient means of measuring the potential arising from these vapor

'pfessure differendeé by méasuring the thermoelectric EMF (Eiéctromotiye

Force) in a dry junction and wet junction thermocouple circuit.

The commercial thermocouple psychrometers currently available to
feséarchers‘are compact, reasonably priced, and quite uniform. They

work bésﬁfwhen the soil water content is below the optimum for plant

-grbwth, and they work best at soil temperatures above 10° C. Soil water

potential nearer zero than -2 bars is difficult to determine with

psychrometers currently available.
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In 1951, Spanner (29) published the first report on successful
operation of a thermocouple psychrometer for measuring "suétion pres-
sure.'" He placed a sample chambef in a water bath with precise tempera-—
ture control (+0.0001° C). This chamber coptained.a test solution ér
plant tissue and a bismuth~tin alloy-bismuth thermoéouple. "Peltier
cooling was used to deposit a Watér film on the thermocouple junctién by
condensation, thereby creating a wet bulb. The output was the electro-
motivé force (EMF) caused by the température'gradient betwéen the wet
junction and fhe dry junction, which was at the temperature of the water
bath. Spanner read this EMF as.the ballistic throw of a galvanometer.

In 1958, Monteith and Owen (19) described a Peltier-cooled thermo-~
couple ésychromefér baséd on Spanner's design, but modifiéd by: (a)
using commercially available 0.0152-cm Chromel énd‘constéﬁtén wires for
the'therﬁocouple junction, instead of'bismuth—tin alloy and 5ismuthA
wires that had to be hand drawn; and (b) reading the steady state
thermbcouple EMF developed by wet-bﬁIb—temperature depression (EMF
plateau), instead of Spahner's‘balligtic throw. Monteith and Owen ‘used
a sampie'chamber and é congtant temperaturé bath controlled to
+0.0004° C. | |

In 1958, Richards aﬁd Ogata (27) succeeded in'ﬁeasuring "water— .
binding forces" in soil as well as plant tiésues. Tﬁe'Riéhérds—Ogata
psychroﬁéter used a thermocoupie'that was fabricagea by.sblde:ing a

‘Chromel P wire to one side of a small silver ring, and a constantan wire
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to the opposite side. The Richards-Ogata psychrometer also used a

water bath with pfecise temperature control. The psychrometer was.

placed in the water bath in much the same manner as the Spanner in-

strument, but a water droplet was placed on the silver ring before the

_psychrometer was placed in the sample chamber. The temperature of the

bath was taken as the dry bulb temperature, and the wet ioop (wet bulb)
temperature was rea& from the thermocouple jun;tion.' Stéady*state
éoﬁditions.were reachéd in 10 to 30 miﬁﬁtes. |

In 1964, Spannér (30)‘pﬁblished a thermodynamics.tektbook hsing
biological examples and problems. In 1968, Low, Hoekstra, and Andersén
(17, 18) puBlishéd papefs on the thermodynamics of soil water systems.
I used these publicatiéns extensivelf fo cﬁeck the theory I,used in
préparing this paper. .. -

In 1966, Rawlins (22) published a detailed discussion 6fithermo—
couple psychrometrie theory, describing both the Spanner and the

Richards-Ogata psychrometers in terms of the mathematics of diffusion

“and conduction. This paper became the basis for new designs and further

refinement of the mathematical descfiptioh of thermocouple psychrom-
eters. Peck (20) éublished a discussion on heat and water'flux in
psychrometers in 1968 and a discussion on sample effecté (21) in 1969.

| A real breakthrough in thermocouple psyéhfometr& came in 1967 when’
Rawiins and Daltdn'(24) succeeded in usipg Péitief—cooléd thgrmoéouﬁle

psychrometers, without precise temperature control, to.measure "soil
. l : :
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water potential.”" Using Chromel P-constantan junctions enclosed
in porous ceramic covers, Rawlins and Dalton investigated temperature
effects on relative humidity, temperature effects on the psychrometers,
nand the effécts of heat and water flux through the walls of the ceramic"
enclosures, Most of the temperature effects on fhe psychrometer and its
associateé circuitry Qére canceled by subtracting ;he EMF before cooling,
fromlthe EMF after cooling was complete. This was done by applying a
bucking EMF to balance or cancel the dry bulb EMF before the cooling
current was applied. Temperature effects on relative humidity were
accounted for by correction factors; To maintain a water potential
difference of less than 0.1 bar between the chamber and the sample, the
minimum water conductivity through the porous ceramic enclosure was 4
pg/cm2 per hour for each °C change in-femperature per hour. According
to Rawlins and Dalton, soil temperatures -during these testé varied'as
much aé 4° C per day without affecting psychrometer sensitivity. -The 4°
C per day temperature~change rate is approximately the séme as the
0.001° C temperature~control requirement for 0.l-bar sensitivity estab-
lished by Spanher:(29). With a 20-second cooling period, as used by
Rawlins and Dalton, 0.001° C divided by 0.333 minute, or 0.003° C per
minute, would be an allowable rate of temperature change. |

