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ABSTRACT 

A miniature thermistor instrument which resolves temperature dif

ferences of 0.001° C was developed for measuring vapor pressure over a 

wide temperature range. Its response to differential vapor pressure 

closely matches the response predicted by thermodynamic theory. 

The instrument consists of: (1) a thermistor probe assembly, 

(2) a circuit for generating a pulse having a duration of 10 to 100 mil

liseconds, (3) a pulse amplitude control circuit which controls the 

amplitude of the output pulse, and (4) a constant current source which 

maintains one milliamp through the thermistor sensor regardless of its 

temperature dependent resistance variations. Voltage measurements 

across the probe are made with an oscilloscope equipped with a differen

tial input amplifier. 

The psychrometer was used in a miscible displacement study which 

involved measurement of the dispersion of a salt front moving through a 

soil column. TITO psychrometers were mounted 5 cm apart in a 15-cm-long 

soil column. Unsaturated flow was established with pure water. The pure 

water was rapidly changed to a salt solution and the movement of the salt 

front and its dispersion were measured with the two psychrometers. The 

psychrometers successfully measured the breakthrough curves, which were 

tested against an existing mathematical model. 

The existing model has strict restraints placed on its velocity 

and dispersion coefficients. The model used did not compare favorably 

viii 
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with the data since the experimental controls did not hold the velocity 

parameter at a constant value. 

The model was then modified so that the restraints placed on the 

parameters could be relaxed. This model is more flexible, and more 

powerful for predicting salt front dispersion and movement. 



CHAPTER 1 

INTRODUCTION 

A miniature thermocouple psychrometer first used by Spanner 

(1951) has stimulated a great deal of interest as a useful tool for 

measuring total potential in water related systems. Miniature psychrom-

eters have been applied in a variety of disciplines. The most common 

use has been the measurement of total water potential in soil water sys

tems primarily as related to plant response. 

The total water potential is the sum of several potentials in

cluding the matric and solute potential. The matric potential is related 

to the physical characteristics of the soil, while the solute potential 

is related to the salts present in the system. The solute potential is 

extremely important in assessing movement of solutions in soils with high 

salt contents. 

Miniature psychrometers have several distinct advantages over . 

other devices for measuring water potentials. It is theoretically capable 

of high precision measurement, and has the ability to measure total water 

potential rather than single components. A second advantage is its small 

size allowing studies such as investigation of water potential near the 

root of plants (Merva and Kilic, 1971; and Mx>re and Caldwell, 1971). 

Miniature psychrometers are not limited to plant-soil-water in

vestigations. Water relationships in lower plants are less well under

stood than those in higher plants. The small size of the organism closely 

1 
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couples them to the environment. In studying these organisms, artifi- • 

cial substrate such as agar-agar gels are in common use. 

The thermocouple psychrometer has proven to be the most reliable 

means of characterizing the water status of such substrates. The psy

chrometer has also proven to be of value in measuring the osmotic and 

turgor components of the water potential in cases where cryogenic or 

other procedures are unreliable (Van Haveren 1971). 

The process of snow metamorphism is highly dependent upon the 

existence of negative vapor pressure gradients within the snowpack. 

Strong negative gradients result in a transfer of water vapor and redis

tribution of mass from warmer to colder regions of the snowpack. Minia

ture thermocouple psychrometers have recently been successfully used in 

the field to measure these gradients, providing a means for studying the 

significance and possible causes of behavior (Van Haveren, 1971). 

A thermocouple device has recently been employed as a clinical 

laboratory instrument in studying biological fluids (Hunter and Campbell, 

1971). Clinical tests were run on a group of patients to test the util

ity of the psychrometer in diagnosis of disease processes complicated by 

serum electrolyte and osmolar derangements. The psychrometer measure

ments compared closely to the standard clinical methods of freezing 

point depression. 

The versatility of miniature psychromcters is borne out by the 

uses to which it has been applied. Simple, inexpensive, thermocouple 

psychrometer instrumentation has recently become commercially available. 

The commercial instrument is a thermocouple psychrometer similar to that 



developed by Spanner (1951) , where the "wet bulb" is produced by water 

condensing on the junction cooled by the Peltier effect. 

Several difficulties are associated iri.th the device. The magni

tude of signal produced is in the microvolt range. Small signals such 

as these must be very carefully handled since a small voltage drop oc

curring at a poor connection or a dirty switch contact introduces sig

nificant errors into the measurement. For example, a voltage drop of 

only 2 microvolts in measuring a 20-bar osmotic potential will intro

duce a 20 percent error in the signal. The signal from the thermocouple 

psychrometer is transient, thus measurements require that the lag be

tween the time condensation occurs on the thermocouple junction to the 

time the measurement is taken must be precise and consistent. Geometry 

of the thermocouple junction will also influence the measurement. Al

though Lopushinsky (1971) has recently developed a method of welding 

junctions that apparently produces constant responses, in the past each 

thermocouple had its own characteristic response. 

A primary objective of the study was to develop a highly sensi

tive, stable psychrometer, with reproducible characteristics, having a 

signal strength large enough to minimize both human errors, and errors 

caused by mechanical connections and switching mechanisms. The pulsed 

electronic psychrometer (PEP) developed in this study produces a signal 

with magnitude 1000 times greater than that of the thermocouple psychrom

eter. 

The precision of the PEP matches or exceeds that theoretically 

obtainable with the commercial device. Its response closely follows 
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the theoretical expectations derived from thermodynamic and physical 

lavs. 

It was thought worthwhile to test the device in a study involv

ing movement of salts in soil solutions, e.g., miscible displacement. 

Phenomena such as the movement of water and fertilizer salts into the 

root zone of plants, or salt water intrusion into fresh water aquifers 

can all be interpreted with miscible displacement theory. Models previ

ously used to describe the process require measurements to be made 

under strict steady state conditions. 

The usual method of studying miscible displacement as described 

in a series of papers by Nielsen and Biggar (1961, 1962, 1963) produces 

a single breakthrough curve. The curve is obtained by collecting a series 

of effluent samples from the soil column and measuring the amount of the 

tracer that appears in the effluent. It was believed that the PEP would 

be useful in studying this phenomena. This study, using the PEP, allowed 

a series of breakthrough curves to be obtained at different distances 

along the flow path. The time and distance dependent changes that shape 

the breakthrough curves as the invading solution moves through the soil 

column can thus be observed. The measurements made with the PEP pro

duced a model to be developed and tested which does not require steady 

state conditions. 



CHAPTER 2 

LITERATURE REVIEW 

2.1 Thermodynamics 

Psychrometers used in evaluating soil water depend on energy 

gradients which exist in the soil water system. The energy gradients 

can be described using the concepts and theories of thermodynamics. 

Thermodynamic concepts were first suggested by Buckingham (1907) for 

the soil water system, when he used the concept of mechanical potential 

to describe the forces which move water through a soil column. Capil

lary potential, an attractive force existing between the soil and water, 

was first recognized by Buckingham (1907). He relates the capillary 

potential to the movement of a unit mass of water from one point in the 

soil column to another. He illustrates the significance of the capillary 

potential by describing the change in potential with height (-f̂ ) in a 
dZ 

vertical soil column. 

2.1.1 Potential Theory 

Neglecting gravity, the energy (e) required to move a small mass 

of water (dm) from (z) to (z + dz) with respective capillary potentials 

of 0(0 and (i|i + ||) is, 

de = dm - [* + Cffdz)] dm (1) 

5 



which, when simplified, becomes 

de = - -24 dzdm . (2) 
o Z 

The work done against the force of gravity in lifting the mass 

(dm) through the distance (dz) is (gdzdm). The total work is therefore 

and 

- dzdm + gdzdm = 0 (3) 

f - 8 • W 

Integrating equation (4) yields 

4> ~ gz = c (5) 

The constant c can be evaluated to be zero, since at z = 0 and ip = 0, 

c must be equal to zero. Substituting c = 0 into equation (5) yields 

ip = gz . (6) 

The capillary potential is therefore equal to the hydrostatic 

pressure of the soil water and may be expressed in terms of height of 

a water column. 

