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ABSTRACT 

A compact portable electronic system has been 

developed for measurement of sap flow through the xylem in 

the stem of woody plants. This system utilizes a single 

heated thermistor probe which is alternately and 

automatically switched between a constant (heating phase) 

and a variable (cooling phase) temperature mode of 

operation. 

Experiments reported here have been carried out in 

two distinct porous medium, packed beads and the stem of 

several apple trees. The system performance was tested to 

detect the variations in flow rate. In both mediums, 

results indicated that the single heated thermistor is able 

to work as flowmeter since its transient thermal response 

was affected by the local fluid flow. 

The natural logarithm of the fractional response of 

the thermistor probe indicated that the system can not be 

analysed as a first order model. Non-linear regression 

analysis showed that the relationship between the probe 

sensor temperature response and the time elapsed from the 

beginning of cooling phase is adequately fitted by an 

additive exponential model. 

A dimensionless heat transfer analysis, applied to 

the thermistor probe, is outlined. Problems encountered in 

the transient heat transfer analysis are reported. 
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CHAPTER 1 

INTRODUCTION 

There has recently developed a renewed interest in 

the ability to make fast and accurate measurements of the 

flow of water within porous media in a wide variety of 

fi~lds. It is of significant importance to researchers 

interested in the plant vascular tissues. The wet woody 

medium perforated by many small pores in which water and 

solute are transported very closely resembles a porous 

medium. 

Flow of Water Through ~ Plants 

Among the theories explaining the movement of water 

from the soil to the atmosphere through the plants, the 

cohesion mechanism (Dixon 1914) has gained general support. 

The forces of cohesion between water molecules and adhesion 

to cell walls, caused by hydrogen bonding, are the key for 

this theory acceptance. The cohesive forces are so great 

that they permit maintenance of a continuous liquid column 

when water moves in the pathway from the soil, through the 

epidermis, cortex, and endodermis, into the vascular 

tissues of the root, up through the xylem elements in the 

wood stem, into the leaves, and finally, by transpiration, 



through the stomates into the atmosphere. The system 

function is assured by the special structure of the xylem 

tissue that prevents its collapse, and by the gradient in 

decreasing water potential (driving force) along this 

pathway (Salisbury and Ross 1985). 

Importance Qf ~ Transpiration Process 

15 

The transpiration process is the loss of water by 

evaporation from leaf surfaces via stomatal openings to the 

surrounding air (Slatyer 1967, Salisbury and Ross 1985, 

Weatherley 1982, Boyer 1985). This loss is an inevitable 

accompaniment of the photosynthetic absorption of carbon 

dioxide from the atmosphere. Thus, the stomatal aperture 

controls both the inward flow of carbon dioxide and the 

outward flow of water vapor (Farquhar and Sharkey 1982, 

Nobel 1982, Zeiger 1983, Schulze 1986). The flow of water 

in the sOil-plant-atmosphere system is controlled by the 

transpirational process since the resistance to the 

diffusion of water vapour is many times greater than that 

of other parts of the system. This means that there is a 

steep energy gradient from the leaves to the air to 

overcome this strong resistance (Farquhar and Sharkey 1982, 

Schulze 1986). Approximately 95 to 99 % of the water taken 

up by plants is eventually lost as transpiration (Greulach 

1973, Salisbury and Ross 1985, Kramer and Kozlowski 1979). 
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Measures of plant transpiration under natural 

environment conditions provide engineers some basis for 

understanding plant-water relations in agrometeorology, 

plant ecology and plant physiology. Such measurements also 

lead to better real-time estimates of the water utilized by 

plants for irrigation project planning and scheduling, and 

on-farm water management. 

Direct water evaporation from the soil and plant 

transpiration occur simultaneously in nature, a process 

known as evapotranspiration. Therefore, this term is used 

to describe the total process of water transfer into the 

atmosphere from vegetated land surfaces (Rosenberg et al. 

1983). Various methods and procedures have been developed 

and tested to measure evapotranspiration or plant water 

requirement, either from individual or groups of plants 

(Burman et al. 1983). Recently, new technology has made 

remote sensing possible (infrared thermometry, spectral 

measurements, microwave techniques) (Hatfield 1983). 

However, most if not all of these methods present a serious 

limitation in the water budget studies of plants. This 

limitation is the inability to distinguish the water vapor 

loss prod~ced by the soil and plant (transpiration). 

Transpiration Measurements 

Plant transpiration may be measured either as water 
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vapour loss to the surrounding atmosphere or flow of water 

through the plants. The most commonly utilized methods are 

(Salisbury and Ross 1985, Kramer and Kozlowski 1979, Kramer 

1983, Rosenberg et a1. 1983): a) chamber techniques - the 

placement of a transparent plastic tent over a number of 

plants where humidities, temperatures, and carbon dioxide 

levels are registered for air entering and leaving the tent 

(Sebenik and Thomas 1967, Peters et a1. 1974, Greenwood and 

Beresford 1980), b) 1ysimeter - the loss of weight at time 

intervals on a sensitive balance from a potted plant with 

its soil surface sealed against loss of water by 

evaporation (Fritschen et ale 1977, Calder 1978), c) quick 

weigh - the removal of a leaf or branch from a plant in the 

field and its immediate weigh at short time intervals on a 

sensitive balance (Rutter 1968), d) potometer - the 

detachment of a shoot, a branch, or a whole plant and 

insertion of the extreme cut part into a device that allows 

easy measurement of the volume of water absorbed (Ladefoged 

1960, Roberts 1977), and e) sap flow techniques - the 

measurement of the rate at which sap flows through the 

plant conducting tissue (xylem) by using heat (Swanson 1972 

, Balek and Pavlik 1977), injected tritiated water (Kline 

et ale 1970), and radioactive phosphorous (Owston et a1. 

1972) as tracers. 

There is no doubt that the quick weigh and 
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potometer methods are the most convenient and relatively 

easy to apply but they are limited for brief time intervals 

since the act of detaching plant parts cause obvious 

physiological problems (Salisbury and Ross 1985). The 

chamber techniques must also be used for collecting data 

over relatively short time intervals because the placement 

of a tent can drastically disturb the environment 

surrounding the plants (Lee 1966, Rosenberg et al. 1983). 

Lysimeters have been considered the most accurate method, 

but also the most expensive (Aboukhaled et al. 1982). 

Special problems might be expected with the use of 

lysimeters in large plants (Fritschen et al. 1977), even if 

they could be built large and deep enough to accommodate 

trees. The sap flow techniques are somewhat specialized 

methods, applicable primarily to the measurement of water 

flow through individual plants, especially larger ones such 

as trees (Rosenberg et al. 1983). 

Problem Solution Approach 

In this study, attention is focused on the flow of 

water from the vascular tissues of the root through the 

xylem elements in the stem. The stem cross section 

structure of a young woody plant consists mostly of xylem 

which is referred to as the sapwood, the water conducting 

tissue (Greulach 1973). It appears feasible that water 
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lost by transpiration can be evaluated by measuring the sap 

flow. The heat pulse method, among the possible techniques 

, seems to be the most suitable for field implementation by 

computerizing pulse control and data collection. 

Despite a great number of reports (Ley ton 1970, 

stone et al. 1975, Miller et al. 1980, Cohen et al. 1981, 

1988, Sakuratani 1981, 1982, 1984, 1985, Swanson 1983, 

Edwards and Warwick 1984, Schulze et a1. 1985) on the 

design and performance of thermoelectric devices, using 

either a continuous heat or a directed pulse heat as a 

tracer to detect the rate at which sap moves up in the 

xylem of woody and herbaceous plants, no one has developed 

a transient heat relationship to quantitatively describe 

the sap flow to the plant transpiratIon. Similarly, no one 

has designed a single probe sensor for both heat 

application and sensing of temperature changes. 

Unfortunately, most of the techniques that have been used 

until now depend upon the development of a thermal steady 

state following the heat application. Large woody plants 

whose diameter exceed 2 cm may require an excessive time 

for reaching the thermal equilibrium condition (Pickard 

1973). This suggests that, if a good thermal apparatus is 

to be developed, it should be based upon transient 

measurements. 

The most widely used steady state thermal analysis 
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for large woody plants is that of Marshall (1958). There 

is only one published analysis of a thermal transient 

technique which is directly applicable to ring porous stems 

(Pickard 1973) in which the heat pulse and temperature must 

be controlled and sensed by different probes. Thus, it is 

evident that, to date, no analysis or instrumentation have 

proven entirely satisfactory for the evaluation of local 

water flow in the stem of woody plants. 

Dissertation Objectives 

In this study, a transient heat probe sensor for 

measuring sap flow in the stem of woody plants is 

proposed. The main objective was to devise a reliable 

portable apparatus with a single probe sensor. Specific 

goals of this research were: 

a) to conduct an analysis of transient heat flow of 

a single bead sensor in order to relate quantitatively the 

total sap flow (transpiration) to the sensor response, 

b) to test and evaluate the instrumental apparatus 

in a cylindrical porous media of packed beads, in order to 

infer the validity of the method for detecting changes in 

water flow rate, 

c) to test and calibrate the proposed instrument by 

analysing the experimental thermal measurements against 

lysimeters results, 



d) to automate a data acquisition system, 

incorporating a microcomputer, capable of controlling the 

heating and cooling phases, and recording the sensor 

temperature. 

Recent advances in microprocessor instrumentation 

technology have made possible the control of experiments 

and the acquisition of data sets on a scale which was 

previously impossible. Programming of the microprocessor 

utilized a resident mashed version of BASIC contained in 

the microprocessor, 8052 AH-BASIC. 

21 
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CHAPTER 2 

BACKGROUND LITERATURE AND REVIEW OF TECHNIQUES 

~ Anatomy Qf ~ PathwaY 

There is great diversity in the structure and 

arrangement of the vascular system in the stem of various 

woody plants. It is desirable here to call attention to 

the groups of porous and nonporous woods. The vascular 

tissues function primarily as pathways of water and solute 

transport. In addition, the xylem of woody plants also 

plays an important role in providing mechanical support of 

the stems. From an economic standpoint, the xylem is very 

important as the source of lumber, other wood products, and 

as the source of most paper (Greulach 1973, Salisbury and 

Ross 1985). 

Stem Structure 

In woody plants, a cross section of a stem consists 

basically of xylem in the center, which is separated from 

the bark on the outside by a thin growing layer of cambium 

cells (Kramer and Kozlowski 1979, Salisbury and Ross 1985). 

The bark includes phloem and other tissues, such as cortex 

and cork. The xylem constitutes the wood since all of its 

cells, with the exception of the longitudinal and radial 
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parenchyma, and those still differentiating within about 1 

rom of the cambium, are dead (Salisbury and Ross 1985). 

The xylem is the site of transport for sap, which 

is a highly dilute solution, almost pure water. It is the 

vertically arranged tracheids cells in the xylem that are 

involved in conduction of sap. The transport of sap is 

limited to the younger annual cylinders of xylem, which are 

referred to as the sapwood. The older cylinders of xylem, 

which no longer conduct sap (water), are called heartwood 

(Greulach 1973, Esau 1977). 

In measuring the flow of water in the stem of woody 

plants, the following anatomical features concerning the 

tracheary elements in the sapwood are important: type, 

individual diameter, spatial distribution and total number 

of functioning tracheary elements within a given growth 

ring (Swanson 1983). 

Porous and Nonporous Woods 

As a rule, nonporous woods (gymnosperms, including 

conifers and their relatives, softwoods) have only 

tracheids which form the bulk of the xylem tissue, whereas 

most porous woods (angiosperms, hardwoods) present both 

tracheids and specialized conducting elements called 

vessels which in cross sections appear as pores in the wood 

(Esau 1977, Kramer and Kozlowski 1979, Salisbury and Ross 

1985). Both are elongated cells, but tracheids are longer 
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and narrower than vessel elements. Tracheids are often in 

the range from 10 to 25 ~m in diameter. Vessel elements 

are usually in the range of 40 to 80 ~m in diameter and can 

be much wider (up to 500 ~m, probably an upper limit) 

(Zimmermman 1983, Salisbury and Ross 1985). 

In the xylem of all typical conifers, tracheids 

produced in the spring (earlywood) are larger and have 

thinner walls than those formed 1n the summer (latewood) 

and there are distinct annual rings (Greulach 1973, Kramer 

and Kozlowski 1979). Sap movement has been detected only 

by the earlywood tracheids where velocities of 75 to 200 

cm h- 1 have been reported (Hinckley et ale 1978). 

In ring porous species the vessels and fibers 

produced in the spring are much larger in diameter and have 

relatively thinner walls than those formed later (Greulach 

1973). As the season progresses the cells become smaller 

and have thicker walls. The result of these differences in 

diameter is the formation of clearly defined annual rings 

(Greulach 1973). In this case, sap movement is confined to 

the outer 1 or 2 growth rings (Kozlowski and Winget 1963) 

where velocities of 1550 to 6000 cm h- 1 have been 

registered (Hinckley et al. 1978). On the other hand, the 

size of the vessels is fairly uniform in diffuse porous 

species in which they are evenly distributed throughout 

each growth ring (Greulach 1973). The conduction of sap in 
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diffuse porous woods can occur through many rings 

(Kozlowski and Winget 1963) where velocities of 120 to 625 

cm h- 1 have been found (Hinckley et al. 1978). 

Location of Flow in the Sapwood 

The actual location of flow in the sapwood area in 

any given instance is poorly known. The uptake of dye 

substances by living plants has been used to follow the 

path of water transport within the xylem. The current 

conducting areas of the sapwood are indicated by the 

resulting stained patterns (Vite 1959, Vite and Rudinsky 

1959). The difficulties of using dyes are several. 

Studies by Kozlowski and Winget (1963) have indicated that 

more rings were stained, when dye was taken up from a cut 

across the stem, than when it was absorbed by the roots. 

The assumption must be made that the insertion of the dye 

does not disturb the pattern of water flow. Attention must 

be given to the time course of dye transport since it is 

well known that the rate of water movement in outer zones 

of the xylem is faster than the inner (Brough 1983). Thus, 

if insufficient time is allowed for dye uptake, then 

regions of slow transport may be mistaken for regions of no 

sap flow at all. Conversely, if the time course is too 

long, then it is possible that non conducting regions may 

be stained due to radial diffusion of the dye into those 

regions from the currently-functioning conducting pathway 
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(Brough 1983, Brough et al. 1986). 

Methods Qf ~ ~ Measurement 

Various studies have been carried out in order to 

attempt measuring the rate at which sap moves up in the 

xylem of living plants. It is difficult to determine the 

flow of sap in stems of intact woody plants without 

interference with the flow path. Initially, the sap flow 

was evaluated by injecting a certain indicator substance 

such as dyes or radio-isotopes into the xylem. Basically, 

there are two ways to use these tracers to measure sap 

flow: a) by determining the speed of tracer transport from 

one point to another (Marshall 1958), then calculating flow 

from pathway geometry, cross-sectional area and speed 

(Albertson et al. 1960); and b) by evaluating the 

concentration or rate of change in concentration at either 

the point of injection or some point downstream. 

Afterwards, the change, or rate of change, in concentration 

is an indicator of flow density or mass flux (Church and 

Kellerhals 1970). 

A radioisotope method, thorium-S, was first used by 

Huber (1932) to measure flow rates in various conifers. A 

succession of other investigators (Ferrell et ale 1960, 

Klemn and Klemn 1964, Kline et al. 1970, 1976, Owston et 

ale 1972, Heine and Farr 1973, Jordan and Kline 1977 and 
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Waring and Roberts 1979) have developed this technique to 

estimate sap velocities or plant transpiration by using 

different radioisotopes. Typically, Phosphorus-32 has been 

injected in the base or root of a tree and the rate of 

ascent has been related to the total flux utilizing the 

cross-sectional conducting area (Waring and Roberts 1979). 