By 1968, Ra&lins, Gardqer,.and Dalton (25) had determined water
potential 1n soil and plant tissues Qith thermocouple,psychrémeters

without precise temperature control. Soil water potential was measured
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with a psychrometer previously described by Rawlins and Dalton (24).
Leaf water potential_was measured with a similar psychrometer mounted in
" a Teflon test tube that was lined with a freshly picked, rinsed leaf.
‘ In 1968, Campbell, Trull, ahd'Cardner (7) developed a technique for
'making large, uniformly welded bead-jﬁnctions.on Chromel P-constantan
wires whiéh Wefe not only more.uniform and durable, but also diSpléyed
longer and more.stable EMF plateaus than. either the soldérgd junctions
previously used, or the smaller'welded junctions furnished by wire
manufacturers. |

Hsieh and Hungate (11) succeeded‘in producing a temperature-
compensated thermocouple psychrometer that gave satisfactory results in
rapidly changing temperatﬁre regimes, Brown (3) reported that psychrom—_
eters with fine-~mesh stainless steel covers responded faster under dry ‘
conditions than psychrometers with porous ceramic covers. -Van Haveren
(31, 32) collected thermocouple psychrometer data in snowbanks and
frozen soil. Van Haveren calibrated his‘psychrometers by projectiné a
curve froﬁ data taken above freezing. He did not report data from
frozen soii systems but did present data from snowbanks which he used to
'deterﬁine water vapor pressure gradients within the snowpacks.

Severgl excellent review papers have been puBlished recently on the
consﬁruction and uselbf deviées for measuring water potentiél. Among
the more useful papers dealing with thermocouple psychrometry are thosé
of Brown (3), Brown and Van Haveren (4), Lopushinsky (16),.Réwlins (23),

Scotter (28), and Wiebe et al. (34, 35).
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OBJECTIVE

This project was undertaken to find the practical limits of opera-
tion 6f commercially a&ailable thermocouple péychrometers with respect
'tp direct measurement of soil water potential in cold soil at tempera-
tures ‘above and bélow freezing, and in ‘wet soil at potentials near zero.
Meésurementé of éoil water potgnfial at low temperatures are important
in studies of water movement in frozen seils, between frozen and un-
frozen soils, and between frézen or unfrozen soil under é snowpack;'

THEORY

At the freezing point, no sharp'discpntinuities are apparent in the
temper;ture versus water vapor-pressure curve, below the freezing point,
however,'two curves emerge--one for supercooled water and another for
ice. The thermocouple psychromgter measures water potential related to
- vapor preésure ratios as wet bulb-temperature, or ice bulb-temperaéure;
depression (AT); therefore, it should be possible to'exten& the readinés
into frozen systems.

Becausé no measuring device functions perfectly, and beéause almost
any Qariable physical property will déviate from ideal behavior, cali-
bration procedures are necessary to_relafé thermocouple psychrometer
output to the measured parameter. .For example, the calibration cufvg
relating EMF to watér potential (¢5 is eésentially'linear.fOr a thermo-
couple psyéhrometer; The curve deviates from linearity as "noise"
enters the circuit, as the femperature versus therﬁocouple—EMF cﬁrve

deviates from linearity, and as héat and water vapor fluxes influence
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wet bﬁlﬁ—temperature depression (Rawliqé 22; Peck 26, 21). Within £he
. limits of ideal behavior, tﬁe thermocouple EMF (microvolt signal) is
determined by the wef,bulb—température déﬁressién (AT), which is, in
turn, reiated fb the energy dissipation ratef. Psychrémétérs'fespond to
‘létenf heat loss by ﬁeasuriﬂg the degfeé of'evapofative cooling. ‘The

" thermocouple péychrometer responds to changes in the Gibbs free enérgyﬁ

:G—.G°=AG=£E'%3P=RTln%o S N & |
"where G = Gibbs free energy,
| R '= the universal gas:conStant,
i = temperature in dégrges Kélvin,?
In = natural log, |
P = vapof ﬁressure of water in‘tﬁe'System,
p° =4vapor pressure of pure free water at the same ;émperature'i

~as fhe water in the system.

This energy-vapor pressure ratio relationship is similar for the usual
expressions'of,potentiél energy of physical systems; it varies only witﬁ'
the constanﬁs used to express each propeftﬁ iﬁ the convéntional units
associated with it. These'potentialé are'related.to'each éfher by‘their
common tﬁegretiéal equivalents to tﬁé fight side of éQuatiOﬁ {21, which
is often foﬁnd in the literature in connection with éiséuséibné of waterli
poteﬁtial in soil and plant systeﬁs ﬁﬁen équationA[l] is divided by the -
pértial‘moial volume bf'water, thé eﬁerg§ fﬁnction caﬁ be expressed as~:

- pressure:

iv
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= ®RT/T) 1h a = - [2]
where Y, = osmotic potential,
) V = partial molal volume of Weter - 18.016 cm?®/Mole,
‘a = activity = p/p°, |
T = osnotie pressnre.