Buckingham (1907) indicated that a more rigorous treatment of 

the system would require use of thermodynamic reasoning. 

2.1.2 Thennodynainic Concepts of Soil Moisture 

Thermodynamic concepts were applied to soils in great detail by 

Edlefesen and Anderson (1943). They pointed out that the conditions 

under which most major soil water changes occur are at constant 



7 

temperature and pressure. These conditions are particularly adaptable to 

the use of Gibbs free energy in describing soil water. 

Subsequent papers tended to criticize and refine the previous 

concepts and to clarify and standardize the notation and meaning of the 

terms as they occur in the equations. This was the purpose of a paper by 

Bolt and Frissel (1960). They brought together a number of papers in 

order to establish a continuity of terms as used by different authors, 

where they point out four ways of describing the soil water system. 

One may choose to regard the soil-water-air system in two differ

ent ways. One way is to choose a three-phase system in which only the 

water phase is considered. In this system the variables are chosen to 

determine the partial molar free energy of the water only, where the water 

is an electrolytic solution. 

The second way to choose the soil-water-air system is as a homo

geneous system. This approach allows the introduction oj; water content 

as a variable which is not possible in the first approach. 

Each of the two approaches has a micro approach which can be 

considered; thus there are four possibilities for describing the system. 

The four approaches should all lead to the same results if the variables 

describing each system are consistent. The macro system, where only the 

water phase is considered, is the approach chosen by Edlefesen and 

Anderson (1943), Day (1947), Low (1951), and Bolt and Miller (1958). 

The equations developed by each of these authors all show consistency in 

describing the total energy of the soil-water system when the symbols and 
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terms are compared to the parent equation developed by Bolt and Frissel 

(1960). 

The total energy of soil water can be defined as "the minimum 

amount of energy required to remove water from the soil water system in 

excess of the energy required to remove pure free water from the same 

point in space" (Taylor, Evans and Kemper 1961). The total energy of 

soil water is composed of independent components which include poten

tials associated with pressure, temperature, the soil matrix, and the 

soil water solutes. Embodied in these components are surface force fields 

and other mechanical potentials. 

Total potential of soil water can be evaluated from vapor pres

sure measurements. The vapor pressure method was used by Robins (1952) 

who suspended wet and dry soils in controlled humid environments. The 

wetter soils lost water and the dry soils absorbed water until equilib

rium was reached. He demonstrated that soil moisture in a closed system 

is dependent on the vapor pressure of its surroundings where the trans

fer of water into or out of the soil in the vapor phase is dependent on 

the potential of the soil water. When vapor pressure equilibrium tech

niques are used to measure the soil water free energy, the measurement 

includes the effect of all components with the exception of external 

force fields (Low and Deming 1953). 

A potential (iji) can be defined as a function of vapor pressure 

by: 

* = R'T In £ (7) 
ll 
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where R' is the gas constant, T is temperature in degrees Kelvin, P is 

the vapor pressure of the soil water, and PQ is the vapor pressure of 

pure water. 

2.2 Psychrometry 

The thermodynamic relationship expressed by equation (7) is the 

basis for the development of miniature psychrometers used in measuring 

the energy status of water in soil water systems. Mich of this effort . 

evolved from Spanner's (1951) work with thermocouple psychrometers, the 

work of Richards and Ogata (1958) who also used thermocouples, and the 

earlier efforts of Hill (1930) with thermistors. 

This work was soon followed up by others who further developed 

the theory of psychrometer operation, made improvements in the technique 

of measurement, described precise temperature controlled baths and in

vestigated the source of errors inherent in psychrometric techniques. 

2.2.1 Thermocouple Psychrometry 

Thermocouple psychrometry employs two methods of moistening the 

wet bulb sensor. The earlier method which was developed by Spanner (1951) 

uses the Peltier effect to produce the "wet bulb." The Peltier effect . 

is achieved by passing a small current through the thermocouple in the 

opposite direction of its emf. The current causes the junction to 

cool and a small amount of vapor then condenses on the junction. Termi

nation of the cooling current will allow the junction to warm to the 

temperature of its surroundings. There will be a slight cooling of the 

junction, however, as a result of evaporation which will generate an 
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emf which is proportional to the temperature depression of the wet 

sensor, and is an indirect measure of the vapor pressure within the sys

tem. The measurements were displayed using a ballistic galvenometer, 

where the throw of the galvenometer is indicative of the temperature de

pression at the wet junction. Psychrometers using the technique of 

Peltier cooling as developed by Spanner (1951) will be referred to as 

peltier psychrometers. 

The second technique was developed by Richards and Ogata (1958) 

who manually wet the junction with a drop of water prior to placing it 

in the system under test. Richards and Ogata (1958) used both the 

ballistic galvenometer and a sensitive microvoltmeter to measure emf. 

Psychrometers, using the technique developed by Richards and Ogata (1958), 

will be referred to as wet loop psychrometers. 

One of the most important advantages of psychrometric methods for 

water potential measurement is the high accuracy of the results obtained. 

The minor difficulty is that a slight change in relative humidity of the 

sample chamber occurs over a large potential change, while a much greater 

relative humidity change occurs with only a slight temperature change. 

For this reason the temperature of the chamber must be controlled with a 

high degree of accuracy. The accuracy needed as theorized by Spanner 

(1951) would be on the order of 0.001° C. 

Spanner (1951) showed that the amount of cooling which can be 

attained from the Peltier effect is quite small. Solutions whose os

motic pressure range is within interest must also have the dew point 

depression within the range of peltier cooling. The dew point depres

sion of a solution having an osmotic pressure of 80 atmospheres is 
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approximately 1° C, which is within the range of peltier cooling. 

Thus, in order to measure the dew point depression at an osmotic pres

sure of 0.1 atmosphere, the temperature resolution must be 0.001° C. 

A solution having an osmotic pressure of 0.1 atmospheres cor

responds roughly to a concentration of 0.005 molar. Solutions having 

concentrations of this magnitude are within the concentration range 

that would be found in a soil solution. The high degree of temperature 

control is therefore necessary, which is one of the most serious draw

backs of using psychrometers to measure water potentials. 

In spite of the rigid temperature control requirements, the util

ity of psychrometers has been shown by many workers in measuring the 

water potential of both plants and soils. Spanner (1951) measured the 

diffusion pressure deficit in young wheat plants and slices of potato 

tubers. Water potential in both peppers and trefoil was measured by 

Ehlig (1962) using a wet loop psychrometer. He measured the diffusion 

pressure deficit at different degrees of plant desiccation up to the 

point of severe wilting and demonstrated a substantial increase in the 

diffusion pressure deficit as the desiccation of the plant tissue in

creased. 

Korven and Taylor (1959) used the peltier psychrometer to measure 

the relative activity of soil water. The psychrometer was first cali

brated over sulfuric acid solutions, then used in the soil-water system. 

They concluded that the psychrometer measured equally well in either 

system. Klute and Richards (1962) using a wet loop psychrometer attempted 
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to evaluate the effect of temperature on the relative vapor pressure of 

water in soils. They were not successful due to the large measurement 

error. 