In addition, deuterium-labelled water has also been used 

(Orr and Gillespie 1968, Kline et al. 1970, 1976). 

Studies with dyes have normally been utilized to 

delimit areas of conduction of sap (Greenidge 1957, Vite 

and Rudinsky 1959). But dyes can also be used to estimate 

the velocity of sap flow. However the method is 

destructive, and more suitable for obtaining relative flow 

rates in different parts of the sapwood (Edwards 1980). 

Measurement of pertubations of electrical phenomena 

caused by flow has also been used to determine the sap 

flow. Two types of methods involving electrical 

pertubations are available: a) the "magneto-hydrodynamic" 

system, where a magnetic field is imposed between two 

diametrically placed electrodes contacting a stem (Sherriff 

1972). The movement of sap induces a voltage, since the 

sap stream is effectively a conductor moving across a 

magnetic field (Sherriff 1974, Roa and Pickard 1975); and 

b) the so-called Delta-I system, used by Tyree and 

Zimmermann (1971) to measure flow of Kel solution in 
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excised sterns. In this case, an alternating voltage passed 

between two electrodes placed 1 to 3 m apart axially 

produced a larger current in the direction of liquid flow 

than against it due to the larger "frictional drag". Such 

a current difference is proportional to the liquid flow and 

to the hydraulic conductivity of the pathway. 

The use of heat as a marker in the sap stream is 

one of the most widely utilized approaches to measure sap 

flow. It has been used either as an indicator of sap 

velocity (Huber 1932, Huber and Schmidt 1937) or as an 

indicator of flow density or mass flux (Marshall 1958). 

Thermal ~ ~ Measurements 

Most of the thermal sap flow measurement techniques 

that have been used until now depend upon the development 

of a thermal steady-state condition following the 

application of heat in the form of a heat pulse (Huber 1932 

, Huber and Schmidt 1937, Marshall 1958, Cohen et al. 1981) 

, a continuous heat input (Vieweg and Ziegler 1960, Cermak 

et al. 1973, 1976a, 1976b), and a heat balance (Daum 1967, 

Pickard 1973, Sakuratani 1981, 1982, 1984, 1985). All 

require knowledge of the wet wood thermal properties 

(specifIc heat, thermal conductIvity, and density) and are 

suitable for continuous in-situ measurements. 

Huber (1932) adapted thermoelectric devIces, first 
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developed for studies of blood circulation in humans, for 

measurements of sap velocity in plants. He first used a 

method called heat pulse in which heat, used as a tracer, 

was supplied as a pulse and the moving velocity of this 

pulse was detected by a single thermocouple set at a 

downstream point from a heater source (wire). The time 

from heat application to the first indication of 

temperature rise by the temperature sensor was noted. Then 

, sap speed was obtained by dividing the distance between 

heater and thermocouple by this time. Other subsequent 

early works were encouraged from this one (Baumgartner 1934 

, Huber and Schmidt 1936). 

The inherent difficulties in estimating sap 

velocities from Huber's (1932) approach were recognized by 

Huber and Schmidt (1937) in which they realized that heat 

conduction through the wood medium interfered with the heat 

pulse carried by the sap stream (mainly at low sap speeds 

< 60 cm h- 1). Thus, they conceived the "compensation 

method" where the temperature sensors were placed both 

upstream and down-stream from a heater wire. The distance 

to the downstream sensor was made larger than the one to 

the up-stream sensor such that a heat pulse from the heater 

reached the closer sensor first, by diffusion. This 

different configuration of the sensors allowed them to 

isolate the movement of the heat pulse by convection (sap 



flow) from the one by diffusion. According to Huber and 

schmidt (1937) this new method is usable with an accuracy 

01-

of about - 5 cm h -l 0 if dOff 1n con ers or 1 use porous 

woods. However it still was incorrectly assumed that the 

heat pulse velocity represented the sap velocity. 

Although a considerable improvement was obtained 

with the compensation method, it soon became evident that 
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heat pulse velocity underestimated sap velocity. Analysis 

carried out by Marshall (1958) showed that heat pulse 

velocity was a function not only of sap velocity, but also 

the ratios of: lumen conducting area to total sapwood area, 

density of sap to that of wet wood, and specific heats of 

sap to that of wet wood. This analysis emphasizes that the 

heat pulse moves as if the sap and the woody matrix behave 

as a homogenous medium, with heat interchanging freely 

between sap and wood. Marshall's (1958) procedure 

basically involves the insertion of two temperature probes 

radially into the stem of the plant, above and below a 

heater probe. To make a measurement a brief (typically 1 

to 4 sec) heat pulse is produced. This heat travels by 

conduction and convection, due to sap movement. The time 

elapsed between heat pulse release and the maximum signal 

detected by the temperature probes, obtained with a timed 

pulse counters, allows the heat pulse velocity 

determination. The faster the sap flow, the quicker the 
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heat pulse marker is carried to the temperature probes. 

Afterwards, the sap velocity is determined on basis on the 

analytical solution of the thermal diffusion equation for 

heat transfer by coupled convection (sap movement) and 

conduction (Marshall 1958). An assumption of homogeneity 

of sap flow throughout the stem cross-sectional area is 

implicit to the use of the analytical solution. Thus the 

applicability of this method is only valid in woods where 

there is a reasonably uniform spatial distribution of 

functioning tracheary elements over the sapwood area 

(i.e., diffuse porous species). 

A comparison of the Huber method (Huber and Schmidt 

1937) with the Marshall method (Marshall 1958) shows that 

both do not provide directly the total sap flow, but, 

respectively, they estimate sap velocity and heat pulse 

velocity instead. Sap velocity must be integrated over 

functional lumen area and heat pulse velocity must be 

combined with sapwood density and specific heat (which are 

functions of sapwood moisture content), and also integrated 

over the functional sapwood area in order to obtain the 

total sap flow. 

The technique in which a heat pulse is utilized as 

an indicator of sap or water flow has been widely accepted 

and utilized because it is relatively simple and accurate 

compared with other methods to estimate plant transpiration 



(Heine and Farr 1973, Slavik 1974, Schulze et ale 1985). 

Several studies made to detect sap movement by 

injecting heat as a tracer and monitoring the resulting 

temperature changes have been reviewed by Ley ton (1970). 
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Various authors (Bloodworth 1955, 1956, Closs 1958, 

Ladefoged 1960, Decker and Skau 1964, Skidmore and Stone 

1964, Wendt et ale 1965, Swanson 1972, Shaw and Gifford 

1975, Stone and Shirazi 1975) have used the heat pulse 

method to investigate the flux of water in the trunk of 

arbores or in the stem of herbaceous plants in relation to 

environmental conditions. 

Most of the current investigations dealing with 

heat pulse methods for measuring sap velocity have rarely 

been applied successfully to measurements of total 

transpiration flux (Edwards and Warwick 1984). Only very 

few studies have attempted to determine the volumetric sap 

flow through an entire stem (Marshall 1958, Closs 1958, 

Ladefoged 1960, Morikawa 1972, 1974), and they have not 

succeeded in providing a reliable or practical field method 

of measurement (Cohen et ale 1981). The most apparent 

reasons for these failures have been inappropriate 

application of heat transport theory, technical 

difficulties, and sampling problems (Cohen et ale 1981). 

According to Edwards and Warwick (1984) there are no 

significant technical problems in making heat pulse 
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measurements, the only problem is that the relationship 

between heat pulse velocity and sap velocity has not been 

well understood. One of the first physical bases for 

elucidation of this relationship was provided by Marshall 

(1958) who pointed out that the measured pulse velocity is 

different from the sap velocity. However, in his 

analytical solution, he considered several assumptions and 

simplifications in terms of plant vascular tissue 

homogeneity. Theories developed by Closs (1958) and 

Swanson (1962) have also been used in order to overcome 

this problem. 

Very few attempts have been made to predict total 

sap flow through the stem because relating sap velocities 

derived from heat pulse velocities to total sap flow 

requires further understanding of the variation in sap 

velocities within the stem (Swanson et al. 1979, Edwards 

1980, Cohen et al. 1981, Swanson and Whitfield 1981, 

Moreshet et al. 1983). 

The heat pulse method has been used to study the 

effect of climatic variability on water flow in stems of 

different plants species (Peel 1965, Pickard and Puccia 

1972, Swanson 1975, Shaw and Gifford 1975, Grace 1977, 

Gifford 1968, 1984, Hinckley and Scott 1971). 

However, most of the studies have been concerned in 

correlating the heat pulse velocity measurements with plant 
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transpiration (Ladefoged 1960, Swanson 1962, Skau and 

Swanson 1963, Decker and Skau 1964, Swanson 1972, Goode and 

Higgs 1973, Mark and Crews 1973, Lassoie et al. 1977, 

Thorpe 1978, Hinckley et al. 1978, Humphries and Gifford 

1984, Gray et al. 1985, Cohen et al. 1988). 
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CHAPTER 3 

MEASUREMENT TECHNIQUES AND APPARATUS 

Measurement QL ~ in Porous Medium 

The experimental work was performed in distinct 

phases. Initially all of the instrumentation and the 

digital data acquisition system were developed. Afterwards 

, this instrumentation was tested and evaluated on a 

cylindrical porous medium of packed beads, in order to 

verify the capability of the method for detecting variation 

in local water flow rate. The system was utilized to 

mea~ure sap flow in apple plants cultivated in pots 

inside a greenhouse. 

~ Microprocessor Instrumentation and Digital 

~ Acquisition System 

Measuring transpiration from plants under natural 

environmental conditions is an important parameter for 

understanding plant-water relations in agrometeorology and 

plant ecology. For this purpose, the procedure for 

evaluating the transpiration rate by measuring sap 

transport in stems of woody plants has been used. This 

information provides very useful parameters concerning 



plant water-use efficiency, generating better real-time 

estimates of plant water requirement for improved 

irrigation scheduling and on-farm water management. 
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Thermoelectric devices for determining the rate at 

which sap moves up in the xylem of living plants by 

injecting heat and monitoring the resulting temperature 

changes have been utilized in plant transpiration studies. 

The heat pulse method, among the possible techniques for 

evaluating sap flow, seems to be most suitable for field 

implementation by a computer based system. The procedure 

involved the insertion of one thermistor probe radially 

into the active xylem tracheid elements. To make a 

measurement, a brief (typically 3 to 5 s) heat pulse was 

produced. This heat was dissipated by conduction and 

convection, due to sap movement. The same probe 

(thermistor) was used as the heat source and the 

temperature sensor. The temperature decay with time was 

the signal detected after the application of a heat pulse. 

This signal was a function of sap flow. That is, the rate 

of cooling of the heated thermistor was a function of the 

rate of sap flow past it. 

In this work, a computer based system was designed 

to predict water transport in the stem of woody plants by 

the heat pulse method. The system comprised one sensor 

(thermistor) incorporated into a electric circuit which 



was automatically controlled the heating and then the 

measurement phase by a small portable computer. The 

software included algorithms in form of subroutines to 

provide control and monitoring of a heat pulse and the 

temperatures of cooling phase which were collected, 

transferred, and stored. This automatic data processing 

would make possible the application of the computer based 

system in irrigation management. 

The Hardware Description 
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The Signal processing system must permit the 

measurements of small changes in temperature, considering 

the fact that the rate of convective cooling of the heated 

thermistor is closely tied to the rate of sap flow. 

Furthermore, since the information is on an elapsed time 

basis, between the offset of the heat pulse application and 

the temperature decay sensed by the thermistor, the noise 

level must be small enough to allow reliable measurements 

over the small increments of time. This was accomplished 

by using a sucessive approximation analog-to-digital 

converter (ADC) of high accuracy, high speed, and minimal 

temperature dependence. An 8 bit analog-to-digital 

converter (ADC 0816) that had microprocessor compatible 

control logic was selected. 

The interface system consisted of a single-board 

computer (BCC 52), an analog-to-digital converter chip (ADC 
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0816), an adjustable current source device (LM 334), and a 

set of operational amplifiers. The single board computer 

formed the basis of the system and was used for processing 

the digitized signals. 

The single board computer contained a 16 K Erasable 

Programmable Read Only Memory (EPROM) where the control 

programs for reading DATE and TIME module and setting up 

ports of the programmable peripheral interface were 

permanently stored. It also contained up to 32 K Random 

Access Memory (RAM) storage with 30 K available for data 

storage. In the peripheral interface adapter, there were 

three ports available (A, B, and C) which were used for 

controlling the heat pulse to the sensor, data acquisition 

and address channel selection. The computer language of 

the microprocessor was developed to provide 8 bit 

processing and carried a control BASIC resident (MCS 

BASIC-52) in the microprocessor Read Only Memory (ROM) 

which enabled strings and bits manipulation and also 

floating point arithmetic operation. This single board 

computer was choosen for economical reasons. 

The parallel input/output (I/O) ports of the BCC 52 

were set such that Port A was input, Port B was output, and 

Port C, PC 0 to PC 3 were input and PC 4 to PC 7 were 

output. 

The thermistor used was a glass encapsulated probe 
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(Fenwal Electronics, No. GB31P2). Its resistance at 

o 
25 C is nominally 1000 Ohms. Its diameter is 2.54 mm. 

The lead diameter of the thermistor cable is 0.3048 mm, and 

the nominal probe length is 12.7 mm (Figure 1). 

The Software Description 

The development of the computer program was 

significantly simplified due to utilization of the BASIC 52 

language. It is recommended to store this program on a 

nonvolatile memory (EPROM) with automatic restart. Then 

there is no need to reload it after turning on the single 

board computer, Bee 52. For development and field changes, 

a small portable computer (NEC PC-8300) was utilized to 

modify the program. 

The software was used for controlling the electric 

circuit, collecting data, transferring data and storing 

data. It was developed with a small main program and 

several subroutines, each one for a specific purpose, which 

are presented and described in the Appendix A. 

The software prompts the ,users for the times used 

to control the probe sensor in the two modes of operation 

(selfheating and cooling). In addition, the program allows 

the user to easily handle the registration of local 

identification, date, and time, as well as the acquisition 

and transfer of data to specific memory locations. 



r 
50.8 mm 

12.7 mm 

Lead diam. 
0.3048 mm 

mm 

Figure 1. Glass-encapsulated thermistor probe geometry 

and dimensions. 
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The System Assembly and Function 

All the electrical components of the system, 

including the probe sensor, were initially assembled on a 

solderless breadboard as shown in Figure 2. To obtain the 

selfheating and cooling mode of operation, the thermistor 

probe (Rt) was powered by an adjustable constant current 

source device (LM 334) with two currents. Two feedback 

resistors, Rl and R2, whose resistances were previously 

selected (6.4 and 640 Ohms, respectively), were used to 

establish the constant current. The effective feedback 

resistance was controlled by the field effect transistor 

(FET), utilized as high speed switch, through Signals 

provided to the control line pes from the single board 

computer. The value of current delivered by the LM 334 was 

independent of the applied source voltage (+5 Vdc) and was 

regulated by the feedback resistors (R1 and R2). 

In the cooling phase, the feedback resistance was 

640 Ohms and a current of 0.1 rnA was delivered. In the 

selfheating phase, 10 rnA was delivered and the feedback 

resistance was 6.4 Ohms. 