For-comperison, measurements are usually corrected to standard con-
dltions of 25° C'and 1 standard atmosphere of barometric pressnre;

The definitions of water potential componerits nsed in this'paper
are those given in the "Glossary of Soil Science Terms pnblished by tne
Soil Science Soc1ety of America (26) - | |

Ve (total water potential) is the sum of Vo (osmotlc potentlal),
wg (gravitational potential), and wm_tmatric or cepillary potentiel).
Equation [2} expresses ¢t, the-potentiel measured bj thermocouple
psychrometers because wg aﬁ& Yy affect soil water vapor pressure also;
The relationship described in equetlon [2] is used to calibrate trans-
:ducers such as thermocouple psychrometers. Equation [2] is also used to
_ determlne relatlve humldity or activ1ty from colllgative property
neesurements;" ' ' - :,- .»-. o

By 1nsert1ng the proper constants, equatlon [2] reduces to the

. following:

ir

(8 3143 x 107 ergs. Molé-l ° -1) (298, 16 ‘K 1ﬁ a

Vo 18.016 cm3 Mole

(137.60 x 106 ergs. cm 3)1n a

H

]

' (137.60 -x 107 (dyne cm) cm 3) ln a’




= 1.376 (1n a) bars ._ ‘ [3]
(L bar = 10 dyne cm”z)
Total water potential is a function of Qater content and temperature, as
. well as soil or planf matrices, and solution concentrations. At
témperétures below freezing, a freezing potential (¥y) predominates and
essentially controls the water ﬁotential of the soil water system (Low
et al, 17, 18). |
Accor&ing to Hoekstra (10), Anderson and Hoekstra (1), and Low et

al. (17, 18), the drying force of freezing soil arises becaﬁse water
migrates to the ice lenses that start to form in large pores, or soil '
voids. The ice lenses are made up of pure, normal hexagoﬁal ice at the
water potgntial of pure, normal ice. Liquid water, as Well as water
vapor, moves into or out of the éolié phase until the water potential of
tﬁe soil equals that of the ice. :Thefefore, according to Low et al.
(17, 18) and Hoegstra (10, water potential of ice is a fun;tion of
temperature alone, |

Y1 = RT/V; In (p;°/py°%)> [4]

where all the symbols are the same as in equation [1] and [2] and in -

addition,
pi° = the saturation vapor pressure of pure, normal ice at
" temperature T,
ﬁw° = the saturation vapor pressure of suﬁercoéled Watér7a£

o temperature T, and
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Yi = the freezing potential,.of water potential due to freezing.
Water potentiél dgcreases (becomes more pegative) rapidly as the
temperature falls below freezing; fér example, the potential de&eloped
by freezing at -5° C is cé}culated at -60.8 bars by the use of'
équatioﬁ.[4]. .
| Direct measurement of Py by psychrometry would requiré that the

wet bulb be covered With supercooled water instead of ice, as no
potential -would be apparent otherwise. 4 is most easily determined
by calculation with eqpation t4]_fr§m temperature—vabor pressure &ata
available in many standard tables. |

Matric potential (¥p) can be thought of as expréssingva definite
thickness of. liquid ﬁater film in a soil at a given temperature.
Anderson and Tice (2) suggest that liquid soil water content is‘a
-funcfion of y, and the specific surface, and thaf liquid water confent
of a frozen soil can be determined if the'specific surface gnd tempera-
ture of the soil (hence, séil water potgntial) are known. |

The concept that Y4 dominates a partly frozen soil system ﬁaé been
accepted by several prominent scientist. For example, Hérlaﬁ, Bénner,
and Frieze (9) reported work with gypsum-blocks, supporting thé theory
preseﬁted by Héekstra (10)_that ey dqminates‘a'fréezing séil éystem.
Cary and'Méyland (8 reporte& work on soil water and salt movement,

taking Hoekstra's (10) viewpoint into account.
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EXPERIMENTAL METHODS AND PROCEDURES

Eight commercial (Wescor?) thermocouple psychrometers were selected -
at random for this experiment. A microvnlt meter, designed to read
thermocouple psychrometers by the method given by Rawiins and Dalton
d(Zﬁ), was used to detect the microvolt signal from these transduceré.d
* A new cooling switch was fabricated and incorporated intd the measuring

'syétem, so that a laboratory timer could be used to determine the
' precise cooling period; a variable resistor was incorporated to determine
‘tne precise cooling rete, and a millianmeter was incorporated to nonitor
the cooling rate. A sw1tch ‘was added so the cooling current could be |
reversed to brlefly provide heat for drylng the thermocouple junctions.
A recorder was used to read the thermocouples at -2 bars water potential,
but it was not needed et -10 bars.