The wet loop and peltier psychrometers were compared by Barrs 

(1965). He used the two psychrometers to measure the water potential 

of leaves. Respiring leaves cause heating within the sample chamber, and 

thus can introduce an error into a water potential measurement. The 

rise in temperature of the chamber above that of the surrounding water 

bath produces an emf The peltier design has the advantage of allowing 

temperature fluctuations caused by respiring sample material to be mea-

sured,prior to taking the water potential measurement. Thus, a correction 

can be made in the water potential measurement, which assumes that the 

chamber and sample materials are in equilibrium with the surroundings. 

When the temperature of the sample materials was controlled, it was found 

that the two psychrometers closely agree. 

A comparison of two methods for measuring diffusion pressure 

deficit, using the peltier psychrometer and a method of equilibrating 

leaf tissue over solutions of known vapor pressure, was made by Slayter 

(1958). At low diffusion pressure deficit the two methods were comparable, 

but as the diffusion pressure deficit increased the measurements began to 

deviate. The region where the plant cells began to plasmolize appeared 

to be the region where the psychrometer technique was more reliable. 

Nfonteith and Owens (1958) modified the peltier psychrometer by 

changing the thermocouple material. They used chromel-constantan wires 

rather than the tin-bismuth originally used by Spanner (1951). They also 
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used microammeter measurements of a steady state wet-bulb depression 

which are more easily read and can be related to theoretical values. 

They concluded that the method is useful, but the required close controls 

limit it to laboratory applications. 

Richards and Ogata (1958) described a set of thermocouple psy-

chrometers calibrated over KC1 solutions. The sensitivity value of all 

instruments was close to 0.570 microvolts/bar. They also noted that cor

rections may be needed in the sensitivity of the thermocouples for changes 

in barometric pressure. The value of such corrections is on the order of 

_ 3 1.50 x 10 microvolts for a 10 millibar change in barometric pressure. 

Brown (1970) discussed both the peltier and wet loop psychrometer, 

and included detailed descriptions of their construction. He noted the 

effects on the response time of the psychrometers by surrounding the 

junctions with screen cages and ceramic cups. The ceramic cup has the 

greatest effect in increasing lag time for equilibrium. 

Barrs and Slayter (1965) felt that the wet loop psychrometer is 

superior to the peltier psychrometer. The wet loop psychrometer lacks a 

transient nature and is stable once a steady state is obtained. The cir

cuitry is also simpler and the thermocouple is more strongly constructed. 

2.2.2 Errors in Thermocouple Psychrometry Measurements 

Boyer (1964) considered three sources of error in psychrometry 

measurements. Wall error occurred when the chamber wall absorbed water, 

and caused a long waiting time before steady state conditions were ob

tained. The production of metabolic heat by the sample material is 

another source of error. The metabolic heat caused the chamber 



temperature to rise above the bath temperature, which resulted in exces

sively high water potentials. The third error arose when the sample 

material resisted transfer of the water vapor from the wet bulb to the 

sample resulting in excessively high water potential measurements. This 

source of error was also investigated by Rawlins (1964) in experiments 

with plant materials where he found the permeability of leaves to water 

vapor caused significant errors. 

The wet loop psychrometer appeared to be the favored laboratory 

device, while the peltier psychrometer is more adaptable to field use. 

The peltier psychrometer was used by Rawlins and Dalton (1967) without 

precise temperature control to measure water potential in soils. The 

psychrometer operated well since temperature fluctuations in the soil 

could be corrected during its use. 

The psychrometer consisted of a sample chamber and a pair of 

thermocouple junctions with the reference junction of the psychrometer at 

ambient temperature. Changes in thermocouple emf at constant water 

potential are possible as a result of changes in ambient temperature. 

The water potential is temperature dependent; however, the ambient temper

ature does not have to be known any closer than 3° C to infer water 

potential to the nearest one percent. 

The relationship between wet-bulb depression and chamber relative 

humidity is also temperature dependent. The ambient temperature of the 

chamber or the temperature difference between the inside and outside of 

the chamber must be known to correct, for any errors caused by these temper 

ature effects. A correction can be made by measuring the emf of a 
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thermocouple employing peltier cooling prior to condensing water on the 

junction, then subtracting this from the emf." following cooling. Thus, 

subtracting the emf prior to cooling from the following cooling cor

rects for any temperature differences between the junctions and the 

chamber. An increased wet-bulb temperature depression can occur from a 

decrease in relative humidity if the chamber is heated by metabolic heat

ing and water could not enter the chanter quickly enough to saturate the 

atmosphere. 

2.2.3 Thermistor Psychrometry 

There have been a number of instruments \>rhich use thermistors as 

the principle sensing elements, and are capable of making precise dif

ferential vapor pressure measurements. The thermistor has been pre

ferred by some workers over the thermocouple as a temperature sensor for 

a number of reasons. The thermistor is a rugged element which has a 

greater response to temperature than other transducers. Thermistors are 

commercially available that are coated with teflon or imbedded in glass 

rods for use in corrosive environments or with solutions that are elec

trically conductive. These features plus small physical size tend to 

make the thermistor a more desirable transducer than a thermocouple for 

temperature measurement. 

Most of these instruments have a matched pair of thermistors 

connected in a wheatstone bridge circuit as used by Farm and Bruchenstein 

(1968) in a study of acid-base equilibrium in non-aqueous solvents. The 

thermistors are both wetted, one with the test solution and the other 

with solvent. At equilibrium, a steady state temperature difference 
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develops between the two thermistors, causing them to have unequal resis

tances. When the two thermistors do not have equal resistances, they 

upset the balance of a wheatstone bridge. The degree of unbalance is pro

portional to the vapor pressure differential between the solution and its 

solvent. 

Another study done by Brady, Huff and McBain (1951) used a similar 

thermistor psychrometer. This instrument employed a pair of thermistors 

in an A.C. bridge circuit, thus eliminating some of the effects of para

sitic oscillations and vibrations which are encountered in the D.C. method. 

The instrument was calibrated over aqueous solutions of several potassium 

salts. The results showed a linear relationship between concentration 

and the amount of unbalance in the bridge. 

Huff, McBain and Brady (1951) measured the vapor pressure over 

aqueous solutions of soap and detergents. Properties such as surface 

tension, and emulsifying ability are closely related to the thermodynamic 

properties of solutions. Since most thermodynamic information is derived 

from freezing point depression measurements, vapor pressure measurements 

are needed to fill the information gap above 0° C. 

Mueller and Stolten (1953) used a thermistor psychrometer with a 

matched pair of thermistors in a bridge circuit to measure vapor pressure 

over non-aqueous solutions. The selection of a high resistance thermistor 

and bridge circuitry provided measurements for the determination of the 

molecular weights of non-volatile solutes in various solvents. The data 

obtained from the thermocouple psychrometer were both stable and repro

ducible . 
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2.2.4 Field Applications of Psychrometers 

Psychrometers are usually employed to measure water potential of 

samples in sealed chambers under controlled laboratory conditions. Re

cently, however, the psychrometer has been used to measure water potential 

in a living system. This was done by lViebe et al. (1970) for measurement 

of the water potential in the trunk, branches, twigs and leaves of several 

trees. Rawlins and Dalton (1967) also used the psychrometer in a field 

situation to measure changes in soil water potential during irrigation 

cycles. 

Kay and Low (1970) also employed a thermistor psychrometer using 

a matched pair of thermistors in a soil water system. They used a psy

chrometer which was similar to that used by Farm and Bruchenstein (1968) 

to measure the total suction of soils. The measurements taken with the 

psychrometer were compared with those obtained with a pressure membrane. 

The results were comparable in soils with low clay content but were in

consistent as clay content increased. This discrepancy could have been 

due to the presence of dissolved solutes or shrinkage of the soil away 

from the membrane. 