The interface system indicated in Figures 2 and 3 

is comprised of a dual level constant current electric 

circuit, adjusted by the selection of the feedback 

resistance for the constant current source (LM 334). The 

time for selfheating the thermistor (Rt) is controlled by 
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the programmable peripheral interface (Port C, PC 5) 

through selection of the resistors R1 and R2, and by using 

a field effect transistor (FET) as a high speed switch. 

The logic was such that when a bit of the register, 

PC 5, was set (logic 1), the corresponding FET was turned 

OFF. In this case, a small electric current value (about 

0.1 mAl was flowing through the circuit due to the 

resistance R2. Otherwise, the FET is turned ON shorting 

the resistor R2 and the current through the thermistor (Rt) 

is switched to the self heat mode of operation (PC 5 was 

set to logic 0). Similar FET devices were used with the 

operational amplifiers (LM 324) to change the gain. When 

readings were being taken, the 100 K Ohms resistance of the 

LM 324 was receiving current, that is, the FET was turned 

OFF (Port C, PC 5 was set to logic 1). Thus, in this case, 

the amplifiers provided a gain in the signal of 100 times. 

When the FET was switched to the ON mode (selfheating the 

thermistor) of operation (Port C, PC 5 was set to logic 0) 

the amplifiers had unity gain. The dual operational 

amplifiers, LM 324, were used here because of their low 

cost good noise performance, small signal band width, high 

output drive capability, and internal compensation 

(Figures 2 and 3). 
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The analog signal from the thermistor in 

selfheating and cooling modes is amplified and then 

converted to a digital value in an analog-to-digital 

converter, ADC 0816. The digitized signal is registered by 

the single board computer, BCC 52. It also controls the 

time for selfheating the thermistor probe as well to 

establish the times which readings are taking in the 

cooling phase (Figures 2 and 3). 

The electronic circuit block diagram of the 

instrumentation system, presented in Figure 3, was 

developed using standard electronic components. The ADC 

0816 is a CMOS 8 bit analog-to-digital (A/D) converter. It 

has an input multiplexer for 16 channels and microprocessor 

compatible logic control. The A/D converter uses 

successive approximation as the conversion technique. The 

start and end of conversion (SOC and EOC, respectively) 

pins (pins 16 and 13, respectively, Figure 2) are 

controlled by the peripheral Port C, PC 6 and PC 0, 

respectively. The 16-channel multiplexer can directly 

access anyone of 16-single-ended analog signals. A 

particular input channel is selected by using the address 

decoder (pins 32 and 37, Figure 2). The address is latched 

into the decoder on the low-to-high transition of the 
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address latch enable (ALE, pin 32, Figure 2). Therefore, 

the ADC 0816 can be used for taking readings of 16 

different plants at the same time. The addresses are set 

by the output signals which come from Port B (PB 4 to PB 7, 

Figure 2). 

All of the portable apparatus including the small 

portable computer and the power supply device, weighed less 

than 3 Kg. 

Packed Beads Measurements 

The instrumentation was tested and evaluated on a 

cylinder of packed beads in an attempt to make inferences 

about the applicability of the method for detecting 

variations in local water flow rate. Tests were carried 

out using deaerated distilled water at atmospheric pressure 

and room temperature. 

A constant applied pressure was used to provide a 

uniform steady flow of water using a constant-head 

device indicated in Figure 4. This device consisted of a 

plastic cylinder reservoir, 14 cm inside diameter and 18 cm 

high, fitted with inflow port in the bottom and outflow 

ports in the top and bottom. The whole assembly was placed 

on a support which could be raised and lowered to provide 

the required pressure. 

The basic apparatus consisted of a packed beads 
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chamber made of a 1.27 cm inside diameter by 20 cm high 

transparent acrylic cylinder, fitted with inflow and 

outflow ports at its center as illustrated in Figure 4. 

Two stainless steel wire mesh screens were used below and 

above the packing to support the beads and to prevent them 

from flowing out of the packed chamber. In order to 

achieve random packing, the beads were poured into the 

chamber. Glass beads with diameter ranging from 355 to 

420 ~m were used. 

Inflow and outflow ports consisted of a 0.5 cm 

inside diameter flexible tube. The outflow port from the 

packed chamber was fitted at the end with a 1 cm length of 

glass capillary tube, and clamped above a graduated 

cylinder in order to register the flow rate. The capillary 

tube prevented air entry into the main outlet tube under 

low flow rates. 

The thermistor probe was inserted radially into 

the center of the packed beads cylinder chamber 

through a 0.254 cm diameter hole. Afterwards, this 

hole was sealed with melted paraffin. After filling and 

placing all the necessary instrumentation in the right 

position, the cylinder chamber was sealed. Deaerated water 

was set up in the constant-head reservoir, and then flowed 

into the inlet of the packed beads chamber. At the same 

time some of the displaced air was bled off at this place 
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by means of a hypodermic needle temporarily pushed through 

the flexible tube. 

The water flow measurements were made by timing 

with a stopwatch the water collecting in the graduated 

cylinder. A 10 ml graduated cylinder with a precision of 

0.1 ml was used. Three replicates of the time necessary 

to fill the measurement cylinder up to a previously 

established volume were averaged to determine the flow 

rate. 

~ ~ Woody Plant Measurements 

The instrumentation was also tested and evaluated 

in the stem of woody plants. The effect of the sap 

flow was checked by analysing the results of the 

thermal measurements, with the single probe sensor heat 

pulse method, against lysimeter results. This was 

accomplished by calibrating the system on apple trees 

planted in weighing lysimeters. 

All measurements were made under greenhouse 

conditions at the University of Arizona, Crop Water 

Improvement Laboratory, on six small 1.5 year-old apple 

plants (Malus sylvestris Mill., cv. 'Red-delicious') grown 

in pots. The plants were about 1.2 to 1.4 m high (Figure 

5). Their foliage commenced approximately 0.5 m above pot 

ground level. An leaf area meter (LI-3100 LI-COR, Inc. 



Figure 5. The greenhouse apple plants used in the sap 

flow measurements. 
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Lincoln, Nebraska) was used to determine the total leaf 

surface area on each plant (Table 1). A dial caliper, with 

0.05 rom precision, was utilized to determine each plant 

stem diameter at the probe sensor insertion height (Table 

1). The plants were well watered daily to avoid water 

stress conditions. 

Each pot was wrapped externally with aluminium foil 

in order to prevent direct solar radiation. The conical 

pots were about 20 cm in diameter at the base, 28 cm at 

the top and 35 cm high. A white polyethylene bag was used 

to cover the whole pot, including its soil surface, in 

order to avoid direct water evaporation. A 15 Kg 

electronic digital scale, with a precision of 0.1 g, was 

utilized to weigh the pots with the plants. A paperboard 

shield, 1.8 m high, was placed surrounding the electronic 

scale as a means to prevent the wind effect on weighings. 

Care was taken to keep the plant branches away from the 

paperboard shield. The whole system worked as a small 

weighing lysimeter as illustrated in Figure 6. Weights 

were registered each 10 to 30 minute interval during the 

measurements so as to determine the transpiration rate of 

the plants. Simultaneously, the thermal transient 

measurements of sap flow were taken using the developed 

apparatus. 
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Figure 6. Weighing lysimeter used for calibrating sap flow 

measurements in the stem of apple tree. 
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Table 1. Total leaf area and stem diameter at 25 cm height 

of each selected apple plants. 

Plant no. 

1 

2 

3 

4 

5 

6 

Leaf area 

(cm2 ) 

5610.75 

6818.42 

7466.42 

6600.30 

7460.30 

6296.81 

stem diameter 

(mm) 

17.50 

21.74 

21.66 

20.97 

20.71 

20.25 

A dye uptake technique was used to detect the path 

of water transport within the xylem. As the sampling 

technique is destructlve, observations were made at plants 

of the same age in the course of the investigations. Dye 

was introduced into the xylem by first seallng a plastic 

container of about 25.4 cm width and 31.75 cm depth around 

the base of the apple tree stem. Before sealing this 

container, a 0.1 % solution of decolourised basic fuchsin 

dye (Talboys 1955) was placed inside it and the stem cut 

off completely using a pruning saw, under the surface of 

the dye solution as a means to exclude air from entering 

into xylem, and the tree was allowed to transpire for 

approximately 25 minutes. Afterwards, the tree was removed 
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from the dye and permited to dry out before being sectioned 

and the stained conducting areas determined. 

After drying, the stem was sectioned every 2 cm, 

starting from 23 cm from the base (soil surface in the pot) 

up to 45 cm. The area of dyed xylem vessels was 

photographed. At the probe insertion height, 25 cm, the 

stained areas were distributed throughout the stem 

cross-section as indicated in Figure 7. This suggested 

that sap flow could be detected over almost the total area 

of the stem. 

Since the system comprises a single probe sensor, 

there is no need to worry about axial spacing in the 

installation of the probe. A single probe causes less 

disturbance to the woody tissues. 

The implantation of the thermistor probe, at about 

25 cm from the stem base, was easily carried out using a 

small battery-powered drill. A 2.6 mm diameter twist drill 

was used to insure a close fit. A guide, made of a 

hardened steel, was utilized to allow the hole to be 

drilled to a depth of about 6 mm. Insertion was 

accomplished by pushing. The probe was inserted by hand. 

Paraffin was melted around the sensor to completely seal 

the hole. The leads of the probe sensor were tied tightly 

to the stem with string. Figure 8 illustrates the 

thermistor probe installation in the stem of an apple tree. 
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25 

Figure 7. Stern cross-section at the probe insertion height 

(25 ern) showing the dyed xylem vessels. 
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Thermistor Thermal Properties 

A thermistor is a semiconductor whose electrical 

resistance (R) is a nonlinear function of its temperature 

(T) represented by the relation (Thermometrics Inc. 1986) 

( 1 ) 

where Ro is the resistance at a standard reference 

temperature To and ~ is a positive constant representative 

of the material from which the thermistor is manufactured. 

Thus, Ro, ~ and To are calibration constants. By 

definition, the temperature coefficient of resistance (~') 

is 

( 2) 

Thus, ~, denotes the percent in resistance change per 

degree celsius at a specific temperature and is provided by 

the thermistor manufacturer. 

The thermistor was hermetically sealed in a shock 

resistant glass. The thermistor material is approximately 

spherical in shape and has a high thermal conductivity. A 

spatially uniform temperature throughout the thermistor 
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material was assumed. Additionally, for fluid 

application, the effects of radiation has been assumed to 

be negligible. 

A thermistor used as a flow sensor may be operated 

with either a constant current (temperature changes with 

flow) or a constant temperature (heating current changes 

with flow). Considering the first mode of operation, when 

the thermistor is internally heated with a current to a 

temperature T above the ambient and then allowed to cool, 

the rate of heat loss is proportional to the initial 

temperature rise of the thermistor. If m and care 

respectively the mass and specific heat of the thermistor 

probe, the heat transfer equation within a fluid at 

temperature T f in any instant of time t is (Rasmussen 

1961, Fowlis 1969, Thermometrics Inc. 1986, Lents et al. 

1986, Fanney and Dougherty 1987) given by 

mc dT 
~= 

where the product of the convection heat transfer 

( 3 ) 

coefficient (h) and probe surface area (Ap) is termed the 

heat dissipation constant, and P is the probe electrical 

power. Thus, the rate at which heat can be transferred 

from the thermistor to the surrounding fluid depends on its 

heat dissipation constant. A condition of equilibrium is 



achieved when dT/dt=O or time t»(mc/hAp). Therefore, 

T=T t and the thermistor probe will measure the fluid 

temperature. 
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The rate at which thermal energy (heat) is supplied 

to the thermistor in an electrical circuit is equal to the 

power dissipated in this device which is given by 

P = EI = I2R ( 4 ) 

During the low power operation, the current (I) is 

kept constant at 0.1 mAe In this mode, before applying a 

heat pulse to the thermistor probe, the sensor and the 

fluid temperature (T and T t , respectively) are essentially 

the same. Afterwards, the power of the sensor is increased 

to a higher value by increasing the current to 10 mAe 

By registering the temperature decrease with time 

(cooling phase), the heat transfer coefficient is 

determined. Knowledge of how h varies with fluid velocity 

permits estimation of the fluid flow. The procedure 

involves basically the utilization of a single probe sensor 

(thermistor) which is initially at a low power (temperature 

sensing) mode and then a short high power (heating current 

sensing) pulse is used. A single board computer is used to 

control the power mode and to record the heating and 

cooling phases as shown in Figure 9. 
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Dimensionless Heat Transfer Analysis 

Since the shape of the active end of the thermistor 

probe closely resembles a sphere, investigation of the 

dependence of the heat transfer coefficient, h, on the 

velocity and on the properties of the flowing fluid was 

undertaken for a spherical shape. The flow of water past 

spheres is a classical heat transfer topic. Forced 

convection heat transfer are commonly presented by means of 

dimensionless power functions such as the Nusselt number 

(Nu) expressed in terms of the independent hydrodynamic 

parameter, Reynolds number (Re), and the independent fluid 

property parameter, Prandtl number (Pr). The results are 

frequently presented as correlations of the form (Kramers 

1946, Vliet and Leppert 1961, Yovanovich 1988) 

Nu = N + Cr Re n Prj ( 5 ) 

where N, Cr, n, and j are numerical constants. 

The first term on the right-hand side of equation 

(5) represents the contribution of the molecular limit to 

the Nu as the Re approaches zero. The second term 

represents the effect of fluid motion on heat transfer, 

consisting of the product of the correlation coefficient, 

Cr, and the Re and Pr numbers. The Cr and the Re are 

dependent on the choice of the characteristic body length. 



62 

The Cr implicitly depends on the Pr and the value of the Re 

parameter, n. The Pr is a dimensionless fluid property 

parameter and therefore should be independent of body shape 

and the characteristic length. The Pr parameter, j, will 

depend on the value of the Pr (Yovanovich 1988). 

In this study, equation (5) is used to correlate 

the thermistor probe thermal characteristics containing 

the h, 

with the Re based on the porous medium mean superficial 

velocity U and the probe outside diameter Opl 

o U 
Re = -p­v 

(5a) 

(5b) 

and the Pr based on the thermophysical properties of the 

fluid, thermal conductivity K" kinematic viscosity v, 

specific heat c,' density P" and diffusivity ~, 

(5c) 

Because the velocity of the flowing medium varies 

over the cross section and since there is no well-defined 

free stream, the stern of woody plant was assumed to be 

circular in shape and a mean velocity U term was used. As 

a means to facilitate the computations, this velocity was 



--_ .. -_._-

defined such that, when multiplied by the fluid density 

Pf and the cross-sectional area of the stern As, it 

o 
provides the rate of mass flow through the plant stern m 

(sap flow, transpiration rate). Hence, 
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o 
m = P f U As • ( 5d ) 

Thus, for a uniform laminar steady flow of water in a 

circular woody stern of uniform cross-sectional area, it is 

o 
feasible to express the Re based on m, 

Rea = 

where 0 is the plant stern diameter. 

(5e) 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Microprocessor System Performance 

The microprocessor instrumentation and the digital 

data acquisition system performance were tested extensively 

under both laboratory and field conditions. 

In the low power mode, the current drawn from the 

adjustable current source device LM 334 was approximately 

0.1 mAo This corresponded to a power dissipation of 

about 10-5 W which could be neglected. The power 

used in the heating phase was about 0.10 W as compared to 

a typical value of 400 W for other systems (Marshall's 

method used by Cohen et al. 1981, on citrus). Minimal 

errors may be expected with a power level of this order 

according to Kroos (1987) who investigated thermometry 

errors encountered, while using thermistor probes, due to 

forced convection to the surrounding fluid (water). Error 

is heavily dependent on the amount of power created in the 

thermistor (Kroos 1987). 