Soil samplee were extracted tn’—Z and -10 bars water potential in
preeéure plete apparatus. Campbell and Gardner (6) found that very
11tt1e change in matric potentlal occurred from the sllght change in '

. bulk density that probably resulted from repacklng the s0il around the i

'thermocouple-psychrometers.

2Trade and company names are inC1uded'for the benefit‘bf the
reader and do not 1mp1y any endorsement or preferent1a1 treatment by

;the USDA of the product listed.
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' Several configurations of the experimental setup were tried.: The
most successful arrangement is shown in Figures 1, 2, and 3. Figure 1
shows a 2.3—kg'soil sample placea in a mason jar Qith eight thermocohple
psychrometers (three unmodified units, two with fine-mesh stainless
/
steel covers and Vaseline-coated thermopouplé wifes, two with finefmésh
stainless gteel covers and Teflon-coated Wires, and oﬁe with a fine;mesh .
stainless steel cover and uncoated wires). The eight psychrometers were
placed, approximately 4 mm apart, in a small circle at the center of the
jar, with soil carefully packed around each péychfometer. The sdili
sample was packed to bulk density of i.é gm/cmB. The jar was closed
with a mason 1lid, and the psychrometer leads were brought out through a
2.5-cm diameter holg in the metal lié. Vaseline was placé& around the
-wires to provide a vapor-tight seal between the wires and the 1lid. The
jar was placed in an ethylene glycol water bath in a 0.14 m3 home freezer.
The refrigeration system was control;ed by a mercﬁry thermoregulator-
actuated relay, which switched the cémpressor off and on. When the
mercury bulb was submerged in the liquid béﬁh, the thermoregul;tor
performed with the proper cycle/for ﬁhe refrigeration system.
Whenevér,psychrometer leads were handled by hand, it took them up
to 2 minutes to attain thermal equilibrium. Therefore, the psychrom-
eters were multiplexed through a S-level wafer switch. Positive thermo-
cogple leads were soldered to the first wafer; negative leads, to the
second wafer; and the third wafer was used for a pilot light display to

identify the psychrometer being cooled or read.
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The instrumentation used to read the thermocouple psychrometers
at ~2 bars water potgntial is shown in Figure 2. All of the diagram
bldcks represeﬁt commercial laborétory instruments, except for the heat-
cool switch shown in Figure 3, the wafer switch described in the préviqus
- paragraph, and the.R—C‘filter shown Iin Figure 2.

A diagram of the heat-cool switch is shown in Figure 3. Precise
control of cooling time and.rate was needed at -2 bars water potentiél;
theréfore, a gold-plated relay, controlled by a commercial laboratory
timer, was used to switch the cooling current which was monitored with a
milliammeter. The switch proved reliable. |

RESULTS ANb DISCUSSION

Instrumentation Problems and Solutions: A great deal of difficulty was

éxpepience& in obtaining readings at —é bars, or greater, water potén~
tial, under any circumstances. At -2 bars, much faster response was
observed from psychrometers with fine—mesﬁ stainless steel covers than
from those wiph ceramic covers, as'suggested by Brown (3). Meter
deflection was observable from 5 to 10 minutes after. packing the staiq~
less steel-covered psychrometers in the soil samples, while the first
meter deflection observable after packing the ceramic-covered units
varied from 30 minutes £o 12 héurs. Coating the thermoéouple wires with
Teflon or Vaseline seemed to improve repeatability (reduce standard

deviations). Korven and Taylor (14) reported that coating the
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thermocouple wires and junction with plastic spray improved stability by

" reducing oxidation, no change in calibration was reported.

Tt was found that the ceramic covers did not function as inert
covers, either physically or chemically. Color changes on the ceramic
covers were noted after 24 hours in standard sucrose test solutions,‘and
after 2 weeks in field use. Jacksoﬁ (12) repofted effects from sodium
salts used to disperse the clay for casting porous ceramics. One.very

clean psychrometer, with the cover removed, was placed in a test tube

_containing approximately 1 ml of NaCl test solution at 0.5 bar water

potential., This psychrometer was readable at room temperature, but no
valid readings could be obtained with standard ceramic-covered psychrom-
eters in soil samples or test solutions at greater than -2 bars water

potential, .Brown (3) reported that fine-mesh stainless steel covers

permitted faster response to changing water potential than did less

porous ceramic covers, especially at water potentials low enough to

break continuity of the water film between soil particles and the psy-
chrometer cover. Of the psychrometers packed in the 2.3-kg spil sample,.
thoée with fine-mesh stainless steel covers were superior to those with
ceramié covers in ?eaching equilibrium with the soil at both soil watér
potentials. Stainless steel conducted heat 50 to 100 times more rapidly
than poroﬁs ceraﬁic, and offered 2.5 x 107 times less resistance . to thé
passage of soll water; therefore, it seems reasonable to assume that a

psychrometer covered with fine-mesh -stainless steellwbuld reach
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temperature and vapof—pressure équilibrium with the soil much more
rapidly than one covered with ceramic.> By virtue of ifs thermal con-
ductivity, 50 to 100 times that of'soil, a fine—mesh_stainless steei
cover should reduce teﬁperature gradients across the sample volume; the -
mean system temperature should be the mean teﬁper;ture of the.soil in
contact with the cover.