2.3 Miscible Displacement 

The principle interest in this study is the development of a 

Pulsed Electronic Psychrometer (PEP), and its verification by testing in 

a system which operates under known laws. The system chosen for verifi

cation of the PEP is one involving the phenomena of miscible displacement. 
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2.3.1 Description of Miscible Displacement 

Phenomena occurring in leaching of soils, movement of fertilizer 

into the root zone of plants, and salt water intrusion into aquifers can 

all be interpreted with miscible displacement theory. 

There are two mechanisms affecting mixing at a salt water-fresh 

water interface. The first mechanism is called dispersion. Day (1956) 

described dispersion as a type of mixing which occurs at the salt water-

fresh water interface when the interface shifts. The second mechanism is 

diffusion, which is mixing by intermolecular motion within the solution. 

Day (1956) indicated that dispersion is the more significant mechanism for 

redistribution of dissolved solutes when water moves through a soil. How

ever, effects of diffusion should not be ignored even when the coefficient 

of dispersion is greater than the coefficient of diffusion, as diffusion 

must occur when a sharp concentration gradient occurs in the liquid phase. 

The effects of diffusion are independent of dispersion. The degree of 

mixing at the solution interface will be the result of one mechanism 

superimposed on the other. De Josselin De Jong (1958) pointed out that 

diffusion will have a significant role only when the liquid phase is 

motionless. The movement of the invading solution coupled with the action 

of diffusion caused the interface between the resident and invading solu

tion to become blurred. 

Nielsen and Biggar (1961) discussed the different shapes of 

breakthrough curves and their causes. The shapes of the breakthrough 

curves are caused by physical and chemical reactions in the column such 

as chemical precipitation of the tracer, longitudinal dispersion, pore 

size distribution and water velocity distribution. 
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Corey, Nielsen and Biggar (1963) examined miscible displacement 

in saturated and unsaturated sandstones. They found that only limited 

mixing occurred by molecular diffusion and showed that there is a lack of 

interconnections between the major pores in sandstone. This situation 

differs from that found in soil. 

Glass beads have been used by several workers as an inert uni

form porous media. Nielsen and Biggar (1963) used glass beads in a 

column to determine relative contribution of diffusion as affected by 

variation in pore water velocity to mixing. They found significant mixing 

by diffusion. 

2.3.2 Models Developed to Describe Miscible Displacement 

A number of models have been developed in an attempt to describe 

the movement of a salt front through porous media. The problems of 

modeling soil-water flow systems are complex and require simplifying as

sumptions which may or may not be justified. Scheidegger (1958) listed 

models which have been developed as network and statistical models. 

Statistical models were first used in connection with the kinetic theoiy 

of gases and later applied to Brownian motion. All models, regardless 

of their development, must be tested by comparisons with experimentation. 

Nielsen and Biggar (1962) discussed two models for describing 

miscible displacement. Both are statistical models. The first was the 

dispersion equation: 

(8) 
oX 

where c is concentration, x is distance, t is time and D is the dispersion 



coefficient. This model assumes that D is a constant not dependent on 

water content of the soil column. 

The second model is more elegant, and accounts for both the dis

persion and translational velocity of the interface between the resident 

and invading solution moving through porous media. The model similar to 

that described by Lapidus and Admundson (1952) is: 

— = D 3  ̂ - v — (9) 
3t ax2 v 3x w 

where v is as described and the other terms are tine same as in the first 

model. This model requires the concentration at any cross section to be 

uniform, and there are no chemical or physical reactions in the system. 



CHAPTER 3 

PSYCHROMETER THEORY 

3.1 Thermocouple Psychrometer Theory 

The theory for the wet loop thermocouple psychrometer relating 

the output electromotive force (emf) to temperature, pressure, psy

chrometer geometry, and water potential was developed by S. L. Rawlins 

(1966). He assumed for steady state conditions that heat flow into the 

sensor by radiation, conduction through the air, and conduction through 

the wires was balanced by evaporative cooling; he wrote: 

dQ(evap) _ dQ(rad) ̂  dQQvire) ̂  dQ(cond) nn> 
dt dt dt dt 

where Q is the quantity of heat and t is time. The individual heat flow 

terms were then analyzed to produce an equation relating emf to 

The equation is: 

emf = 796(1 - exp 7.26 x 10"%) (11) 

3 .2  Thermistor Psychrometer Theory 

The pulsed electronic psychrometer (PEP) described here differs 

from the wet loop thermocouple psychrometer in the measurement signal. 

However, it is also possible to derive a theoretical equation for the PEP 

relating AR and ip that is similar to equation (11). The following devel

opment produces such an equation. 
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The relationship 

R = R0 exp BT1 (12) 

describes the variation in resistance R of a thermistor with temperature 

T where is , Rq is the resistance at the reference temperature 

T , and B is the characteristic constant of the thermistor. Temperature 

is in Kelvin degrees. Equation (12) solved for gives: 

T1 = B ln R~ * 
o 

The relationship 

R = R0 + AR , (14) 

where AR is the change in resistance going from temperature Tq to temper

ature T, can be substituted into equation (13), which gives 

1 Ro + aR 
T1 = I ln C R )• (15) 

o 

The Clausius-Clapeyron equation can be written in the form 

 ̂ln (1 - XB), (16) 

where R1 is the universal gas constant, H is the heat of vaporization of 

water, and Xg is the mol fraction of the solute. The equation describes 

the concentration of the solution as a function of T̂ . Equation (13) 

and (16) can be combined to give 

In (1 - Xg) = I in (1 + ̂ ) . (17) 
o 

Solving for (1 - Xg) yields 
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(18) 
o 

The right hand side of the equation (18) has the form 

a •  £ N .  (19) 

This form can be expanded by a power series to 

(20) 

which when applied to equation (18) yields 

(i - XB) - 1 + (R ) • 
o 

(21) 

All terms beyond the second term are small and can be ignored. Solving 

equation (21) for AR yields 

R R'B 

AR = " "V XB • (22) 

The equation describes the change in resistance of the thermistor as a 

function of the mol fraction of the solute which must be related to 
/ 

water potential tp of the solution. Raoult's law described vapor pressure 

lowering as 

where P is the vapor pressure developed over a solution, PQ is the vapor 

pressure of the pure solvent, and X̂  is the mol fraction of the solvent. 

The basic thermodynamic equation which describes ij; as a function 

of a vapor pressure ratio is 

P (23) 

(24) 

where V is the molar volume of water. 
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The relationships 

Kg - 1 - XA (25) 

and 

XA = PT C26) 

when coirbined yield 

\ = 1 " (27) 
o 

p 
Solving equation (24) for p- yields 

o 

| = exp (pjO (28) 
o 

Finally we substitute equation (22) and (27) into (28) which yields 

R R'B . T7 
AR = - -2̂ — [1 - exp (g)] (29) 

This equation is identical in form to the one developed by Rawlins (1966) 

for the wet loop thermocouple psychrometer. The quantity B is a constant 

and is calculated from equation (12) in the temperature range in which 

the device is being operated. The sensitivity of the instrument, which 
R R'B 

is related to the quantity (-n •) is governed by the values of R and 
H 0 R R'B 

B, both of which must be chosen as large as possible. The quantity -pj 

has a larger value than the constant in equation (11). There was no at

tempt in the development of equation (29) to account for heat transfer 

toward the thermistor by conduction along the wires, or by radiation 

and convection from the chamber walls. Should such an analysis be made, 



R R'B 
the value o£ (-̂ n—) in equation (29) would be reduced to the value of 

H 

the constant in equation (11) as calculated by Rawlins (1966). 