Field effect transistors (FET) were used as high 

speed switchs between the low and high power mode of 

operation. The gain of the operational amplifiers was also 
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switched between modes of operation of the thermistor 

probe. When the FET gate (G) voltage was below some 

threshold value (about + 1.5 volts) the transistor was cut 

OFF. In this case, the FET acted as an open switch. On 

the other hand, when a logic zero signal above the 

threshold value was applied to the gate, the transistor 

conducted. Since the FET own resistance is very low, it 

acted as a closed switch. The transistor gate logic was 

controlled by the port C (PC 5) of the programmable 

peripheral interface (8255AH) as described in the system 

assembly and function, Chapter 3. Thus, the FET was a 

important key for the successful performance of the system. 

The microprocessor system was fundamentally 

involved in controlling, collecting, and storing of data 

from the thermistor probe. Since the initial transient 

cooling response was desired of the temperature changes 

detected by the sensor, the system must measure the sensor 

signal rapidly. This was accomplished through the 8 bit 

sucessive approximation analog-to-digital converter, 

single chip data acquisition system (ADC 0816). The system 

converted and sequentially stored time and temperature at 

a rate of one data point each 30 to 35 milliseconds 

(Appendice B). The system operated in real time. The 

digitized information was temporarily stored in the 

volatile memory of the single board computer and then 



transferred later via the serial interface to a file in a 

small portable computer. Immediate determination of 

transpiration is also feasible in a batch mode using the 

single board computer. 

66 

Typical probe sensor responses taken in the 

laboratory with the microcomputer-controlled 

instrumentation system are shown in Figure 10. The results 

represent the values obtained in packed beads following 

differents heat pulse application at four water flow rates. 

The microprocessor system programming efficiency 

was facilitated using MCS BASIC-52 which allowed 

hardware/software interaction through the peripheral 

interface port 8255AH of the single board computer 

(BCC 52). The software controlled the entire process of 

data acquisition, conversion and transmission. 

~ Pulse Duration Effects ~ ~ 

The effects of the heat pulse duration on flow rate 

were investigated in the packed beads porous medium. 

Thermistor probe response curves (A/D readings in 

millivolts) measured on water flow rates of 0.0, 0.7, 3.1, 

and 6.5 ml/min at self heating times of 0.3, 1.0, 2.0, 3.5, 

and 6.5 s behaved as shown in Figure 10. The time zero in 

the X axis indicates the separation between high and low 

power mode of operation of the probe, that is, end of heat 
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Figure 10. Probe sensor response in packed beads following 

different heat pulses at four water flow rates. 
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pulse application and start of cooling phase. The major 

effect of the heat pulse duration was on the time required 

for the probe temperature to again reach its original 

value, before heat pulse application (its equilibrium 

condition). At lower heat pulse duration (0.3, 1.0 s) and 

at higher flow rate (3.1, 6.5 ml/min), this time was 

shorter, and the rate of temperature change (probe 

response) was steeper. This suggests that the heat pulse 

duration should be much larger at higher flow rates as a 

means to obtain a good separation in the response of the 

sensor. In addition, this reinforces the reasons of 

acquiring data from the thermistor as often as possible. 

Speeding up the readings, allows registration of steep 

temperature fluctuations at higher flow rates. 

On the other hand, the heat pulse should not be 

applied for an excessive period of time in order to avoid 

disturbance in the medium surrounding the sensor and an 

excessively long time to return to the equilibrium 

condition. 



~ Effects Qn Sensor Response 

In the Packed Beads 

A fundamental part of the work described in this 

dissertation was to test and evaluate how the local water 

flow rate through the packed beads porous medium affected 

the probe sensor response. 
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The utilization of a thermistor as a flowmeter is 

based on the ability to relate its power dissipation, which 

is elevated in temperature above the surrounding fluid, to 

the local water flow. 

Figure 11 shows the probe sensor temperature 

variation with time at four flow rates, after selfheating 

the thermistor for 3.5 s. The results indicate that the 

rate of heat transfer from the thermistor was affected by 

the flow rates. Longer times were required for the sensor 

temperature to return to its initial value (its equilibrium 

condition) at lower flow rates. Consequently, the 

temperature variation with time was registered at smaller 

increments. At higher flow rates, the rate of temperature 

change with time is greater. Thus, the time required for 

the sensor temperature to reach its original value was 

short. 

Since the thermal response of a single probe sensor 

was affected by the flow of water, it appears feasible to 

use the thermistor as flowmeter. This can be accomplished 
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Figure 11. Probe sensor response in packed beads following 

a 3.5 s heat pulse at four water flow rates. 
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through the microprocessor instrumentation which can be 

used for investigation of the thermistor thermal properties 

(voltage, resistance, temperature, and power dissipated) as 

described in Chapter 4. 

Response of the thermistor probe, following a heat 

pulse application of 3.5 s, for different water flow rates 

are also shown in Figures 12 and 13. Fractional response, 

presented in Figure 12, was calculated according to the 

ratio 

( 7 ) 

where T represents the probe sensor temperature at any time 

t, T t is the surrounding fluid temperature before 

application of heat, and Tl is the initial temperature at 

time zero or the highest temperature sensed at the 

beginning of cooling phase. This ratio is a dimensionless 

form of the thermistor response. 

Graphically, the fractional response shown in 

Figure 12 behaves like the response indicated in Figure 11. 

The natural logarithms of the fractional response curves 

are presented in Figure 13. Since a straight line could 

not be fit to data of Figure 13 it can be established that 

a first order model does not adequately fit these data. 

However, the separation of water flow rates is evident. 
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Non-linear regression analysis was utilized to 

examine the kind of relationship between the thermistor 

temperature changes (Y) and the time elapsed (X) after heat 

pulse application. An additive exponential model, 

Y = b(l) exp[b(2) Xl + b(3) exp[b(4) Xl, (6) 

indicated as a solid line in Figure 11, was found to fit 

the measured data adequately. The least squares estimation 

of the parameters [b(l), b(2), b(3), and b(4)l for each 

water flow rate was computed by the software, PlotIt, using 

the Marquardt iteration method. The statistical results 

and the parameter values are presented in the Appendice C. 

In the stem of Woody Plant 

The instrumentation system performance was tested 

and evaluated through the measurements of sap flow in the 

stem of a woody plant. The results were compared with the 

plant water loss due to transpiration estimated directly by 

a weighing lysimeter. The tests were carried out with 

potted apple plants in the greenhouse. 

The diurnal course of the transpiration rate of an 

apple tree measured directly by a weighing lysimeter on 

July 29, 1989, is shown in Figure 14. The results are 

consistent with West and Gaff (1976) who reported 

transpiration flux density in attached apple leaves 

enclosed in a leaf chamber, in a naturally lit glasshouse, 
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to range from 1 to 5 IJg cm-2 s-1. 

A least squares fit to the data treating the apple 

tree transpiration rate, Y, as the dependent variable and 

the time of the day, X, as the independent variable 

indicated that the equation shown, as a solid line, in 

Figure 14 fits very well to the measured data. The 

parameters of the equation were computed by the software, 

PlotIt, utilizing the Marquardt iteration method. The 

parameters and the statistical results are shown in the 

Appendice C. The predicted transpiration rate values were 

used to verify how the sap flow rate affected the probe 

sensor response in the apparatus. 

Figure 15 shows the probe sensor thermal response 

in the stem of an apple tree following a heat pulse of 

4.8 s at six transpiration rates. The measurements were 

collected in the greenhouse potted plants from early 

morning to afternoon. It indicates clearly that the rate 

of heat transfer from the thermistor was affected by the 

plant transpiration rate. However, the sensor response did 

not behave according to the measurements obtained in packed 

beads porous medium. This might be expected due to the 

differences in the ambient conditions. The ambient weather 

conditions (air temperature, relative humidity, solar 

radiation, and vapor pressure deficit) changed rapidly in 

the greenhouse, as shown in the Appendice D. This is 
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tree following a 4.8 s heat pulse at six 
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especially noticeable during the early morning and late 

afternoon hours. Thus, temperature gradients might be 

developed around the plant stem due to the more rapid 

warming of the aerial environment than the root medium. 
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The rate of heat transfer of the thermistor probe might 

also be affected by these temperature gradients surrounding 

the plant stem. There was a shift in the return of the sap 

temperature to its initial value, comparing the different 

transpiration rates as shown in Figure 15. Diurnal changes 

of the sap temperature, indicated by the sensor before heat 

application (equilibrium condition), confirmed that shift. 

The presence of the sapwood material in contact with the 

sensor at variable ambient temperature offers some special 

challenges concerning the transient heat transfer analysis. 

At lower transpiration rates, the time required for 

the sap temperature to return to its original value (before 

heat application) was short, and the rate of temperature 

change was steep (Figure 15). Under lower heat convective 

velocities, the sensor response should be exactly the 

opposite. The sensor might be affected by greater 

temperature gradients developed around the stem since the 

same amount of heat was applied to the thermistor at all 

sap flow rates. Abrupt changes of ambient air temperature 

during the early morning (time in which the lower 

transpiration rates were obtained) might be the cause of 



this problem (Appendice D). The heat-conduction losses 

through the wires could be another reason for this 

problem. However, it was not evaluated in this work. 

The relationship between the probe sensor 

temperature variation (Y) and the time elapsed (X) after 

heat pulse application was found to fit equation (6) very 

well according to the solid line presented in Figure 15. 

In the least squares determination of the equation 

parameters for each transpiration rate, a non-linear 

regression analysis technique was used following the 

procedures provided in PlotIt, using the Marquardt 

iteration method. Appendice C contains the parameter 

values and the statistical results of this analysis. 
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Similar thermistor thermal responses were obtained 

for different transpiration rates for five plants with stern 

diameters ranging from 17.50 to 21.74 rom and leaf areas 

ranging from 5610.75 to 7466.42 cm2 • 

The probe sensor fractional response was computed 

for transpiration rates of each plant according to the 

ratio indicated by equation (7), following a heat pulse 

application of 4.8 s (Figure 16). The curves presented the 

same behaviour of the thermistor response indicated in 

Figure 15 since they were derived from there. The natural 

logarithm of the sensor fractional response is calculated 

in Figure 17. It is evident that the curves can not be 
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Figure 17. Natural logarithm of the fractional response 

in the stem of an apple tree following a 4.8 s 

heat pulse at six transpiration rates. 



adjusted to a first order model. However, the results 

indicate clearly that changes in plant transpiration rate 

can be detected by this method. 
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Further investigations are necessary as a means to 

overcome the ambient temperature fluctuations as well as 

the thermal transient heat transfer analysis. 

~ gnd Thermal Transient Correlations 

The results obtained in the packed beads and stem 

of woody plant could be utilized directly to infer 

velocities since they directly reflected how the transport 

of the water through the porous medium and around the 

thermistor probe affected the rate of heat transfer from 

the sensor. However, as a means to obtain the correlations 

between water flow rates and sensor thermal transient 

responses, it is desired to nondimensionalize the results 

into a traditional Nusselt (Nu) versus Reynolds (Re) 

numbers form as described in Chapter 3. Assuming a 

spherical shape for the thermistor, the problem is to 

determine the dependence of the heat transfer coefficient 

(h) on the surrounding fluid velocity. Once the functional 

relationship between these parameters is established, the 

h can be cast into an Nu and used to quantify fluid flow 

according to equations (5) and (Sa to Se). 
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Equation (3), described in Chapter 3, would imply 

a single exponential response for a negligible probe sensor 

electrical power (P). But the packed beads and stem of 

woody plant natural logarithm of the fractional response 

results (Figures 13 and 17, respectively) indicate that a 

first order model (a straight line) was obviously not 

adequate to fit the data. This suggests that another 

source of heat loss was influencing the probe sensor 

response. Consequently, equation (3) does not reflect the 

rate of heat transfer from the thermistor probe. This 

causes some difficulties in the process of determining the 

heat transfer coefficient (h) since a different equation 

must be searched. Hence, one must resort to physical 

understanding of the problem. 

In attempting to find the h, the equation (3) was 

expanded to include the heat loss to the environment and 

down the leads of the thermistor as follows: 

where Ta is the ambient air temperature, b 1 is the probe 

sensor dissipation constant (hAp)' and b2 1s a 

( 8 ) 

coefficient related to the resistance due to the heat loss 

to the surrounding air (lIRa)' All the other parameters 
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in this equation are defined as in equation (3). 

The data was fitted with a statistical package 

(PlotIt) as a means to eliminate experimental variation of 

the derivative dT/dt which was generated by the software, 

PlotIt, from the non-linear regression model (equation 6) 

for the initial part of the curve (sensor response for time 

< 0.3 s). Attention was given to this initial part of the 

curve because it will be more responsive. In this way, all 

the interactions and complexities as the system return to 

the equilibrium condition at large times were avoided. 

A statistical technique, multiple linear regression 

analysis (MLRA), was utilized to find the solution to the 

relationship among the variables indicated in equation (8) 

by neglecting the probe sensor electrical power (P) and 

having the equation parameters in the following form 

where Y stands for mc dT/dt and Xl and X2 represent 

T - Tt and T - Ta, respectively (Appendice E). With 

(8a) 

the sign convection used in equation (8), one would expect 

b l and b2 to be the same sign and negative (b 1=-hAp 

and b2=-1/Ra). It was found to be difficult to force 

the multilinear regression equations to have no constant 

value. When this was accomplished on the VAX computer, 

using a statistical analysis system (SAS) package, the 
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resulting values of b 1 and b2 had opposite signs 

(Appendice E). Through MLRA conducted on the VAX computer, 

it was possible to force these coefficients to have the 

same sign but then the fit obtained was poor. 

The MLRA results indicated that another term had 

been overlooked in equation (8). The logical supposition 

would be the generation of a shell of heat in the porous 

medium around the bead sensor due to the thermal capacity 

of the packed beads and woody tissue (qshall). Thus, 

mc dT = at 

A search for a classical solution for qShall (Carslaw 

and Jaeger 1959) led to the conclusion that numerical 

methods would be needed to evaluate the qShall term. 

The nature of qShell would decrease with time and be 

of a sign to bring the measure responses back into a very 

good fit. This heat from the shell corresponds to the 

different responses with different self heat times which 

has been observed in Figure 10. 

Although the problem has not been solved, 

significant progress has been achieved by combining 

theoretical consideration and experimental analysis to 

provide explanations of the measured data. 



86 

CHAPTER 5 

CONCLUSIONS AND RECOMMENDATION 

The major objective of this work was to develop an 

apparatus to explore the feasibility of utilizing a single 

heated thermistor probe sensor for sap flow measurements in 

the stem of woody plants. This was carried out 

successfully by designing a completely automatic 

microprocessor instrumentation and digital data acquisition 

system. 

Experiments have been conducted in two distinct 

porous medium, packed beads and stems of woody plants, as a 

means to test and evaluate the performance of the whole 

instrumental apparatus for detecting variation in local 

water flow rate. 

Sensor Material and Configuration 

The glass encapsulated thermistor probe material is 

recommended for sap flow studies since its configuration 

facilitates the implantation of the sensor in the stem of 

woody plants. Its geometry and dimensions (Figure 1) cause 

little disturbance to the woody tissues during 

installation. In addition, axial spacing does not 

constitute a problem since the instrumentation system 
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comprises a single sensor. 