In'order'to measure EMF plateaug at -2 bars water potential, the
entire thermocouplé bsychrometer, including cover, wires, junction,
electrical connections, and baée, ﬁad to be extremely clean,_'Ahcefamic—:
covered psychrometer that had previously been calibrated.in NgCl
solutiong coul& not be cleaned sufficiently so that its calibrations
could be checked in sucrose solutions; however, a ceramic—covéfed
psychrdmeter could be cleaned sufficiently for measuring soil water
poténtial, 5y dipping it intact in dilute hyd:ochlofic.acid for 2Ito 5
seconds; neit; rinsing it vigorously'ﬁnder a stream of distilled water,
while at thg gsame- time rotating it.slqwly so that each side of the’
porous cher.Qas subjected to a 500-mm vacuum; then soaking if in dis-

tilled water for 24 to 48 hours; and finally, agitating it in an ultra-

‘sonic cleaner for a total of about 30 minutes during three or four

periods., A psychrometer with a fine-mesh stainless steel cover could be
cleaned simply by soaking it in distilled water,-thén agitating it_in an
ultrasonic cleaner, and fipally, rinsing it in distilled water. - Oc—

casionally, tﬁe,thermocouplg wires and juﬁction wgre“so contaminated
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thap psychrometers could not be cleaned intact. When contamination
seemed evident, the psychrometer cover was removed, and the thér@écpgp;e
wires and junction were inspected under a SOX microscope. Under the
microscope, foreign matter was plainly evident in-thé form of crystals,
often as large as the 0.025-mm diameter wiré. It was found that this

foreign matter could. best be removed by dipping the wires and junction

in 3 to 4 normal hydrochloric acid for 1 or 2 seéonds, follo&ed im-

media;ely by vigorous rinsing under a stream of‘distilied water,-with a
final rinse of acetone. The thermocouplé'junction, after such dleaning,
was very smooth, and almost as reflec;ive as a good mirror.

In order to determine possible reasons fér wire and junction
céntéminétion, five new psychrometers were chosen at random and dis-—
assembled. It was found that the wirgs in two of the five psychrométers'
touched the side of the ceramic cover, wifés in another had probably
touched the end of the cover, and the junction in another was not as
smooth as usual. It was evident that contamlnation could easily occur
where the therﬁocouple actually touched the protective cover.

Special Reading Techniques: The effect of exposing a psychrometer to a

saline soil or saline test solution is illustrated in Figure 4. These

" results -are similar to those published by E. C. Campbell (5). After

exposing a psychrometer to a saline enviromment for 72 hours, a p@ateau
was hardly distinguishable, even with a recorder. The contaminating

salts changed the vapor pressure relationships of the water on the wire,
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just as salts changed the water vapor-pressure relationships in the
system. As the water evaporated, the vapor pressure changed with the
concentration of salts in the water on‘the wire, thereby changing the
evaporation rate Qith time, and henge, the shape of the curve. However,
tangents drawn to the flattesf portion of the plateéu intersect the zerg
time line at very nearly the same EMF as the tangent to the normal
curve.

A typical curve produced at -2 bars water potential and -3° C ié
shown in Figure 5. The recorder was absolutely necessary under these
conditions, as was the timing device‘fo¥ the cooling cycle, aloﬁg with - -
the adjustable cooling current and the milliammeter to monitor the
current. Cooling rates and times'affected the amplitu&e and shape of
the EMF curves. A makximum rise with a flat plateau wasnsought; Fér the
readings illustrated in Figdre 5, the,2$—second cooling period produced
the desired curve. The 22,5-second curve was tyPiéal of undercooled
psychrometers, and the 30-second curve wa; typical of overcooled psy-
chrometers; thus, the shape of the curve was used as a guide to
détermine the correct cooling time for_each psychrometer. The best
cooling current for mdst psychrometers at freezing temperatures was
between 8 and 10 milliamperes, with céoling times varying from 15 to 60
seconds, depending upon:the_characteristics of the individual psych;omj
eter, Psychrometers with coated wirés geherally required longer éooling

times than those with bare witres.
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Interpretation: Rawlins and Dalton (24) successfully accounted for

thermal effects.pn a thermocouple psychrometer and its associated
circuitry, and elimihgted these effects by bucking out the stéédy staté—
dry bulb EMF and reading AT as a therchouplé output. Therefore, only
the temperature effects on relative humidity and AT remained éo be
dccounted. for, Becaﬁse the psychrometer responds to vapor—preésure
changes simply as AT.changes, AT relationships must describe the param-
eters measured by’the psychrometer. Correction factors for temperatureé
;bove freezing (+4° to +30° C) have been published for converting
thermocouple psychrometer readings Eo-the étandard 25° Cc (20, 22, 34).
However, in order fo méasure-;oil Waper potenﬁial near and bélow freezing, 
temperature correction factors from —20° to +40° C would be needed. We
used a technique similar to the one used by Low et al.l(18) to develop
the needed factors: |