CHAPTER 4 

INSTRUMENT DESCRIPTION AND OPERATION 

4.1 The Pulsed Electronic Psychrometer (PEP) 

The pulsed electronic psychrometer (PEP) was constructed as a 

laboratory instrument to measure the water potential of solutions, soils, 

and biological materials. The sensor in the PEP probe is a miniature 

glass bead thermistor moistened by the wet loop technique. The dry bulb 

or reference temperature is established by the temperature of the sur

roundings. The resistance change of the thermistor due to wet bulb depres

sion is indirectly measured as a change in voltage. The temperature 

depressions must be measured with a large degree of resolution. 

The current through the thermistor causes it to heat. However, 

any significant errors which would result from joule heating were elim

inated by use of a short duration pulse. An oscilloscope is required 

to accurately measure the amplitude of the pulse. 

The PEP is composed of seven components (Figure 1). They are: 

a pulse generator, pulse amplifier with its gain control, differential 

amplifier control for the constant current pulse circuit, constant cur

rent pulse circuit, thermistor probe assembly, and an oscilloscope. 

4.2 Pulse Generator 

The pulse generator, a monostable multivibrator, generates the 

pulse which activates the system. When the pulse generator is activated 
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by a switch it remains on for a preset time. The on time can be varied 

from 5 to 100 milliseconds with a variable resistor. 

4.3 Pulse Amplitude Control 

The pulse amplifier and its gain control consists of an opera

tional amplifier and a transistor switching circuit. The circuit is 

shown in Figure 2. The gain control is an operational amplifier ar

ranged in a non-inverting mode where the output voltage of the amplifier 

can be adjusted according to the relationship: 

Eo - Ein (Ro + V <30> 

where Ê n, the input voltage, is developed using a pair of batteries in 

series forming a constant 3.0 VDC input, RQ and R̂  make up the feedback 

resistor network for the amplifier, and Eq is the output voltage. From 

equation (30) it can be seen that the output voltage is controlled by the 

value which RQ is adjusted, since Ê n and are constants. 

The output voltage from the gain control amplifier is gated to 

the pulse amplifier which is a transistor switching circuit. A pulse at 

the base of the transistor switches the output of the gain control ampli

fier in the constant current circuit (Figure 3). 

4.4 Pulse Current Control 

The differential amplifier in the constant current pulse circuit 

is an FET (field effect transistor) input operational amplifier. Its 

output is connected to the gate of the current controlling FET. The FET 

acting as a valve in the line supplying current to the thermistor controls 
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the magnitude of the pulse. The constant current pulse circuit is acti

vated by a 4 volt pulse from the pulse amplifier in the previous stage. 

The pulse upsets the voltage balance between the two inputs of the dif

ferential amplifier causing a difference voltage at the gate of the FET. 

This drives the FET into a conducting mode for the duration of the pulse. 

4.4.1 FET Current Control Circuit 

Current flowing through the FET also flows through the thermistor 

and the 4000 J2 resistor R,. When the current through the FET reaches 1 

milliamp 4 volts is developed across Rc and is fed back to the negative 

input of the differential amplifier forcing both inputs to the same po

tential. The current will then stabilize at 1 milliamp. At the end of 

the pulse, the positive input of the differential amplifier returns to 

zero volts causing the output to drive the FET back into a non-conducting 

mode. Feedback voltage across R, returns to zero holding the FET in this 

mode. 

The amplitude of the current flowing through the thermistor is 

regulated by the voltage developed across Rc and is independent of the 

resistance in the series connected probe. 

4.5 Measurement Procedure 

The voltage pulse is displayed on an oscilloscope screen as a 

negative going square wave with an amplitude determined by the tempera

ture of the bath, the magnitude of the wet bulb depression, and the 

magnitude of the current passing through the thermistor. A 1 milliamp 

pulse was adapted as a standard to facilitate calculations. Using the 
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1 milliamp, current pulse, the height of the voltage pulse is 1 volt for 

each 1000 ohms of theimistor resistance. 

The oscilloscope is equipped with a differential amplifier plug 

in unit with an internal reference voltage which allows the position of 

a trace to be raised or lowered. The sensitivity range of the oscilloscope 

varies from 1 millivolt/centimeter to 5 volts/centimeter. Using the most 

sensitive scale, a pulse with a nominal value of 4 volts is represented 

as a pulse 4000 centimeters high. The internal reference is used to 

raise the pulse until the bottom 6 centimeters are visible. 

Any arbitrary reference level can be set and maintained with the 

system. A 1 cm change in pulse height from reference is equivalent to a 

1 ohm change in the thermistor. Changes of 0.1 cm which reflect a temper

ature depression of 0.001° C are easily resolved. 



CHAPTER 5 

CALIBRATION 

The PEP was tested to determine if the relationship predicted by 

equation (11) could be obtained. Tests were made over a series of potas

sium chloride (KQ) solutions with a probe assembly similar to that 

described by Korven and Taylor (1959), (Figure 4). 

5.1 Development of Calibration Curves 

A cooling curve was determined for each KCL solution used. Prior 

to a set of measurements, the test chamber was lined with a filter paper 

to increase the wetted surface area. The test chamber was sealed and 

placed in a constant temperature bath for 24 hours. The wire loop of 

the probe assembly was then filled with a water droplet and sealed in the 

chamber. Measurements were taken at 5-minute intervals thereafter. 

Voltage measurements were plotted against time for each solution. When 

no further change in voltage was detected, it was assumed that maximum 

cooling had occurred (Figure 5). The voltage at maximum cooling was used 

to develop a calibration curve for the PEP shown in Figure 6. 

5.2 Comparison of PEP to Known Psychrometers 

The performance of Rawlins1 (1966) thermocouple psychrometer and 

the PEP can be compared by dianging the dependent variable in equations 

(11) and (29). Figure 7 and Table 1 in the Appendix show f as a function 

of AT for both instruments. Although both equations predict a slight 

curvature at low i|i, the relationship is essentially linear. There 
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appears to be no difference between the PEP aid Rawlins' psychrometer. 

Both operate at less than maximum efficiency, as shown by the departure 

from the theoretical relationship predicted from the Clausius-Clapyeron 

equation. 

The soil probe relationship shown in Figure 7 was developed for 

a probe used in a miscible displacement study. The probe, built to be 

inserted in a soil column, was dipped into paraffin to protect the 

thermistor and to hold it in place. The paraffin became a pathway for 

heat conduction, causing a smaller temperature depression at the wet 

sensor. The result is reflected in a lower slope and a somewhat less 

efficient probe. 



CHAPTER 6 

APPLICATION OF PEP 

The PEP was tested in a laboratory study of miscible displace

ment. It was believed that the PEP would be useful in studying this 

phenomena as it can provide an in situ measurement. 

6.1 Soil Column Container and Probe Assembly 

Details of the design of the soil column container and the probe 

assembly are shown in Figure 8. The container was plexiglass tubing, 

5 cm in inside diameter and 15 cm long, fitted with plastic collars near 

each end to provide a base for attaching end caps. 

The end caps were machined to hold fritted glass plates, and 

could be bolted to the plastic collars. "0" rings were used between the 

caps and the plates as well as between the caps and the plexiglass tubing 

to completely seal the column. 

Two holes were drilled 5 cm apart in the top of the soil column 

container. A plastic tube 1 cm in outside diameter and extending 1 cm in

side the soil column container was cemented into each hole to provide ports 

for inserting PEP probes. A 100-mesh wire screen cage 4 cm long was at

tached to each of the plastic tubes. The screen cages formed small 

chambers inside the soil column into which the PEP probes can be in

serted. 
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The probe assembly consisted of plexiglass tubing for support, 

a glass capillary to hold the thermistor, and a wire loop for wetting the 

thermistor. The plexiglass tubing was machined to fit into the port. A 

shoulder fixed the distance the probe could be inserted. An "0" ring 

sealed the probe in the port. 