The probe sensor unit is shock resistant and able 

to endure hardships. It is ideally suited for immersion in 

fluid and convenient for mounting in electric circuit 

assemblies. It is reliable and stable. 

The thermistor probe behaved extremely well as 

temperature transducer in its normal mode of operation 

(constant current, temperature changes due to forced 

convection to the surrounding fluid). Its excellent 

performance is basically due to its thermal time constant 

[from equation (3), mc/hAp) and voltage sensitivy to water 

flow rate. As a means to obtain a fast time response, it 

is desirable to have a small thermal capacitance of the 

thermistor probe (mc) as well as a large fluid heat 

dissipation coefficient (hAp). 

The power required to raise the thermistor probe 

temperature 1°C was approximately 1 mW. 

Instrumental Apparatus Performance 

A compact, field portable, electronic instrumental 

apparatus has been designed for measurement of sap flow 

through the xylem in the stem of woody plants. The system 

is basically comprised of a single thermistor probe, a 

two level constant current source, a single board computer, 

an analog-to-digital converter, and a set of operational 
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amplifiers. The instrumentation is operated in a 

stand-alone fashion due to the aid of the single board 

computer which is one of the fundamental parts of the 

system. The thermistor probe is alternately and 

automatically switched between a high power (0.10 W), 

constant temperature (heating current changes with speed), 

and a low power (10-5 W), variable temperature 

(constant current with speed), mode of operation. 

Experimental results obtained in packed beads and 

in stern of woody plants reveals that the instrumentation is 

capable of detecting local water flow velocities. The 

system is able to collect information at a rate of one data 

point (time and AID reading) each 30 to 35 milliseconds. 

The rapid conversion of the signal from the sensor is made 

possible through the 8 bit analog-to-digital converter and 

efficient programming of the microprocessor system. This 

feature is one of the main advantages of this data 

acquisition system since the thermal transient measurements 

are fundamentally connected with the elapsed time in the 

cooling phase. 

The microprocessor data acquisition system provides 

the user with a powerful tool for fundamental 

investigations concerning physical phenomena such as 

thermal transient measurements associated with flow in 

porous media. 
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Method Applicability 

A key portion of the application of the recently 

developed technique is the determination of transient heat 

transfer characteristics of a heated thermistor probe in 

two distinct porous medium. This was accomplished through 

experiments, performed in packed beads and stem of woody 

plants, where the probe sensor responses were utilized to 

infer local water flow velocities. 

Results obtained in packed beads indicate that the 

rate of heat transfer of the thermistor probe is affected 

by the local water flow rates. As the thermal transient 

response of a single probe sensor is capable of detecting 

flow rates from 0.0 ml/min up to 6.5 ml/min, it appears 

feasible the use of this apparatus as a flowmeter. 

Both packed beads and stem of woody plant natural 

logarithm of the fractional response indicate that the data 

can not be analyzed as first order model due to the fact 

that local water flow rate is not the only factor affecting 

the response of the sensor. Another source of heat 1055 

and the generation of a shell of heat in the porous medium 

around the bead sensor are also likely influencing the 

response of the probe sensor. Numerical methods are 

necessary to evaluate the generation of a shell of heat 

since no classical solution is available. 
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Non-linear regression analysis results indicate 

that the relationship between the probe sensor temperature 

response and the time elapsed in the cooling phase Is 

fitted very well by the additive exponential model 

[Equation (6)]. 

Measurements of sap flow in the stem of woody plant 

using the newly designed instrumentation indicate that the 

rate of heat transfer of the probe sensor is also affected 

by the local water flow rates. However, the thermistor 

probe behaviour due to forced convection to the surrounding 

fluid is different from the response observed in the packed 

beads porous medium. In this case, the rate of heat 

transfer of the sensor may also be affected by temperatures 

gradients developed around the plant stem due to the more 

rapid warming of the aerial environment than the root 

medium. In the greenhouse, a rapid change in the ambient 

air temperature was observed during the early morning and 

late afternoon hours. Since the diurnal course of sap 

temperature did not change nearly as fast and since the 

same amount of heat was applied to the probe sensor for all 

sap flow rates, this variation in the air temperature 

is very likely a contributing cause of the problem. 

The present technique is able to indicate 

measurements of the water flow velocities in the xylem of 

woody plants. However, further investigations are required 



to overcome the dissimilar response in beads and woody 

stems of plants. 
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Either packed beads or stem of woody plant results 

show that the present technique is able to detect flow 

velocities. Thus, the use of a single thermistor probe as 

flowmeter has merit. However, additional work is necessary 

to understand the problems encountered in the transient 

heat transfer analysis. Most importantly, a model to 

determine the heat transfer coefficient should be 

assessed. Also careful attention must be addressed to the 

effects of ambient air temperature variations and possible 

heat-conduction loss in the probe sensor leads. 

Although the problem has not been completely 

solved, significant progress has bee~ achieved by combining 

theoretical consideration and experimental measurements to 

provide explanations of the measured data. The presence of 

the porous medium material and the flowing water in contact 

with the probe sensor, at variable ambient air temperature, 

offer some special challenges concerning the thermal 

transient analysis. 
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In this program, a computer interface system is 

designed to predict water transport in the stem of woody 

plants by using a thermal transient method. The system 

comprises one probe sensor, thermistor, incorporated into a 

electric circuit which is automatically controlled by this 

software which is used for collecting, transfering, and 

storing data as well as for controlling the thermoelectric 

circuit. The program was written in BASIC-52 language 

which significantly simplified the programming effort. 

This automatic data processing allows and 

facilitates the application of the computer interface 

system in irrigation management. 

List of Input Symbols 

BHT time before heating the thermistor in seconds 

SHT time for selfheating the thermistor in seconds 

FHET time for fast heating reading in seconds 

DELH time delay for heating reading 

COT time for cooling the thermistor in seconds 

FCOT time for fast cooling reading in seconds 



DELC 

ECOT 

DEL 

time delay for cooling reading 

time for equilibrium cooling readings in seconds 

time increment for equilibrium reading in seconds 
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List of Symbols Used in the Program 

SUMT1 

SUMT2 

first sum of time equal to BHT+SHT 

second sum of time equal to SUMT1+COT 

SUMT3 third sum of time equal to SUMT2+ECOT 

SUMFHET time elapsed until the end of fast heating readings 

SUMFCOT time elapsed until the end of fast cooling readings 

AA, BB & CC port memory addresses, ports A, B & C, respe~ 

tively (A=AA=OC800H, B=BB=OC801H & C=CC=OC802H) 

CW control register address (CW=OC803H) 

XBY(CW)=91H loads the value 91H into the control register, 

setting A, C3-CO ports to INPUT and B, C7-C4 ports 

to OUTPUT. In addition, the value 91H sets all 3 

ports to mode 0 operation 

SUMDAYS array representing the cumulative sum of the days 

of each month of the year 

VARI DATA storing index, it will start at 7FFFH and go 

down 

7FFFH 

VARF 

the top limit of memory that is to be used for DATA 

storage 

DATA stored as a floating point variable, using 6 

bytes 



LBOT 

VARSB 
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the bottom limit of memory that is to be used for 

DATA storage (LBOT= 4008H) 

DATA stored as a single byte variable 

DND last DATA storing index 

VARF6, VARF12 the same as VARF, temporary atribution to 

VARF to be used for retrieving floating point DATA 

TIME time elapsed obtained from the SMARTWATCH of the BCC 

52, variable used to retrieve and/or assign a value 

to the real time clock 

DBY(71)=0 used to change the "fraction" portion of TIME by 

manipulating the contents of internal memory DBY 

[expJ ) location 71 or 47H. Each count in internal 

memory location represents 5 miliseconds of time. 

Here, the fraction of time is assigned to zero 

I index value used to set channel and to display chan 

nel on LED's through the port B 

VARTEMP reading temperature variables. The converted 

values are taken into port A (VARTEMP=XBY(AA» 

AW used to retrieve and/or assign a value to the real 

time clock 

G(O) to G(7) smartwatch register definition, pattern 

$(0) 

YEAR 

MOTH 

recognition codes 

string variable identification (local-experiment #) 

year variable 

month of the year variable 
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VARDAY day of the month variable 

DAYOFYEAR date variable formated as day of the year 

DATEV 

SEC 

MIN 

HOUR 

VARTI 

date variable formated as year.dayoftheyear. Thus 

1989, January 11 is formated as DATEV=1989.011 

seconds obtained from smartwatch register 

minutes obtained from smartwatch register 

hours obtained from smartwatch register 

time variable formated as hours and fraction of 

hour. Thus 3 hours and 30 min pm is formated as 

15.500 for the 24 hr format 

Some MCS BASIC-52 Statements Description 

STRING [expJ,[expJ allocates memory for strings. The 

first expression - [expJ - is the total number of 

bytes the user wishes to allocate for string 

storage. The second [expJ denotes the maximum 

number of bytes that are in each string. MCS 

BASIC-52 requires one additional byte for each 

string, plus one additional byte overall 

XBY( [expJ) used to retrieve or assign a value to the 

8052AH's external data memory 

DIM reserves storage for matrices which in MCS BASIC-52 

may have only ONE DIMENSION and the size of the 

dimensioned array may not exceed 254 elements 
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PUSH (exp] the arithmetic expression - (exp]=VARF 

following the PUSH statement is evaluated and then 

sequentially placed on MCS BASIC-52 ARGUMENT STACK. 

Here, a floating point number is placed on the 

STACK because VARF is a floating point variable 

ST@ (exp] lets the user specify where MCS BASIC-52 

floating point numbers are to be stored. The 

expression (exp] following the ST@ statement 

specifies the address of where the number is to be 

stored and the number is assumed to be on the 

argument stack 

LD@ [exp] lets the user retrieve floating point numbers 

that were saved with the ST@ [exp] statement. The 

expression [exp] following the LD@ statement 

specifies where the number is stored and after 

executing the LD@ [exp] statement, the number is 

placed on the argument stack. Here, the [exp] is 

equal to VARI 

POP [var] the top of the argument stack is assigned to the 

variable following the POP statement and the 

argument stack is "popped" (i.e. incremented by 6). 

Here, the [exp] is equal to VARF 

DBY( [exp] ) special function operator used to retrieve or 

assign a value to the 8052H's internal data memory 
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CLOCKl enables the real time clock feature resident on the 

MCS BASIC-52 device. The special function operator 

TIME is incremented once every 5 milliseconds after 

the CLOCKl statement has been executed 

ONTIME [exp],[int num] generates an interrupt every time the 

special function operator, TIME, is equal to or 

greater than the expression [exp) following the 

ONTIME statement. Actually, only the integer 

portion of TIME is compared to the integer portion 

of the [exp). The interrupt forces a GOSUB to the 

line number lint num) following the [exp] in the 

ONTIME 

RETI used to exit from interrupts that are handled by an 

MCS BASIC-52 ONTIME statement. It does the same 

thing as RETURN except that it also clears a softw~ 

re interrupt flags so interrupts can again be acknQ 

wledge 



-_ ......... -
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8255AH Port Configuration Specification 

91H is the control word value 

Configuration: 

-------
A (----- PA7 - PAO 

--[------) PC7 - PC4 
C 

(----- PC3 - PCO 

B -----) PB7 - PBO 
--------

PORT C: 

output input 

[ - - - - - -- - - - - --- ] [---[ - - -,- - - -,- - -] 
:~-L:r6 -'-:r5 -L:r4 :=- ::--::--:rO 

(EOC) 
End Of Conversion 

Address Latch Enable (ALE) 
Controls the MOSFET 

Start Of Conversion (SOC) 

C5 the value loaded in this register controls the Field 

Effect Transistor (MOSFET) which is used as a high 

speed switch for heating and/or cooling the sensor 

(thermistor) as well as for controling the amplifier 

when readings are taken from the sensor. The switch 

(MOSFET) is OFF when the value is set to LOGIC 1 

(cooling sensor and amplifying readings from sensor) 

and is ON when the value is set to LOGIC 0 (heating 

sensor and not amplifying readings from sensor) 



C4 the values loaded in this register are used to 

toggle the address latch enable (ALE) in order to 

latch channel. This must occur when the values go 

throughout the LOGICS 0, 1, and 0 again 
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C6 the values loaded in this register are used to Start 

Of Conversion (SOC). In this case, C6 register 

should go throughout LOGICS 0, 1, and 0 

CO the value loaded in this register is used for End Of 

Conversion (EOC) 

Subroutines and Some Line Numbers Statements 

100 subroutine to set up ports and initialization 

200 subroutine to clear storage area using floating 

point 0.0 6 bytes (fill storage area with zeros) 

300 subroutine to read and store local identification 

string 

400 subroutine to read and store DATA from sensor 

during the equilibrium, heating, and cooling phases 

600 line number which must follow the GOTO statement, 

GOTO 600, used to retrieve the local identification 

string and floating point DATA from memory 

700 subroutine to get and store date and time from the 

SMARTIME module 
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Program 

10 STRING 26,24 

15 GOSUB 100 REM Set up ports and initialize 

20 GOSUB 200 REM Clear storage area 

25 GOSUB 300 REM Get and store Identification string 

30 GOSUB 700 REM Get and store DATETIME from SMARTWATCH 

35 GOSUB 400 REM Read and store DATA from sensor 

40 GOTO 30 

99 END 

100 REM Set up ports and initialize 

105 REM PA & PC3-PCO input - PB & PC7-PC4 output 

110 AA=OC800H: BB=AA+1 : CC=BB+1 : CW=CC+1 

115 XBY(CW)=91H 

118 XBY(CC)=20H: REM Set PC5 to logic 1 

120 DIM SUMDAYS(12) 

125 INPUT "Enter time before heating thermistor BHT"BHT 

130 INPUT "Enter time selfheating thermistor SHT"SHT 

135 INPUT "Enter time fast heating reading FHET"FHET 

140 INPUT "Enter time delay heating reading DELH"DELH 

145 INPUT "Enter time cooling thermistor COT"COT 

150 INPUT "Enter time fast cooling reading FCOT"FCOT 

155 INPUT "Enter time delay cooling reading DELC"DELC 

160 INPUT "Enter time equilibrium cooling ECOT"ECOT 

165 INPUT "Enter time increment slow reading DEL "DEL 



170 SUMT1=BHT+SHT 

175 SUMT2=SUMT1+COT 

180 SUMT3=SUMT2+ECOT 

199 RETURN 

SUMFHET=BHT+FHET 

SUMFCOT=SUMT1+FCOT 
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200 REM Clear storage area using float point 0.0 6 Bytes 

205 VARI=7FFFH 

210 VARF=O.O 

215 DO 

220 PUSH VARF 

225 ST@ VARI 

230 VARI=VARI-6 

235 UNTIL VARI<4008H 

240 VARI=7FFFH 

245 LBOT=4008H 

299 RETURN 

300 REM Get and store Identification string 

310 $(0)="TRANSPIRATION-HPM-EXP001" 

320 PRINT $(0) 

330 REM Store Identification String 

340 FOR K=l TO 24 

350 VARSB=ASC($(O),K) 

360 IF (VARI < LBOT) THEN RETURN 

370 XBY(VARI) = VARSB 

380 VARI = VARI - 1 



390 NEXT K 

399 RETURN 

400 REM Reading and storing DATA from sensor 

401 TIME=O 

402 DBY(71)=0 

403 CLOCK1 

404 1=13: REM Set channel 

405 XBY(BB)=16*I+I : REM Display channel on LED's 

406 REM Taking data before SHT, set PCS to logic 1 

408 XBY(CC)=20H 

410 ONTIME DEL,SOO DO 

412 WHILE TIME<BHT 

414 CLEARI 
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416 REM Start selfheating thermistor, set PCS to logic 0 