'.A family of equations was deri&ed from data from standard psy-
chrometric reduction tables (15, 33)'which described AT at seVerél
relative humidities above 90%. When these equations were ﬁultiplied by
simple féctors,-specific for each relative hﬁmidity, they reduced to one
equation. Theréfore, one equation, which predicts AT at 92%'relative
humidity, was chosen because AT data were readily éﬁéiiable for'the
entire temperatureﬂfange of -20 to f40° C. This equation, whiéh is the
6ne used to develop temperature corfection faétors fof'thefmocouple

psychrometers, follows:
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AT =y = 0.444136 + 2.20561 T x 10~2 + 2.3695 T2 x 10~*

- 8.74384 T3 x 10-6 + 7.37825 T* x 10-8 S 3
where T = dry bulb temperature in °C,
y = AT = Tdry = Tyet = WetAbulb—temperature depression in °C. .

The temperature correction factors .to, convert wet bulb psychrometer
readings ‘to 25° C were then derived:

CF

y25/y-t = 1-036/}7t . ' ] [63 .

It

where CF the correction factor;

‘ Y5 = 1.036° C at 922 relatfve humidity, and

Ve =Y at each dry.bulb temperature of interest..
In addition,.when ice bulb conditions are known to exist, ice.hulb
correction factors available from standard tables (15) must be used to
correct the thermocouple psychrometer output to the standard 25° C
reading. This correction accounts . for the'difference'in latent heat of
supercooledlwater_and ice.

Temperature correction factors from -20° to +405 C.are given in
Table 1. wet bulb correction factors are giveu along with ice bulb

correctlonefactors and correction factors derived from the formula glven

by Wiebe et al. (34):

CF = - 7
- 0.027 T + 0.325 ' : N .[']
. for T = +4° to +30° C. WMo greater accuracy is claimed for the correctlon

factors derived from equatlon [5] than for those published (20 22 34)

The correction factors der1ved over the wider temperature range of 20°




Table 1. Factors to correct psychrometer réadingé to the standard 25° C.

Correction Factors

Correction Factors

Temp,

Correction Factors

Tﬁmp, Wet Bulb I 1b Timp, Wet Bulb c Wet Bulb
c (@) ce Bu c @ | c @ | o
-20 5.772 7.012 1 2.218  ————- 26 0.979 0.974
-19 5.749 6.922 2 2.110 ——— 27 0.959 0.949
-18 5.674 6.763 3 2.019 R 28 0.944 0.925
-17 5.540 6.543 4 1.933 2.309 29 0.923 0.903
-16 5.368 6.270 5 1.853. 2.174 30 0.906 0.881
-15 5.180 5.993 6 1.774 2.053 31 0.891 = ———-
-14 4,957 5.681 7 1.704 1.946 32 0.876 ————-
-13 4.731 5.369" 8 1.639 1.848 33 0.861 = ————
-12 4.485 5.041 9 1.579 1.761 34 0.847  ————
-11 4.263 4.745 10 1.524 1.681 35 0.834  ————
-10 4,031 4,642 11 1.472 1.608 36 0.822  ————-
-9 3.823 4,174 12 1.421 1.541 37 0.809 = ————-
-8 3.597 3.889 13 1.374 1.479 38 0.798 - ~————
-7 3.397 3.638 | 14 1.330 1.422 . 39 0.787  ————-
-6 - 3,217 3.410 15 1.290 1.370 40 0.776  ————
-5 3.038 3.190 16 1.253 1.321 41 0.766 ~———-
-4 2.878 2.993 17 "1.219 1.276 , -
-3 2.726 2.808 18 1.185 1.233
-2 2.584 2.635 19 1.154 1.193
-1 2.443 2.467 20 1.124 1.156
0 2.333  ——eee 21 1.097 1.121
' 22 1.071 1.088
23 1.046 1.057
24 1.023 1.028
25 1.000 1.000

(a) Correction factors derived from equation [6].
(b) Correction factors derived from the formula published by Wiebe et al. (34), -

equation [7].