A glass capillary was cemented into the support, and extended be

yond the support to position the thermistor in the center of the column. 

A 4000-ohm glass bead thermistor, 0.04 cm in diameter, was installed to 

extend 0.2 cm from the end of the glass capillary, and cemented in place. 

The probe was then dipped into melted paraffin to secure the thermistor 

and waterproof the assembly. 

The wire loop, 0.3 cm in diajiteter, was formed from number 34 

wire. The wire with the loop was centered between the glass capillary 

and the plastic support. The loop encircled the thermistor at the end 

of the glass capillary. 

The thermistor lead wires were connected to a switch circuit 

which allowed each probe to be read independently. The switching cir

cuit also contained a set of variable resistors, one for each probe, 

which were used to set the resistance of each probe to an initial value. 

Because thermistors track closely over a small temperature range, such 

as experienced in this study, these corrections did not cause errors in 

measurement. 

6.1.1 Packing the Column 

The column was packed with acid-washed silica sand. The sand was 

sifted several times through a number 35 mesh (50 mm) and a number 60 
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mesh (250-micron) sieve. The sand which passed the 35-mesh sieve, but 

was caught on the 60-mesh sieve, after several siftings was used in the 

soil column. The sand was thoroughly washed in a 0.01 normal hydrochlo

ric acid solution. The washing was determined as finished when no traces 

of cloudiness could be detected. The sand was then thoroughly rinsed in 

distilled water until all traces of acid had been removed. The washed 

sand was oven dried at 105° C for 48 hours prior to packing in the column. 

Prior to packing the- soil solumn the screen cages were filled with cotton 

to prevent any dry sand from filling the PEP chambers. One end cap was 

bolted on, then sand was slowly poured into the container while the out

side of the container was continuously tapped with a metal bar. The 

process of pouring and tapping continued until there was no further set

tling of the sand. The second end cap was then bolted on to the assembly 

and the column carefully examined. If there appeared to be stratification 

in the column, the column was repacked. 

Prior to a run, the soil column was placed in a constant tempera

ture bath. The system was allowed to run for two days while the 

temperature and water flow rates equilibrated, after which the probes 

were wetted and installed in the column. The probes were then adjusted 

so that the absolute resistance of each was identical. 

6.1.2 Initiating the Miscible Displacement Run 

A run was initiated by replacing the fresh water input to the 

soil column with a 1-molar KC1 solution. Measurements were immediately 

made with each probe and continued thereafter until both probes had 

reached their maximum resistance, or their maximum voltage deflection. 
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Two runs were made; the first run was continued until the measure

ments taken at both probes had reached their maximum deflection. The 

salt water input was then changed over to fresh water. The second run 

was not started until the soil column was flushed with fresh water. The 

column was considered to be free of salt when the measurements taken at 

both probes were at zero deflection for several hours. 

6.1.3 Miscible Displacement Models 

A simple and expanded model for predicting breakthrough curves 

during miscible displacement is presented by Nielsen and Biggar (1962). 

The models are statistical and solutions to the dispersion equation. 

The simple model is: 

fe = i[er£cc—, (31) 
LO  ̂ Sffit 

where v is the average translation velocity of the salt front, Co is the 

initial concentration of the invading solution, C is the concentration 

of the invading solution at some distance z and t, and D is the dispersion 

coefficient. The expanded model is: 

C = l[er£cCziIt) + ê (vz)er£c(_ẑ } j _ (32) 

10 1 /m D mt 

Solutions for both models were programmed on the CDC 6400. The second 

term of equation (32) became negligible at large values of (t), (v), or 

(z). The high salt front translation velocities (v) encountered in the 

study reduced the value of the second term so that it was insignificant. 

Thus, only the simple model was used. 



CHAPTER 7 

RESULTS AND DISCUSSION OF PEP MEASUREMENTS 
MADE DURING MISCIBLE DISPLACEMENT 

The data collected during the two runs are given in the Appendix, 

Table 2. The column labeled volts is the voltage deviation away from a 

preset reference. The column labeled concentration ratio is calculated 

by taking the ratio of the voltage at each time to the maximum voltage 

depression measured during the run. 

The distribution of salt with time (t) and distances, z = 5 and 

z = 10, as measured with the PEP for the two runs are shown in Figure 9. 

The curves are breakthrough curves and represent the change in concentra

tion of potassium chloride, used as a tracer, with time as the salt solu

tion moves through the column. The breakthrough curve of run 1 at a 

salt front translation velocity of 0.00119 cm/sec is compared with that 

of run 2 at a faster initial velocity of 0.00124 cm/sec. The translation 

to the left at the higher flow velocity is the result of the salt front 

moving faster during the first run than during the second run, thus 

reaching the measurement points at 5 and 10 cm along the column earlier. 

The displacement of the two curves is not thought to be the re

sult of holdback. Sands, as pointed out by Nielsen and Biggar (1961) 

have very little holdback since they contain only a small volume of water 

which is not easily displaced. The effects of diffusion on curve 
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translation may also be largely discounted because of the high flow ve

locities used in the study. 

The breakthrough curves may be translated to the right because 

of chemical reactions or precipitation of the salt tracer. There may be 

a slight amount of interaction between the tracer and the sand, but sili

ca sand is usually chemically inert and has a low exchange rate. Thus, 

the displacement of the two curves was thought to be the result of dif

ferences in flow velocities rather than a chemical reaction or adsorption 

in the column. 

7.1 The Effects of D and v on the Shape 
of Breakthrough Curves 

In equations (31) and (32), D and v are considered constants. 

However, despite the large number of trial runs and the long time al

lowed for equilibrium, and despite the faithful reproduction of Nielsen's 

input apparatus, it was not possible to reach a steady state. The effect 

of changing velocity on breakthrough curves in shorn in Figure 10. Ve

locity has the effect of translating the curves to the right as it de

creases and to the left as it increases. 

The value of D was determined by iteration over a series of values 

from 0.00002 to 0.0005 by increments of 0.00002. The effect of varying 

D over three values is shown in Figure 11. As it increases, the break

through curve is rotated about its midpoint. An optimum value of D = 

0.0003 was selected for use in all calculations. 

The calculated values for steady state solutions of run 1 and 

run 2 are given in the Appendix, Table 3a and b. The initial flow rate 
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for run 1 was 0.76 ml/min and the final rate was 0.85 ml/min, which cor

responds to a velocity of 0.00119 cm/sec and 0.00135 cm/sec, respec

tively. The breakthrough curves predicted by equation (31) for the initial 

flow rate are shown in Figure 12. During the early stages of the run, the 

velocity was low and the curve at z = 5 cm resembles the graph of the 

analytical solution. At a later time (z = 10), the graph of the solution 

deviates to the right of the data and has a lower slope reflecting the 

measured change in velocity. 

The solution plotted for the final flow rate of 0.85 ml/min is 

shorn in Figure 13. During the early stages of the run data fall to the 

right of the analytical solution. This effect is expected since the 

velocity determined by the final flow rate of 0.85 ml/min had not been 

reached. At later times the solution followed closely to run 1. 

The initial and final flow rates for run 2 were 0.75 ml/min to 

1,0 ml/min, which corresponds to a velocity of 0.00124 cm/sec to 0.00159 

cm/sec, respectively. Solutions based on their velocities behaved in an 

identical manner to those of run 1 and are shorn in Figures 14 and 15. 

The change in translation velocity of the salt front with time 

that occurred during both runs, could be the result of two mechanisms. 