418 XBY(CC)=OOH 

420 REM Reading and storing DATA during heating phase 

422 DO 

424 REM Toggle ALE to latch channel, PC4 logics 0,1,0 

426 XBY(CC)=10H 

428 XBY(CC)=OOH 

430 XBY(CC)=40H 

431 IF (TIME<=SUMFHET) THEN 43S : REM Fast reading 

432 IF «TIME>SUMFHET).AND.(TIME<SUMT1» THEN 433 

433 FOR J=1 TO DELH : NEXT J : REM Time delay 

434 REM START of conversion, PC6 logics 0,1,0 



435 XBY(CC)=OOH 

436 IF XBY(CC).AND.01H=0 THEN 436 : REM Wait conversion 

437 PUSH TIME : REM Get and store time 

438 ST@ VARI 

440 VARI = VARI - 6 

442 PUSH XBY(AA) : REM Get converted value into Port A 

444 ST@ VARI 

446 VARI = VARI - 6 

450 WHILE TIME<SUMT1 

452 REM Start cooling thermistor, set pe5 to logic 1 

454 XBY(CC)=20H 

456 REM Reading & storing DATA during cooling phase 

458 DO 

459 REM Toggle ALE to latch channel, PC4 logics 0,1,0 

460 XBY(CC)=30H 

462 XBY(CC)=20H 

464 XBY(CC)=60H 

465 IF «TIME)=SUMT1).AND.(TIME<=SUMFCOT» THEN 470 

466 IF «TIME)SUMFCOT).AND.(TIME<SUMT2» THEN 467 

467 FOR J=l TO DELC : NEXT J : REM Time delay 

468 REM START of conversion, PC6 logics 0,1,0 

470 XBY(CC)=20H 

472 IF XBY(CC).AND.01H=0 THEN 472 : REM Wait conversion 

474 PUSH TIME : REM Get and store time 

476 ST@ VARI 
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478 VARI = VARI - 6 

480 PUSH XBY(AA) : REM Get converted value into Port A 

482 ST@ VARI 

464 VARI = VARI - 6 

466 WHILE TIME<SUMT2 
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466 REM Taking and storing data during equilibrium cooling 

490 ONTIME DEL,500 DO 

494 WHILE TIME<SUMT3 

496 CLEAR I 

499 RETURN 

500 AW=TIME 

505 REM Toggle ALE to latch channel, PC4 logics 0,1,0 

510 XBY(CC)=XBY(CC)+10H 

515 XBY(CC)=XBY(CC)-10H 

520 XBY(CC)=XBY(CC)+40H 

524 REM START of conversion, PC6 logics 0,1,0 

525 XBY(CC)=XBY(CC)-40H 

530 IF XBY(CC).AND.01H=0 THEN 530 : REM Wait conversion 

535 IF (VARI < (LBOT+5» THEN RETURN 

540 PUSH AW : REM Get and store time 

545 ST@ VARI 

550 VARI = VARI - 6 

555 IF (VARI < (LBOT+5» THEN RETURN 

560 PUSH XBY(AA) : REM Get converted value into Port A 

565 ST@ VARI 



570 VARI = VARI - 6 

580 ONTIME AW+DEL,500 

599 RETI 

600 REM Retrieving Identification string 

602 DND=VARI 

603 VARI=7FFFH 

605 FOR K=l TO 24 

610 ASC($(O),K)=XBY(VARI) 

615 VARI=VARI - 1 

620 PRINT CHR($(O),K), 

625 NEXT K 

630 PRINT" " 
632 REM Retrieving floating point DATA 

635 DO 

640 LD@ VARI 

645 POP VARF 

650 VARI=VARI - 6 

655 VARF6=VARF 

660 LD@ VARI 

665 POP VARF 

670 VARI=VARI - 6 

675 VARF12=VARF 

680 PRINT USING(#####.IIn), VARF6,VARF12 

685 WHILE VARI>DND 

699 STOP 
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700 REM Get and store DATETIME from SMARTIME module 

702 J=XBY(4000H) 

705 REM Initialize pattern recognition codes 

710 G(0)=OC5H :G(1)=3AH :G(2)=OA3H :G(3)=5CH 

711 G(4)=OC5H :G(5)=3AH :G(6)=OA3H :G(7)=5CH 

712 REM Send registers to SMARTWATCH 

713 FOR Z=O TO 7 

714 FOR X=O TO 7 

715 IF (G(Z).AND.(2**X»<>0 THEN B=1 ELSE B=O 

716 XBY(4000H)=B 

717 NEXT X 

718 NEXT Z 

720 REM Read DATETIME from SMARTWATCH registers 

721 FOR Z=O TO 7 

722 G(Z)=O 

723 FOR X=O TO 7 

724 B=(XBY(4000H).AND.1) 

725 IF B=O THEN 727 

REM B=BITO 

726 G(Z)=G(Z)+(2**X) 

727 NEXT X 

728 NEXT Z 

729 XBY(4000H)=J 

730 SUMDAYS(01)=0 

735 SUMDAYS(04)=90 

740 SUMDAYS(07)=181 

SUMDAYS(02)=31 

SUMDAYS(05)=120 

SUMDAYS(08)=212 

SUMDAYS(03)=59 

SUMDAYS(06)=151 

SUMDAYS(09)=243 
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744 SUMDAYS(10)=273: SUMDAYS(11)=304 : SUMDAYS(12)=334 

746 LEAPYEAR=1: REM Put to zero in non-leapyears 

750 YEAR=1900+10*INT(G(7)/16)+(G(7).AND.OFH) 

752 MOTH=10*INT(G(6)/16)+(G(6).AND.OFH) 

753 VARDAY=INT(G(5)/16) 

754 DAYOFYEAR=SUMDAYS(MOTH)+10*VARDAY+(G(5).AND.OFH) 
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756 IF (LEAPYEAR=1.AND.MOTH>2) THEN DAYOFYEAR=DAYOFYEAR+l 

756 DATEV=YEAR+DAYOFYEAR/1000 

760 SEC=10*INT(G(1)/16)+(G(1).AND.OFH) 

762 SEC=SEC+.1*INT(G(0)/16)+.01*(G(0).AND.OFH) 

764 MIN=10*INT(G(2)/16)+(G(2).AND.OFH) 

765 HOUR=10*INT(G(3)/16)+(G(3).AND.OFH) 

770 VARTI=HOUR+(MIN+SEC/60)/60 

775 PRINT USING(####.###), DATEV, 

760 PRINT USING(##.#j##), VARTI 

762 IF (VARI < (LBOT+5» THEN RETURN 

784 PUSH DATEV 

786 ST@ VARI 

788 VARI = VARI - 6 

790 IF (VARI < (LBOT+5» THEN RETURN 

792 PUSH VARTI 

794 ST@ VARI 

796 VARI = VARI - 6 

799 RETURN 



108 

APPENDIX B 

OUTPUT SAMPLE OF THE MICROPROCESSOR 

INSTRUMENTATION DATA ACQUISITION SYSTEM 

An output sample of the developed data acquisition 

system in the packed beads porous medium for water flow 

rates of 0.7 (TEST1) and 3.1 ml/min (TEST2) and heat pulse 

application of 1 second. 

PACKED BEADS-TEST1 PACKED BEADS-TEST2 
1989.125 15.684 1989.125 16.72 

10.005 182 10.005 183 
20.005 182 20.005 183 
20.075 144 20.075 144 

20.11 144 20.105 145 
20.14 144 20.14 145 

20.175 145 20.17 145 
20.205 145 20.205 146 
20.235 146 20.235 146 

20.27 146 20.265 147 
20.3 146 20.3 147 

20.335 146 20.33 147 
20.365 146 20.365 147 

20.4 147 20.395 147 
20.43 147 20.43 147 
20.46 147 20.46 147 

20.495 147 20.495 147 
20.525 147 20.525 147 
20.56 147 20.56 147 

20.595 147 20.59 147 
20.625 147 20.625 147 

20.66 147 20.655 147 
20.69 147 20.69 147 

20.725 147 20.72 147 
20.755 147 20.755 147 

20.79 147 20.79 147 
20.825 147 20.82 147 
20.855 147 20.855 147 

20.89 147 20.885 147 
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20.92 147 20.92 147 
20.955 147 20.955 147 

20.99 147 20.985 147 
21. 025 25 21.02 49 
21. 055 59 21. 055 82 

21.09 63 21.085 115 
21.12 110 21.12 135 

21.155 122 21.15 148 
21.185 130 21.185 156 

21.22 135 21.215 162 
21. 25 140 21. 25 166 

21. 285 143 21. 28 170 
21. 315 145 21.315 171 

21.35 148 21. 345 174 
21. 38 150 21. 38 176 

21.415 151 21.415 178 
21.445 152 21. 445 178 

21. 48 154 21. 48 180 
21. 515 155 21. 515 181 
21.545 157 21. 545 182 

21. 58 158 21. 58 183 
21.615 160 21.615 183 
21. 645 160 21.645 183 

21. 68 161 21. 68 183 
21. 715 162 21. 715 183 
21.745 162 21. 745 183 

21. 78 163 21. 78 183 
21.815 163 21.815 183 

21. 85 164 21.85 183 
21. 88 165 21. 88 183 

21. 915 165 21. 915 183 
21. 95 165 21.95 183 
21. 98 166 21. 98 183 
22.01 166 22.01 183 

22.045 166 22.045 183 
22.075 167 22.075 183 

22.11 168 22.11 183 
22.14 167 22.14 183 

22.175 168 22.175 183 
22.205 168 22.205 183 

22.24 169 22.24 183 
22.275 170 22.27 183 
22.305 170 22.305 183 

22.34 170 22.34 183 
22.37 171 22.37 183 

22.405 171 22.405 183 
22.435 172 22.435 183 

22.47 172 22.47 183 
22.505 172 22.505 183 
22.535 173 22.535 183 
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22.57 173 22.57 183 
22.6 173 22.6 183 

22.635 173 22.635 183 
22.67 174 22.67 l.83 

22.7 174 22.7 183 
22.735 174 22.735 183 

22.77 174 22.77 183 
22.8 174 22.8 183 

22.835 176 22.835 183 
22.87 175 22.87 183 
22.9 176 22.9 183 

22.935 175 22.935 183 
22.97 176 22.97 182 

23.005 176 23.005 183 
23.035 175 23.035 183 

23.07 175 23.065 183 
23.1 175 23.1 183 

23.13 175 23.13 183 
23.165 176 23.165 183 

23.2 176 23.195 183 
23.23 176 23.23 182 
23.26 175 23.265 183 

23.295 176 23.295 183 
23.33 176 23.33 183 
23.36 176 23.365 183 

23.395 175 23.395 183 
23.425 176 23.43 183 

23.46 176 23.46 183 
23.495 176 23.495 183 
23.525 177 23.525 183 
33.005 181 33.01 183 
43.005 182 43.01 183 

53.01 181 53.01 183 
63.005 182 63.01 183 
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APPENDIX C 

PLOTIT NON-LINEAR REGRESSION ANALYSIS 

Statistical results and values of the parameters of 

the fitted models for: 

- probe sensor response at four water flow rates 

in the packed beads porous medium, 

- diurnal course of the transpiration rate of an 

apple tree, 

probe sensor response at six transpiration rates 

in the stem of woody plant. 



Probe Sensor Response at Four Water Flow 

Rates in the Packed Beads 

PACKED BEADS 
WATER FLOW RATE: 0.0 ml/min 

--- PlotIT Non-Linear Regression Analysis ---

MODEL: Y = B(l) * EXP(B(2) * X) t B(3) * EXP(B(4) * X) 

NITER 
o 
1 
2 
3 
4 
5 
6 
7 
8 

SUMSS 
75.99 
15.96 
9.232 
.9741 
.7754 
.7701 
.7699 
.7698 
.7698 

B(1) 
26.93 
27.76 
27.91 
27.64 
27.63 
27.65 
27.66 
27.66 
27.66 

B(2) 
-.8094E-01 
-.1081 
-.1143 
-.1046 
-.1046 
-.1052 
-.1054 
-.1055 
-.1055 

Search terminated after 9 iteration(s) 
TOLl value caused iteration termination! 

B(3) 
2.089 
9.006 
9.457 
9.571 
9.980 
10.07 
10.09 
10.09 
10.09 

B(4) 
-6.432 
-17.48 
-7.848 
-9.719 
-10.49 
-10.69 
-10.73 
-10.74 
-10.74 

42 Observations used from PlotIT file: A:DCT1D.SDF 
Employing method: MARQUARDT COMPROMISE 
Final sum of squares of residuals: .7698342 
Coefficient of Determination: .996 
Degrees of Freedom: 38 

B (I) Parameter estimate Standard Error 
1 27.6575500 .891360500E-01 
2 -.105488200 .346006400E-02 
3 10.0944100 .258825000 
4 -10.7449000 .453479300 
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Approximate confidence limits for non-linear model paramet. 

B(I) Lower Upper 
1 27.4792700 27.8358200 
2 -.112408400 -.985681000E-01 
3 9.57676100 10.6120600 
4 -11.6518600 -9.83794400 
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Parameter Correlation Matrix 

1 2 3 4 
1 1. 000 
2 -.949 1.000 
3 .079 -.047 1. 000 
4 -.704 .635 -.638 1.000 

A N A L Y SIS o F RES I D U A L S 
============================================================ 

Number of positive residuals: 19 
Largest positive residual: .239857 

Number of negative residuals: 23 
Largest negative residual: -.267614 

Number of sign runs: 7 
Significance of sign runs test: .0000 

Average absolute residual: .116458 
Residual sum of squares: .769836 

Residual mean square: .202588E-01 
Residual standard deviation: .142334 

Durbin-Watson statistic: .508629 
Auto-correlation coefficient: .732 

************************************************************ 

PACKED BEADS 
WATER FLOW RATE: 0.7 ml/min 

--- PlotIT Non-Linear Regression Analysis ---

MODEL: Y = B(l) * EXP(B(2) * X) + B(3) * EXP(B(4) * X) 

NITER 
o 
1 
2 
3 
4 
5 

SUMSS 
6.719 
4.018 
.7803 
.7588 
.7585 
.7585 

B(l) 
25.91 
27.70 
27.27 
27.28 
27.29 
27.29 

B(2) 
-.5875E-01 
-.1161 
-.1029 
-.1035 
-.1037 
-.1037 

Search terminated after 6 iteration(s) 
TOLl value caused iteration terminationl 

B(3) 
8.197 
8.923 
10.54 
10.79 
10.81 
10.81 

B(4) 
-5.602 
-9.158 
-10.80 
-11. 06 
-11.11 
-11.12 



42 Observations used from PlotIT file: A:DCT2D.SDF 
Employing method: MARQUARDT COMPROMISE 
Final sum of squares of residuals: .7585070 
Coefficient of Determination: .996 
Degrees of Freedom: 38 

B (I) Parameter estimate Standard Error 
1 27.2921900 .862999500E-01 
2 -.103742600 .341293200E-02 
3 10.8147700 .265776200 
4 -11.1217500 .439890100 
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Approximate confidence limits for non-linear model paramet. 