_gz.—
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ntd + 40° C describe‘psycnrometer behavier as a single, well-behaved
funetidn, with no discontinuities. A formula agreeing With‘equatien [7]
was derived from a portion of the data used'ro develdp equation [5].
Tabie 2 illustrates the'nse'of eorrection faetors to determine

temperaﬁure-correeted Y values. For ex;mple, using the appropriate
factors from Table 1, we converted negative water potential readings,
collected from a randomly selected psychrometer, to the standard 25° C
values shown in Table 2.. None of the calculated values in Table 2
enactly equaled. the. ~2,58 bar readings at 25J C or the -2 bar extraction
value, but considering the standard deviations,'they'appear te belong to.
.tne same data group,‘with the possibie exception of the —16 C and -3° C:
readings. Each temperature’gronp reported in Tabie 2 represents at
1east 5 separate readings. Two -1° ?lgroups~are reported becauseﬂthey
were taken at different times. The somewhat higher readings (lower:
~ water potential) were typical of readings taken in the -1° C to —3° c
range as shown also in Figures 6 and 7 Thermocouple psychrometers
generally did not sense water potential developed by freezing (wi)f ih,
-order te respond to the potential descriﬁed in equation [A], the therno;
couple junction had td ne covered‘wiﬁh a supercooled water film. Snper—
) coeling eccasionally occurred, especially in the temnerature range of 0°
to -3° C, resulting in high trans1ent readings that were very difficult

to interpret. The temperature at which supercooling phenomena——w11d

readings--were first observed was thonght to represent the temperature
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Table 2. Temperature-corrected readings from a psychrometer in a

soil sample extracted to‘—Z'bars water potential.

(microvolts) /.48 (correction factor) = -y
Temperature co Correction Water
- . °C Reading" Factor Potential
. uwv o ' A R
25 1.240 0.398 1.0000 - -2.58 0.83
7.1 0.654 0.121. 1.7039 -3.25 0.76 -
-1 . 0.632 0.148 2.4670 -3.25 0.76
-1 . 0.632  0.148" . 2.4433 -3.22  0.75
-3 0.422 0.133 2.8080° =2.47 0.78
-5 0.311  0.078 3.1900 -2.07 0.52°
=10 0.224 0.056 - -2.07 0.52

4.4422

i,




g

Bars Negative Water Potential

-15 -0 -5 0 5 10 15 20
Temperature °C

Response of a Vaseline Coated Thermocouple

23




ks 1

- O
—\A\»

N

1
N

Potential
1
w

1
'S

i
O

Water

A
o

|
N

1
(o <]

£
0

1

Bars Negative

L%

il

=20 ;=15 TV 5 0 | SRECRC TS 20
Temperature C

Fig. 7 Summary of All Psychrometer Data From -2 Bar Samples




-30-
" at which soil water starts to freeze.' Readings below -3° C rapidly
became more repeatable.._One of the psychrometers with Vaseline-coated
thermocouple wires seemed to resfond as a wet bulb psychrometer at
témperaﬁufes from 0° to -3° C more often than other psychroﬁeters. The
readings from this péychrometer aré'sﬁmmarized in Figﬁre 6; The stand-
ard deviations of data from this psychrometer were less than fﬁoSe
indicated in figure 7 for all psycﬁfometers, The erratic readings at .
the interval of -1° to -3° C are also illustrated in Figure 7, which is
a summary of all usable data collected from all péychrometers in soil
samples eitrécted to ;2 bars water potential. This figure also includés
the data from the_péychrometer presénted in,fable 2 aﬁd ;he psychfometef
data presented in Figure 6. |

The apparent shift in water potential in the -5° to -10° C tempera-
ture range shown in Figure 7 is_thbugﬁt to bé a result.of water migration,.
because 'some prelimiﬁafy data showed a changed potential in this range,
sﬁch as ;hat shown in Figure 7.. At -10 bars water potentiél, a.féw
sgattered psycﬁrometer readings, taken after the fréezer therﬁoregulator'
setting had been changed but before thermal equiliﬁfiuﬁ had- been estab-
" 1ished, indigéted that some wate% migfatioﬁ took place wigﬁin.the small
.5011 sampie used.' When the thermofégulatdr was set to a low.er‘-te'mpera--~
~ ture, psyéhrometer readings taken before therﬁal equilibrium'wgre higher
(;éwer water-potenfial) than readings recorded after eéuilibrium was

reached. Conversely when the thermoregulator setting was raised,
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psychrometer readings taken before thermal equiliﬁrium were lower. (higher
watef'poteﬁtial) than those readingé récorded after equilibrium Wés
reached. These ddta Qere noted but not rééorded because their significaﬁcé
was not realized a£ the time datalwas being collected. This water flux
-was limited and apparently reVersed‘aéhthefmal equilibrium was approached.
If we could be certain that ﬁo water movement took‘place, we céuld
develop- temperature correction curves from these data. .By repeating the
experiment usihg a smaller soil saﬁple and leaving moré time for thermal
and Wate¥ equilibrium to take ﬁlace for each temperature, &ata for
developiﬁg empérical temperature corréctionAfactors couid probab1§ be
developed. -