The first is the osmotic potential. The osmotic potential is established 

when saline water is introduced into the column. This potential, as a 

result of osmosis, would cause the fresh water to move into the region 

occupied by the salt water. This action would result in a water-depleted 

zone directly in front of the saline-fresh water interface, and a water 

accreted zone on the saline side of the interface. The redistribution of 
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water would cause an increase in matric potential between the two zones, 

possibly causing the translational velocity of the interface to have a 

dynamic nature. The breakthrough curves for the two runs would have been 

identical, had the osmotic potential caused a change in velocity, because 

identical solutions were used for each run. 

The second mechanism is related to positioning the saline and 

fresh water leveling bottles at the inlet to the soil column. It was not 

possible to position the two bottles so that each established absolutely 

identical head pressures, nor did any two leveling bottles behave in an 

identical manner. Thus, when the solution changeover was made, a dif

ferent bottle was introduced, and the head pressure was altered. The 

leveling bottles were thought to be the more influencing of the two 

mechanisms in causing a variable salt front translation velocity. Since 

the translation velocities were quite different for the two runs, the dif

ferences in the runs were attributed to the positiong of the leveling bottles. 

A third mechanism which could affect the shape of the breakthrough 

curves results from gravity separation of the resident and invading solu

tion (Esmail and Kimbler 1970). The separation will result with solutions 

having two different densities. The effect of this mechanism in the soil 

column would be to shift the fresh water-saline water interface from its 

assumed vertical position to a position where the more dense invading 

fluid would move toward the bottom of the column tipping the front. It 

is possible that this condition occurred in the study; however, at rapid 

flow rates and short soil column gravity, separation was not considered. 
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The measurements obtained with the PEP result from energy grad

ients that occur between the soil-water system and the PEP probes. The 

energy gradients result from the osmotic, matric and temperature poten

tials. The temperature potential can be immediately discounted since 

the system was isothermal. The matric potential must be investigated as 

a possible source of energy which could influence the shape of the break

through curves. The matric potential is related to the water content of 

the soil, thus a drier, wettable soil will have a greater affinity for 

water and a higher potential. 

A steady flow rate is established by imposing head differences 

across the column. The differential head pressure causes a gradient in 

water content to be established across the column. A potential gradient 

may then be visualized across the column in conjunction with the water 

content gradient. The curve of matric potential versus water content in 

the region near saturation is flat, thus any small changes in water con

tent which may occur during a run would not be readily detectable. Fur

ther, when making a run the PEP probes are both set to an initial value 

after a.steady flow rate is established. Measurements taken at this 

point are considered as zero, thus any effects of matric potential which 

may influence the measurements are removed by calibration. The PEP 

probes, therefore, only sense the saline water that is moving through 

the column and the osmotic potential is the only effective potential de

tected during a run. 

The water content, although not measured directly, was assumed 

to remain constant during a run. A value for water content was 
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calculated from points on the measured breakthrough curves. The water 

content, calculated in this manner is in a sense an artifact; however, 

the magnitude of the calculated value appears to be realistic based on 

measurements made in the earlier trial runs. The value for water content 

calculated from run 1 was used in all calculations. 

Hie method used for estimating water content was believed satis

factory, since the primaiy purpose of the study was not so much to re

search steady state miscible displacement, but rather to test and 

demonstrate the application of the PEP as a tool which could be used to 

study this phenomenon. The device apparently performed satisfactorily. 

Departures of the PEP measurements from predictions using simple dis

persion theory were due to inadequacies of the flow system rather than 

to the device itself. 

7.2 Miscible Displacement Model Using a 
Variable Velocity Parameter 

The simple model, shown in equation (31), failed to consistently 

predict breakthrough curves for the conditions of variable salt front 

translation velocity encountered in this study. Variable velocity is 

perhaps more representative of actual conditions found in the field where 

steady state is rarely obtained. Flow systems in the field would not 

have a constant translation velocity of the interface between the resident 

and invading solution which is necessary if the simple model is to be used. 

Therefore, the data taken during the study produced a basis for developing 

and testing a more realistic model, one which would allow the velocity 

parameter to vary with time. Accordingly, a model was developed that 
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would predict miscible displacement phenomena under conditions of var

iable velocity where the relationship between velocity and time is known. 

The model was developed starting with equation (9) reiterated as: 

3c _ p 3 c _3c <"?•$") 
at 77 v 3x ' t33-1 

OX 

subject to the conditions 

c(x,0) = 0, x > 0 (34) 

c(x,0) =1, x < 0. (35) 

Assume 

Let 

and 

v = v(t). (36) 

x' = x - <*(t), (37) 

C(x',t) = c(x,t). (38) 

9C 
Evaluating(-̂ r) in equation (38) yields 

ol 

(!§ = (l£r)(|£-) + (|S(||). (39) •at' vax,-'v-at J vat/vat 

From equation (37): 

and since 

- -<& :> •  < 4 0 >  

(#) =1, (41) 
at 

equation (39) can be reduced to 

- (•# " <fr) ' <42> 

Evaluating (|£) yields 
oX 

(•!£•) = f3C /-ax's j-aCs ,j3t\ 
t-axJ (-ax,Jl-ax J LatJ *-axJ • 1 J 
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Since t and x are independent 

= 

The relationship 

C-G) =0. (44) 

(|̂ -) = 1 (45) 

is obtained by taking the partial derivative of equation (37). 

The relationships 

(i£) = (46) 
^3X 3X1 V J  

and 

, 2  
ax ax' 

combined with equation (42) yield: 

a2c _ 92C 

if 

which integrated yields 

(47) 

(£) - Ĉ )Cfr) - D(Jj) - vCfr) (48) 

Comparison of the terms in equation (48) will give 

|£ = D 1% (49) 
9t ax,z 

I- - v (50) 

t 
/ vdt . (51) 
constant 



59 

The relationship 

C(x',0) = c(x,0) (52) 

is obtained if x* = x, or if a(t) = 0 and the lower limit of the inte

gral is zero, written as, 

t. 
a = J vdt. (53) 

0 

Solving equation (49), subject to the conditions 

C(x',0) = 0, x > 0 (54) 

C(x',0) =1, x < 0 (55) 

yields 

C(x' ,t) = i- erfc [-̂ -] (56) 

Substituting the transforms in equation (56) yields the solution 

t 
,  z  ~  I n  v(t)dt 

c(x,t) = j erfc[ == ] (57) 
z /4Dt 

Equation (57) is similar to the one obtained by Bear (1969). The equation 

obtained by Bear (1969) considered dispersivity (â ), molecular diffusiv-
* 

ity (Dj), tortuosity (T ), water content (0), porosity (n), and flux 

(q(t)). The following substitutions, 

q(t)-v(t), (58) 

n = 0, (59) 

aj = 0, (60) 
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and 

DdT* = D, (61) 

will transform Bear's equation into equation (57). 

Equation (56) was solved for the conditions of the study where 

a linear function of velocity with time was chosen for v(t). The slope 

and initial velocity were calculated so that the model could be tested 

against data. The slope and initial velocity were computed from a set 

of equations written as: 

 ̂A . Z1 
= t~ C62) 

 ̂A . Z2 
v0 + i h • — (63) 

where t, and t~ are times at c/c = 0 at z, of 5 centimeters and z0 of 10 1 Z o 1 2 

centimeters. The values for t̂ , t̂ > and are selected from the 

data, while the values for Vq and A are solved from the set of equations. 

The equation, 

vo + 1 t (64) 

is then substituted for v(t) in the model and a set of solutions is ob

tained for run 1 and run 2 shown in Table. 4 in the Appendix. The 

set of solutions and data points were plotted (Figures 16 and 17). Data 

obtained with the PEP closely predicted the theoretical model. 