B (I) Lower Upper 
1 27.1195900 27.4647900 
2 -.110568500 -.969167800E-01 
3 10.2832200 11.3463200 
4 -12.0015300 -10.2419700 

Parameter Correlation Matrix 

1 2 3 4 
1 1. 000 
2 -.947 1. 000 
3 .093 -.061 1. 000 
4 -.694 .625 -.657 1.000 

A N A L Y SIS o F RES I D U A L S 
============================================================ 

Number of positive residuals: 17 
Largest positive residual: .309801 

Number of negative residuals: 25 
Largest negative residual: -.194630 

Number of sign runs: 5 
Significance of sign runs test: .0000 

Average absolute residual: .117304 
Residual sum of squares: .758507 

Residual mean square: .199607E-01 
Residual standard deviation: .141282 

Durbin-Watson statistic: .480562 
Auto-correlation coefficient: .737 

************************************************************ 



-_ .. --, 

PACKED BEADS 
WATER FLOW RATE: 3.1 ml/min 

--- PlotIT Non-Linear Regression Analysis ---

MODEL: Y = B(l) * EXP(B(2) * X) + B(3) * EXP(B(4) * X) 

NITER SUMSS B(l) B(2) B(3) B(4) 
0 8.024 24.88 -.7153E-01 10.24 -5.049 
1 7.620 26.90 -.1367 9.337 -7.767 
2 1. 473 26.62 -.1294 10.87 -10.02 
3 1. 246 26.62 -.1298 11. 54 -10.81 
4 1.236 26.65 -.1308 11.67 -11. 05 
5 1. 236 26.66 -.1312 11.70 -11.11 
6 1. 236 26.66 -.1313 11. 71 -11.13 
7 1. 236 26.66 -.1313 11. 71 -11.13 

Search terminated after 8 iteration(s) 
TOL4 value caused iteration termination! 

42 Observations used from PlotIT file: A:DCT4D.SDF 
Employing method: MARQUARDT COMPROMISE 
Final sum of squares of residuals: 1.235585 
Coefficient of Determination: .996 
Degrees of Freedom: 38 

B(I) Parameter estimate Standard Error 
1 26.6630900 .112277800 
2 -.131281300 .456858100E-02 
3 11.7083400 .339496900 
4 -11.1323800 .521995500 
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Approximate confidence limits for non-linear model parameters 

B(I) Lower Upper 
1 26.4385300 26.8876400 
2 -.140418500 -.122144100 
3 11. 0293400 12.3873300 
4 -12.1763700 -10.0883900 

Parameter Correlation Matrix 

1 2 3 4 
1 1.000 
2 -.946 1. 000 
3 .090 -.057 1.000 
4 -.697 .627 -.653 1.000 
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A N A L Y SIS o F RES I D U A L S 
============================================================ 

Number of positive residuals: 19 
Largest positive residual: .363583 

Number of negative residuals: 23 
Largest negative residual: -.264992 

Number of sign runs: 5 
Significance of sign runs test: .0000 

Average absolute residual: .152254 
Residual sum of squares: 1.23559 

Residual mean square: .325154E-01 
Residual standard deviation: .180320 

Durbin-Watson statistic: .423372 
Auto-correlation coefficient: .771 

************************************************************ 

PACKED BEADS 
WATER FLOW RATE: 6.5 ml/min 

--- PlotIT Non-Linear Regression Analysis ---

MODEL: Y = B(l) * EXP(B(2) * X) + B(3) * EXP(B(4) * X) 

NITER SUMSS B(l) B(2) B(3) B(4) 
0 7.068 25.01 -.1040 9.328 -5.930 
1 5.328 26.86 -.1719 10.41 -9.972 
2 .7963 26.20 -.1496 12.42 -11. 41 
3 .7774 26.22 -.1504 12.63 -11.58 
4 .7773 26.23 -.1506 12.64 -11.61 
5 .7773 26.23 -.1506 12.65 -11. 61 
6 .7773 26.23 -.1506 12.65 -11. 61 
7 .7773 26.23 -.1506 12.65 -11. 61 

Search terminated after 8 iteration(s) 
TOLl value caused iteration termination! 

37 Observations used from PlotIT file: A:DCT3D.SDF 
Employing method: MARQUARDT COMPROMISE 
Final sum of squares of residuals: .7772866 
Coefficient of Determination: .997 
Degrees of Freedom: 33 



B(I) 
1 
2 
3 
4 

Parameter estimate 
26.2269800 

-.150605200 
12.6457100 

-11.6127300 

standard Error 
.109063900 
.503436000E-02 
.301469300 
.460463600 

117 

Approximate confidence limits for non-linear model paramet. 

B(I) Lower Upper 
1 26.0088500 26.4451000 
2 -.160673900 -.140536500 
3 12.0427700 13.2486500 
4 -12.5336600 -10.6918100 

Parameter Correlation Matrix 

1 2 3 4 
1 1. 000 
2 -.951 1. 000 
3 .089 -.055 1. 000 
4 -.722 .653 -.637 1. 000 

A N A L Y SIS o F RES I D U A L S 
------------------------------------------------------------------------------------------------------------------------

Number of positive residuals: 
Largest positive residual: 

Number of negative residuals: 
Largest negative residual: 

Number of sign runs: 
Significance of sign runs test: 

Average absolute residual: 
Residual sum of squares: 

Residual mean square: 
Residual standard deviation: 

Durbin-Watson statistic: 
Auto-correlation coefficient: 

17 
.301006 

20 
-.223295 

7 
.0000 

.130359 

.777287 

.235541E-01 

.153474 

.555619 
.708 

************************************************************ 



----_ ... -

Diurnal Course of the Transpiration 

Rate of an Apple Tree 

--- PlotIT Non-Linear Regression Analysis ---

MODEL: Y = B(l) * (1. - EXP(-B(2) * X» ** B(3) 

NITER SUMSS B(l) B(2) B(3) 
0 119.7 14.38 .2119 12.46 
1 67.34 6.440 .2178 7.518 
2 23.21 7.489 .2267 6.874 
3 21. 68 7.384 .2405 7.928 
4 19.64 6.957 .2668 9.453 
5 16.81 6.489 .3103 12.61 
6 14.10 6.081 .3702 18.83 
7 11. 69 5.988 .4031 25.35 
8 10.05 5.798 .4453 34.59 
9 8.744 5.679 .4853 47.19 

10 7.913 5.641 .5029 56.27 
11 7.357 5.570 .5296 68.81 
12 6.881 5.514 .5569 85.21 
13 6.509 5.465 .5833 105.3 
14 6.245 5.425 .6079 128.5 
15 6.072 5.391 .6300 153.9 
16 5.972 5.365 .6487 179.8 
17 5.922 5.346 .6636 203.7 
18 5.902 5.333 .6740 222.4 
19 5.898 5.326 .6799 234.0 
20 5.897 5.323 .6824 239.1 
21 5.897 5.322 .6831 240.6 
22 5.897 5.322 .6832 240.8 

Search terminated after 23 iteration(s) 
TOLl value caused iteration terminationl 

61 Observations used from PlotIT file: A:TR.SDF 
Employing method: MARQUARDT COMPROMISE 
Final sum of squares of residuals: 5.896704 
Coefficient of Determination: .973 
Degrees of Freedom: 58 

B(I) Parameter estimate 
1 5.32229300 
2 .683238600 
3 240.839900 

Standard Error 
.887503900E-01 
.466621100E-01 
90.0063600 
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Approximate confidence limits for non-linear model paramet. 

B (I) 
1 
2 
3 

Lower 
5.14479200 
.589914400 
60.8272200 

Upper 
5.49979400 
.776562800 
420.852700 

Parameter Correlation Matrix 

1 2 3 
1 1.000 
2 -.688 1. 000 
3 -.638 .993 1.000 

A N A L Y SIS o F RES I D U A L S 
------------------------------------------------------------------------------------------------------------------------

Number of positive residuals: 
Largest positive residual: 

Number of negative residuals: 
Largest negative residual: 

Number of sign runs: 
Significance of sign runs test: 

Average absolute residual: 
Residual sum of squares: 

Residual mean square: 
Residual standard deviation: 

Durbin-Watson statistic: 
Auto-correlation coefficient: 

29 
.960570 

32 
-.750124 

32 
.6095 

.230210 
5.89678 

.101669 

.318855 

1.99788 
.000 

************************************************************ 



Probe Sensor Response at Six Transpiration 

Rates in the Stem of Woody Plant 

STEM OF WOODY PLANT 
TRANSPIRATION RATE: 0.32 micro g / cm2 s 

--- PlotIT Non-Linear Regression Analysis 

MODEL: Y = B(l) * EXP(B(2) * X) + B(3) * EXP(B(4) * X) 

NITER SUMSS B(l) B(2) B(3) B (4) 
0 .6366E+06 23.49 -.3000E-01 -466.5 -6.490 
1 37.00 24.23 -.5543E-01 10.07 -6.417 
2 5.580 24.26 -.5609E-01 10.03 -9.829 
3 1. 357 23.98 -.4824E-01 10.83 -11. 59 
4 1. 319 23.98 -.4832E-01 10.92 -11. 89 
5 1. 319 23.98 -.4846E-01 10.93 -11. 9 3 
6 1. 319 23.98 -.4848E-01 10.93 -11.94 
7 1. 319 23.98 -.4849E-01 10.93 -11.94 

Search terminated after 8 iteration(s) 
TOLl value caused iteration termination! 

55 Observations used from PlotIT file: B:DCT4A.SDF 
Employing method: MARQUARDT COMPROMISE 
Final sum of squares of residuals: 1.318742 
Coefficient of Determination: .995 
Degrees of Freedom: 51 

B(I) Parameter estimate Standard Error 
1 23.9833800 .668416000E-01 
2 -.484879300E-01 .247715300E-02 
3 10.9271400 .151611000 
4 -11. 9400500 .333269200 
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Approximate confidence limits for non-linear model paramet. 

B ( I ) Lower Upper 
1 23.8497000 24.1170600 
2 -.534422300E-01 -.435336200E-01 
3 10.6239200 11.2303600 
4 -12.6065900 -11.2735100 



Parameter Correlation Matrix 

1 
2 
3 
4 

1 
1. 000 
-.926 
-.299 
-.602 

2 

1.000 
.285 
.534 

A N A L Y SIS 

3 

1.000 
-.243 

4 

1.000 

o F RES I D U A L S 
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============================================================ 

Number of positive residuals: 
Largest positive residual: 

Number of negative residuals: 
Largest negative residual: 

Number of sign runs: 
Significance of sign runs test: 

Average absolute residual: 
Residual sum of squares: 

Residual mean square: 
Residual standard deviation: 

Durbin-Watson statistic: 
Auto-correlation coefficient: 

29 
.315573 

26 
-.262293 

9 
.0000 

.130957 
1.31874 

.258577E-Ol 

.160803 

.423436 
.777 

************************************************************ 



STEM OF WOODY PLANT 
TRANSPIRATION RATE: 2.40 micro g / cm2 s 

--- PlotIT Non-Linear Regression Analysis 

MODEL: Y = B(l) * EXP(B(2) * X) + B(3) * EXP(B(4) * X) 

NITER SUMSS B(l) B(2) B(3) B(4) 
0 823.9 24.22 -.3424E-01 23.17 -4.815 
1 36.05 25.90 -.7967E-01 8.232 -6.120 
2 4.523 25.50 -.6921E-01 9.031 -9.517 
3 1. 902 25.31 -.6451E-01 9.773 -11.12 
4 1. 849 25.33 -.6524E-01 9.865 -11. 54 
5 1. 847 25.34 -.6554E-01 9.877 -11.63 
6 1. 847 25.35 -.6561E-01 9.879 -11. 65 
7 1. 847 25.35 -.6563E-01 9.879 -11.66 
8 1. 847 25.35 -.6563E-01 9.879 -11. 66 

Search terminated after 9 iteration(s) 
TOLl value caused iteration terminationl 

55 Observations used from PlotIT file: B:DCT4B.SDF 
Employing method: MARQUARDT COMPROMISE 
Final sum of squares of residuals: 1.846922 
Coefficient of Determination: .993 
Degrees of Freedom: 51 

B (I) 
1 
2 
3 
4 

Parameter estimate 
25.3469000 

-.656338000E-01 
9.87920700 

-11.6587700 

Standard Error 
.810412500E-01 
.284856800E-02 
.179025400 
.425993400 
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Approximate confidence limits for non-linear model paramet. 

B (I) 
1 
2 
3 
4 

Lower 
25.1848100 

-.713309300E-01 
9.52115600 

-12.5107500 

Parameter Correlation Matrix 

1 2 
1 1. 000 
2 -.926 1.000 
3 -.307 .293 
4 -.611 .542 

3 

1.000 
-.234 

Upper 
25.5089800 

-.599366600E-01 
10.2372600 

-10.8067800 

4 

1.000 
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A N A L Y SIS o F RES I D U A L S 
============================================================ 

Number of positive residuals: 25 
Largest positive residual: .327129 

Number of negative residuals: 30 
Largest negative residual: -.281111 

Number of sign runs: 7 
Significance of sign runs test: .0000 

Average absolute residual: .164550 
Residual sum of squares: 1.84692 

Residual mean square: .362142E-01 
Residual standard deviation: .190300 

Durbin-Watson statistic: .323591 
Auto-correlation coefficient: .832 

************************************************************ 

STEM OF WOODY PLANT 
TRANSPIRATION RATE: 3.46 micro g / cm2 s 

--- PlotIT Non-Linear Regression Analysis 

MODEL: Y = B(l) * EXP(B(2) * X) + B(3) * EXP(B(4) * X) 

NITER SUMSS B(l) B(2) B(3) B(4) 
0 2548. 25.23 -.4326E-01 36.46 -5.675 
1 24.81 26.33 -.7320E-Ol 8.360 -6.450 
2 3.795 26.19 -.6945E-01 8.691 -9.649 
3 1.607 26.04 -.6571E-01 9.301 -11. 27 
4 1. 559 26.06 -.6631E-01 9.387 -11.69 
5 1.557 26.07 -.6657E-01 9.397 -11. 78 
6 1. 557 26.07 -.6664E-01 9.399 -11. 80 
7 1.557 26.07 -.6665E-01 9.400 -11.80 

Search terminated after 8 iteration(s) 
TOLl value caused iteration termination! 

55 Observations used from PlotIT file: B:DCT4C.SDF 
Employing method: MARQUARDT COMPROMISE 
Final sum of squares of residuals: 1.556887 
Coefficient of Determination: .994 
Degrees of Freedom: 51 



B (I) 
1 
2 
3 
4 

Parameter estimate 
26.0689200 

-.666496600E-01 
9.39955300 

-11.8024700 

standard Error 
.740348000E-01 
.253465100E-02 
.164699700 
.416831800 
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Approximate confidence limits for non-linear model paramet. 