Although &e collected data from sampleé extracted to both ;2 aﬁd -10
bars water potential, we only inéluded data from samples extracted to -2
bars in Figure 7; bécause no new Behavior.patterns were exhibited gt the
. =10 bar pétential; In other words, the data shown in Figure 7 repreéents
data collected at both potentials. |

Thérmocouple psychrometers generally appear to behave as ice bulb
psychrometers at témperatures beléw ~3° c, aééording.to the foilowing
reiationéhipi . 7

b = RT/vi n (pi/pi®) S [8]

where pi = the vapor pressure of ice iﬁ.eduilibrium with the soil systemni,
ﬁi = partial molal'volume of ice, ;nd Ehe qther symbols are used as they

have been defined before. Equation [4]‘prédi¢ts that the thermocouple
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psychrometer wet bﬁlb must be covered with supercooled water in ordér'to
.sense ¥j, as this rarely happens, except in the 0° to -3° C range,
thermocouple psychrometers behave as ice bulb psychrometérs apd do nét
resppﬁd to 4.

Readings below ~3° C, when multipliéd by the appropriate correction
factor from Tablé 1, were similar to the feadings obtained ét +25° C.
Apparentiy'the psychrqmeters respondéd only to pé;entials'iﬁ tﬁe soil
other than freezing pbtential.

Soil icé aéts as an infinite water sink as long as heat”flﬁg is
great enougﬁ to mqintain a constant freezing temperature.

Soil heat fiuxwis rarely fast enough to remove the latent heat
reléased from freezing water as fast as watér‘movement'cafries this‘
hea;. When such conditions exist, steady state témperaturé cannét bé
reached, and breaks in ice leﬁses ocgur, reéulting in ice 1ayefsvfa£hér
than solid ice (Jumikis 13).

Soil water tables can act as infinite water sources. In 1964,
Willis et al. (36) studied water flow in terms of water table change and
"soil water loss, énd described 1arge'thérmally drivgn water fluxeé;

We can think of the various.soil water potentials,és vector forces,
becauée they have both mégnitudé an&‘dirécfion; therefore, we can arrive
"at some concluSions about the net‘poéeﬂtials inlfreezing soils, gﬁd

propose some reasons for the observed psychrometer behavior.
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First of all, in the case of a closed soil column or a natural soil
profile with no accessible free water source, and assuming a constant
temperature freezing frént, Y4 develops as the_sbil freezes, and botﬁ
1iquid and vapor move from the higher to the lower potential levels;
that is, toward the freezing front, until Yy = y¢ (2, 10, 13, 36). TFlow
then stbps (considering only the soil column), and there is no net
potenfial, because we have equal pOtentials‘in opposite directionsnand,
by vecﬁor additi&n; zero potential. If we lower the temperature of the
freezing front, water will again move to the freezing front in response
to the lower water potential, until the oﬁéosing forces are égain qual
(natural frozen soil systems seldom, if ever, arrive at equilibrium).

if we then add an infinite Water source, and“supéose that the ice
is ffee,from space limitations so thaé it'caﬁ act as an infinite sink

 (froéen soil Qill heave, if necessary), water will flow through éhe soil
to the ice front. Supposedly, water flow wiil arrive'at a steady state,
driven by theApotentials deécribed by'vector addition. Y will then .
define the water film thickness.

These two simplified, but extremé, cases describe thé roie of the .
potentials in freezing soil systems. 4 is the potential developed by
virfue of' the presence of ice at témperafure T. This potential is a .
function of I alone, bgcause ice lénses in.sbil are pure, normal ice,

and are essentially free from external pressures. Yy tends to restrain
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water from moving to the ice. Water flux will stop when, by vector
addition, y plus ¥4 equal zero. Thermocouple psychrometers,'as u;ed in
this experiment, responded only to y¢ qf the unfrozen soil sample,
5ecause water migfation was nil under the experimental conditions.
SUMMARY
It was possible to read commercial thermocouple psyéhrometers at -2

aﬁd —1Q bars water poteﬁtial and at temperaturés as low as —ZQ° C.
Within the temperature range of 0° to -3° C, erratic behavior made
.reading very difficult. Psychrometers with fine-mesh stainless steel
coveré were easier to clean and required less equilibration tiﬁe than
psychrometers with ceramic cove¥s. Ceramic covers intensified cleaning
problems and caused substantial timelag in reaching the equilibrium
necessary for psychrometer response.‘ At #imes,.applying a very thin
coat of Vaseline bn‘the thermocouple junction appeared to make super—
cooling'possible. However, in the absence of supercooling,‘the thermo- .
couple psychfometers“appeared to behave as ice bulb psychrometers at
température; below -3° C, and measured only potentialé not due to
ffeezing. Coéting thermocouple wires with Teflon improved tﬁe.épability
of the psychrometers,.but coating the wires with either Teflon or

Vaseline increased the required cooling rate and time.
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