The close agreement between the values measured with the PEP 

and the solution to the variable velocity model, points up the fact that 

psychrometry can provide the techniques to adequately measure salt 
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movement in soils. The technique extends the presently used methods 

by providing breakthrough curves from in situ measurements for any dis

tance along the column rather than a single breakthrough curve obtained 

from effluent analysis. 



CHAPTER 8 

CONCLUSIONS 

The following conclusions were drawn from the results of the 

study: 

1) The thermistor psychrometer in this study is capable of 

resolving temperature differentials to 0.001° C and provides an effec

tive instrument to use for precise measurement of small vapor pressure 

differentials. 

2) Psychrometry is a useful technique for measuring salt move

ment in soil-water systems where solutions move at low flow velocities. 

3) The available analytical models based on diffusion analysis 

are too constrained for use in even carefully controlled laboratory 

experiments. In field situations they become useless. Hie dispersion 

model developed here is more flexible and may be suitable for extension 

to the field. 
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PSYCHROMETER AND MISCIBLE DISPLACEMENT DATA 
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Table l. Solution to theoretical thermistor and 
thermocouple psychrometer equations. 

Thermistor Thermocouple 
Psychrometer Psychrometer 

Potential* AR* AT+ Ae+ AT 

0 0. 00 0. 000 0. ,000 0. 000 

-10 11. 61 0. 134 0. ,006 0. 097 

-20 23. 31 0. 269 0. ,012 0. 194 

-30 35. 09 0. 406 0. ,018 0. 292 

-40 46. 95 0. 543 0. ,023 0. 391 

-50 58. 91 0. 681 0. ,029 0. 490 

-60 70. 95 0. 820 0. ,035 0. 591 

-70 83. 08 0. 960 0. ,041 0. 691 

-80 95. 30 1. 102 0. 047 0. 793 

-90 107. 60 1. 244 0. 054 0. 896 

-100 119. 99 1. 387 0. 060 0. 999 

* 
Potential in bars. 

AR in ohms. 

+AT in degrees centigrade. 

4* 

Ae in microvolts. 



Table 2• Voltage depression and concentration ratio at 
depth and time taken during two miscible 
placement runs. 

5 Cm 10 Cm 
Time Volts Cone. Time Volts Cone, 
Min. X10-3 Ratio Min. X10-3 Rati< 

RIJN 1 

0 0 0.0 75 0 0.0 
40 0 0.0 80 1 0.0 
45 2" 0.05 85 2 0.05 
50 6 0.16 90 3 0.07 
55 11 0.26 95 6 0.16 
60 16 0.38 100 10 0.24 
65 21 0.50 105 14 0.34 
70 25 0.60 110 18 0.44 
75 29 0.69 115 22 0.54 
80 32 0.77 120 26 0.64 
85 34 0.81 125 30 0.73 
90 36 0.86 130 33 0.80 
95 38 0.90 135 36 0.88 
100 40 0.95 140 38 0.92 
105 40 0.95 145 38 0.95 
110 40 0.95 150 39 0.95 
115 41 0.98 155 40 0.98 
120 41 0.98 160 40 0.98 
125 41 0.98 165 40 0.98 
130 41.5 0.99 170 41 1.00 
135 41.5 0.99 
140 41.5 0.99 
145 41.5 0.99 
150 42 1.00 • 

RUN 2 

0 0 0.0 80 0 0.0 
40 0 0.0 85 1 0.0 
45 2 0.04 90 2 0.04 
50 5 0.12 95 4 0.09 
55 9 0.20 100 5 0.11 
60 14 0.31 105 8 0.18 
65 18 0.40 110 11 0.25 
70 23 0.51 115 13 0.30 
75 27 0.60 120 17 0.39 
80 31 0.69 125 21 0.48 
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Table 2--Continued 

5 On 10 Cm 
Time Volts Cone. Time Volts Cone. 
Min. XlO-3 Ratio Min. XlO-3 Ratio 

85 34 0.75 130 24 0.54 
90 36 0.80 135 26 0.59 
95 38 0.84 140 30 0.68 
100 40 0.89 145 32 0.73 
105 41 0.91 150 34 0.77 
110 42 0.94 155 36 0.82 
115 43 0.96 160 38 0.86 
120 43.5 0.96 165 39 0.88 
125 44 0.98 170 40 0.91 
130 44 0.98 175 41 0.94 
135 44 0.98 180 42 0.96 
140 45 1.00 185 43 0.98 

190 43.5 0.99 
195 44 1.00 



Table 3. Concentration ratio: Solution to model 
1 using a constant velocity and constant 
dispersion coefficient at depth and time 
during two miscible displacement runs. 

a. v = 0.00119 Cm/sec v = 0.00124 Cm/sec 

Time 5 Cm 10 Cm 5 Cm 10 Cm 

(minutes) 

40 0.037 0.000 0.045 0.000 

50 0.243 0.000 0.169 0.000 

60 0.313 0.000 0.356 0.000 

70 0.500 0.000 0.550 0.000 

80 0.663 0.000 0.711 0.000 

90 0.786 0.024 0.825 0.033 

100 0.871 0.066 0.899 0.088 

110 0.924 0.141 0.944 0.179 

120 0.957 0.246 0.970 0.301 

130 0.976 0.371 0.984 0.437 

140 0.987 0.500 0.992 0.571 

150 0.993 0.621 0.996 0.689 

160 0.996 0.724 0.998 0.784 

170 0.998 0.897 0.999 0.856 

180 0.999 0.869 1.000 0.907 

190 1.000 0.914 0.942 

200 0.945 0.965 

210 0.966 0.979 

220 0.979 0.988 

230 0.987 0.993 

240 0.992 0.996 

250 0.996 0.998 

260 0.998 0.999 

270 0.999 1.000 

280 1.000 



Table 3--Continued 
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b. 

Time 

v = 0.00135 Cm/sec 

5 On 10 Chi 

v = 0.00159 Cm/sec 

5 Cm 10 Cm 

(minutes) 

30 0.006 0.000 0.019 0.000 

40 0.071 0.000 0.161 0.000 

50 0.239 0.000 0.430 0.000 

60 0.461 0.000 0.687 0.000 

70 0.663 0.000 0.853 0.018 

80 0.808 0.019 0.937 0.080 

90 0.898 0.066 0.976 0.214 

100 0.949 0.158 0.991 0.401 

110 0.975 0.291 0.997 0.595 

120 0.988 0.445 0.999 0.754 

130 0.995 0.596 1.000 0.864 

140 0.997 0.724 0.931 

150 0.999 0.822 0.967 

160 1.000 0.891 0.985 

170 0.936 0.994 

180 0.964 0.997 

190 0.980 0.999 

200 0.990 1.000 

210 0.994 

220 0.997 

230 0.999 

240 1.000 



Table 4. Concentration ratio: Solution to variable velocity 
model using a constant dispersion coefficient, at 
depth and time during two miscible displacement runs. 

v = 0.00102 to 0.00159 v = 0.00106 to 0.00135 

Time 5 On 10 Cm 5 Qn 10 Cm 

(minutes) 

40 0.036 0.000 0.029 0.000 

50 0.160 0.000 0.125 0.000 

60 0.378 0.000 0.297 0.000 

70 0.616 0.000 0.500 0.000 

80 0.802 0.018 0.683 0.000 

90 0.914 0.079 0.818 0.031 

100 0.969 0.220 0.905 0.093 

110 0.990 0.431 0.954 0.206 

120 0.997 0.654 0.979 0.362 

130 0.999 0.827 0.992 0.534 

140 1.000 0.929 0.997 0.693 

150 0.976 0.999 0.817 

160 0.994 1.000 0.901 

170 0.998 0.951 

180 0.999 0.978 

190 1.000 0.991 

200 0.996 

210 0.999 

220 1.000 
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