B(I) 
1 
2 
3 
4 

Lower 
25.9208500 

-.717189600E-01 
9.07015400 

-12.6361300 

Upper 
26.2169900 

-.615803600E-01 
9.72895200 

-10.9688000 

Parameter Correlation Matrix 

1 
2 
3 
4 

1 
1. 000 
-.925 
-.305 
-.608 

2 

1.000 
.291 
.539 

A N A L Y SIS 

3 

1.000 
-.235 

4 

1.000 

o F RES I D U A L S 
============================================================ 

Number of positive residuals: 22 
Largest positive residual: .323708 

Number of negative residuals: 33 
Largest negative residual: -.265688 

Number of sign runs: 5 
Significance of sign runs test: .0000 

Average absolute residual: .152567 
Residual sum of squares: 1.55689 

Residual mean square: .305272E-01 
Residual standard deviation: .174720 

Durbin-Watson statistic: .317066 
Auto-correlation coefficient: .836 

************************************************************ 



STEM OF WOODY PLANT 
TRANSPIRATION RATE: 3.87 micro g / cm2 s 

--- PlotIT Non-Linear Regression Analysis 

MODEL: Y = B(l) * EXP(B(2) * X) + B(3) * EXP(B(4) * X) 

NITER SUMSS B(l) B(2) B(3) B(4) 
0 123.6 25.05 -.3571E-01 13.21 -4.888 
1 23.64 26.73 -.8044E-01 7.640 -7.164 
2 2.435 26.22 -.6732E-01 8.757 -10.60 
3 1. 463 26.13 -.6520E-01 9.249 -11. 92 
4 1. 440 26.15 -.6576E-01 9.303 -12.24 
5 1. 439 26.16 -.6594E-01 9.310 -12.31 
6 1. 439 26.16 -.6599E-01 9.312 -12.33 
7 1. 439 26.16 -.6600E-01 9.312 -12.33 

Search terminated after 8 iteration(s) 
TOLl value caused iteration terminationl 

55 Observations used from PlotIT file: B:DCT4D.SDF 
Employing method: MARQUARDT COMPROMISE 
Final sum of squares of residuals: 1.438917 
Coefficient of Determination: .994 
Degrees of Freedom: 51 

B (I) Parameter estimate Standard Error 
1 26.1601800 .697272600E-01 
2 -.659958000E-01 .239037000E-02 
3 9.31200500 .159407800 
4 -12.3319000 .424982600 
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Approximate confidence limits for non-linear model paramet. 

BCI) Lower Upper 
1 26.0207300 26.2996300 
2 -.707765400E-01 -.612150600E-01 
3 8.99319000 9.63082000 
4 -13.1818600 -11.4819300 

Parameter Correlation Matrix 

1 2 3 4 
1 1. 000 
2 -.923 1.000 
3 -.300 .285 1.000 
4 -.597 .528 -.242 1.000 
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A N A L Y SIS o F RES I D U A L S 
============================================================ 

Number of positive residuals: 27 
Largest positive residual: .310797 

Number of negative residuals: 28 
Largest negative residual: -.201536 

Number of sign runs: 5 
Significance of sign runs test: .0000 

Average absolute residual: .140542 
Residual sum of squares: 1.43892 

Residual mean square: .282142E-01 
Residual standard deviation: .167971 

Durbin-Watson statistic: .337532 
Auto-correlation coefficient: .823 

************************************************************ 

STEM OF WOODY PLANT 
TRANSPIRATION RATE: 4.74 micro g / cm2 s 

--- PlotIT Non-Linear Regression Analysis 

MODEL: Y = B(l) * EXP(B(2) * X) + B(3) * EXP(B(4) * X) 

NITER SUMSS B(l) B(2) B(3) B(4) 
0 1387. 26.11 -.4249E-01 -12.68 -5.071 
1 158.9 27.47 -.7845E-01 7.410 -2.879 
2 138.8 29.80 -.1181 4.018 -6.656 
3 2.421 27.08 -.7224E-01 8.007 -12.15 
4 1. 248 27.02 -.6774E-01 8.791 -12.04 
5 1. 247 27.01 -.6755E-01 8.795 -12.02 
6 1. 247 27.01 -.6753E-01 8.794 -12.01 
7 1.247 27.01 -.6753E-01 8.794 -12.01 
8 1. 247 27.01 -.6753E-01 8.794 -12.01 

Search terminated after 9 iteration(s) 
TOLl value caused iteration termination! 



55 Observations used from PlotIT file: B:DCT4E.SDF 
Employing method: MARQUARDT COMPROMISE 
Final sum of squares of residuals: 1.247466 
Coefficient of Determination: .995 
Degrees of Freedom: 51 

B (I) 
1 
2 
3 
4 

Parameter estimate 
27.0107600 

-.675271700E-Ol 
8.79406600 

-12.0082600 

Standard Error 
.657850700E-01 
.217863400E-02 
.147836500 
.406696900 
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ApproxImate confidence limits for non-linear model paramet. 

B(I) 
1 
2 
3 
4 

Lower 
26.8791900 

-.718844400E-Ol 
8.49839300 

-12.8216500 

Upper 
27.1423300 

-.631699100E-Ol 
9.08974000 

-11.1948600 

Parameter Correlation Matrix 

1 
2 
3 
4 

1 
1. 000 
-.924 
-.303 
-.604 

2 

1.000 
.289 
.535 

A N A L Y SIS 

3 

1.000 
-.238 

4 

1.000 

o F RES I D U A L S 
============================================================ 

Number of positive residuals: 26 
Largest positive residual: .290535 

Number of negative residuals: 29 
Largest negative residual: -.243549 

Number of sign runs: 7 
Significance of sign runs test: .0000 

Average absolute residual: .129216 
Residual sum of squares: 1.24747 

Residual mean square: .244601E-01 
Residual standard deviation: .156397 

Durbin-Watson statistic: .307695 
Auto-correlation coefficient: .839 

************************************************************ 



STEM OF WOODY PLANT 
TRANSPIRATION RATE: 5.21 micro g / cm2 s 

--- Plot IT Non-Linear Regression Analysis 

MODEL: Y = B(l) * EXP(B(2) * X) + B(3) * EXP(B(4) * X) 

NITER SUMSS B(l) B(2) B(3) B(4) 
0 954.0 27.34 -.3955E-01 -10.06 -5.423 
1 124.8 28.36 -.6571E-Ol 7.182 -2.993 
2 117.1 30.75 -.1086 3.881 -6.825 
3 2.039 28.17 -.6383E-01 7.633 -12.34 
4 1.186 28.12 -.6018E-01 8.191 -11. 78 
5 1.184 28.10 -.5976E-01 8.185 -11.70 
6 1.184 28.10 -.5970E-01 8.184 -11. 68 
7 1.184 28.10 -.5969E-01 8.184 -11. 68 
8 1.184 28.10 -.5969E-01 8.183 -11. 68 

Search terminated after 9 iteration(s) 
TOLl value caused iteration termination! 

55 Observations used from PlotIT file: B:DCT4F.SDF 
Employing method: MARQUARDT COMPROMISE 
Final sum of squares of residuals: 1.184357 
Coefficient of Determination: .994 
Degrees of Freedom: 51 

B (I) 
1 
2 
3 
4 

Parameter estimate 
28.0985300 

-.596901100E-01 
8.18345800 

-11. 6751500 

Standard Error 
.645584500E-01 
.204369900E-02 
.143313900 
.412025100 
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Approximate confidence limits for non-linear model paramet. 

B(I) 
1 
2 
3 
4 

Lower 
27.9694100 

-.637775100E-01 
7.89683100 

-12.4992000 

Parameter Correlation Matrix 

1 
2 
3 
4 

1 
1.000 
-.926 
-.305 
-.610 

2 

1.000 
.291 
.541 

3 

1.000 
-.236 

Upper 
28.2276500 

-.556027100E-01 
8.47008600 

-10.8511000 

4 

1.000 
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A N A L Y SIS o F RES I D U A L S 
============================================================ 

Number of positive residuals: 
Largest positive residual: 

Number of negative residuals: 
Largest negative residual: 

Number of sign runs: 
Significance of sign runs test: 

Average absolute residual: 
Residual sum of squares: 

Residual mean square: 
Residual standard deviation: 

Durbin-Watson statistic: 
Auto-correlation coefficient: 

24 
.269030 

31 
-.234905 

7 
.0000 

.128184 
1.18436 

.232228E-Ol 

.152390 

.379567 
.802 

************************************************************ 
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APPENDIX D 

GREENHOUSE AMBIENT WEATHER CONDITION 

Air Temperature 
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Figure 18. Diurnal course of the air temperature in the 

greenhouse. 
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Air Relative Humidity 

Figure 19. Diurnal course of the air relative humidity 

in the greenhouse. 
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Solar Radiation 
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Figure 20. Diurnal course of the solar radiation in the 

greenhouse. 
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Vapor Pressure Deficit 
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Figure 21. Diurnal course of the vapor pressure deficit 

in the greenhouse. 
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APPENDIX E 

MULTIPLE LINEAR REGRESSION ANALYSIS 

Packed Beads Variables for Multiple 
Linear Regression Analysis 

Fluid Temperature: Tf= 22.0 deg C 
Ambient Temperature: Ta= 24.5 deg C 
Thermistor Probe Heat Capacity: mc= 0.0132 J/deg C 

Flow rate: 0.0 ml/min 

Time ( t ) T dT/dt mc dT/dt T - Tf T - Ta 
S deg C degC/s J/s deg C deg C 

0.03375 34.58331 -78.3738 -1. 03453 12.58331 10.08331 
0.04753 33.57660 -67.9937 -0.89751 11.57660 9.076602 

0.0613 32.70357 -59.032 -0.77922 10.70357 8.203574 
0.07508 31.94466 -51.3048 -0.67722 9.944666 7.444666 
0.08885 31. 28521 -44.6404 -0.58925 9.285214 6.785214 
0.10263 30.71064 -38.8921 -0.51337 8.710649 6.210649 

0.1164 30.21007 -33.9343 -0.44793 8.210078 5.710078 
0.13018 29.77265 -29.6579 -0.39148 7.772651 5.272651 
0.14395 29.39028 -25.9692 -0.34279 7.390281 4.890281 
0.15773 29.05488 -22.7875 -0.30079 7.054882 4.554882 
0.1715 28.76045 -20.0430 -0.26456 6.760454 4.260454 

0.18528 28.50097 -17.6755 -0.23331 6.500971 4.000971 
0.19905 28.27198 -15.6333 -0.20635 6.271982 3.771982 
0.21283 28.06899 -13.8712 -0.18309 6.068990 3.568990 
0.2266 27.88870 -12.3512 -0.16303 5.888702 3.388702 

0.24038 27.72775 -11.0397 -0.14572 5.727757 3.227757 
0.25415 27.58372 -9.90807 -0.13078 5.583720 3.083720 
0.26793 27.45407 -8.93153 -0.11789 5.454077 2.954077 

0.2817 27.33703 -8.08881 -0.10677 5.337031 2.837031 
0.29548 27.23069 -7.36161 -0.09717 5.230698 2.730698 

---- - .. -
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Flow rate: 0.7 ml/min 

Time (t) T dT/dt me dT/dt T - Tf T - Ta 
s deg C degC/s J/s deg C deg C 

0.03375 33.87689 -85.4516 -1.12796 11. 87689 9.376891 
0.04753 32.79034 -73.7177 -0.97307 10.79034 8.290348 

0.0613 31.86383 -63.6399 -0.84004 9.863839 7.363839 
0.07508 31.07174 -54.9958 -0.72594 9.071742 6.571742 
0.08885 30.39465 -47.5790 -0.62804 8.394650 5.894650 
0.10263 29.81413 -41.2150 -0.54403 7.814138 5.314138 

0.1164 29.31627 -35.7544 -0.47195 7.316278 4.816278 
0.13018 28.88781 -31.0691 -0.41011 6.887815 4.387815 
0.14395 28.51876 -27.0486 -0.35704 6.518760 4.018760 
0.15773 28.19957 -23.5987 -0.31150 6.199574 3.699574 

0.1715 27.92309 -20.6384 -0.27242 5.923096 3.423096 
0.18528 27.68245 -18.0978 -0.23889 5.682456 3.182456 
0.19905 27.47252 -15.9176 -0.21011 5.472525 2.972525 
0.21283 27.28835 -14.0466 -0.18541 5.288351 2.788351 

0.2266 27.12626 -12.4408 -0.16421 5.126266 2.626266 
0.24038 26.98269 -11.0624 -0.14602 4.982696 2.482696 
0.25415 26.85502 -9.87949 -0.13040 4.855021 2.355021 
0.26793 26.74065 -8.86389 -0.11700 4.740657 2.240657 

0.2817 26.63773 -7.99202 -0.10549 4.637738 2.137738 
0.29548 26.54439 -7.24344 -0.09561 4.544391 2.044391 

Flow rate: 6.5 ml/min 

Time ( t ) T dT/dt me dT/dt T - Tf T - Ta 
s deg C degC/s J/s deg C deg C 

0.03375 34.63936 -103.159 -1.36170 12.63936 10.13936 
0.04581 33.47526 -90.1924 -1.19054 11. 47526 8.975267 
0.05787 32.45719 -78.9106 -1. 04162 10.45719 7.957195 
0.06992 31.56676 -69.1043 -0.91217 9.566769 7.066769 
0.08198 30.78594 -60.5785 -0.79963 8.785943 6.285943 
0.09404 30.10108 -53.1655 -0.70178 8.101089 5.601089 

0.1061 29.49967 -46.7203 -0.61670 7.499678 4.999678 
0.11816 28.97081 -41.1167 -0.54274 6.970814 4.470814 
0.13021 28.50539 -36.2441 -0.47842 6.505392 4.005392 
0.14227 28.09441 -32.0072 -0.42249 6.094410 3.594410 
0.15433 27.73112 -28.3232 -0.37386 5.731124 3.231124 
0.16639 27.40931 -25.1195 -0.33157 5.409310 2.909310 
0.17845 27.12356 -22.3336 -0.29480 5.123560 2.623560 
0.19051 26.86917 -19.9109 -0.26282 4.869172 2.369172 
0.20256 26.64223 -17.8038 -0.23501 4.642235 2.142235 
0.21462 26.43882 -15.9710 -0.21081 4.438823 1.938823 
0.22668 26.25604 -14.3769 -0.18977 4.256045 1. 756045 
0.23874 26.09121 -12.9902 -0.17147 4.091215 1.591215 
0.2508 25.94199 -11.7839 -0.15554 3.941998 1. 441998 

0.26285 25.80647 -10.7342 -0.14169 3.806473 1.306473 
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Flow rate: 3.1 ml/min 

Time (t) T dT/dt me dT/dt T - Tf T - Ta 
s deg C degC/s J/s deg C deg C 

0.03375 34.58645 -92.9942 -1.22752 12.58645 10.08645 
0.04753 33.39487 -80.2719 -1. 05958 11.39487 8.894876 

0.0613 32.36671 -69.3447 -0.91535 10.36671 7.866715 
0.07508 31. 47736 -59.9730 -0.79164 9.477364 6.977364 
0.08885 30.70830 -51. 9333 -0.68551 8.708300 6.208300 
0.10263 30.04139 -45.0354 -0.59446 8.041396 5.541396 

0.1164 29.46304 -39.1173 -0.51634 7.463040 4.963040 
0.13018 28.95987 -34.0400 -0.44932 6.959874 4.459874 
0.14395 28.52190 -29.6834 -0.39182 6.521900 4.021900 
0.15773 28.13926 -25.9453 -0.34247 6.139269 3.639269 

0.1715 27.80464 -22.7380 -0.30014 5.804642 3.304642 
0.18528 27.51075 -19.9856 -0.26381 5.510754 3.010754 
0.19905 27.25222 -17.6237 -0.23263 5.252223 2.752223 
0.21283 27.02368 -15.5968 -0.20587 5.023684 2.523684 

0.2266 26.82119 -13.8571 -0.18291 4.821193 2.321193 
0.24038 26.64078 -12.3640 -0.16320 4.640787 2.140787 
0.25415 26.47957 -11.0823 -0.14628 4.479579 1. 979579 
0.26793 26.33463 -9.98194 -0.13176 4.334636 1. 834636 

0.2817 26.20385 -9.03699 -0.11928 4.203852 1.703852 
0.29548 26.08505 -8.22577 -0.10858 4.085050 1. 585050 
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stem of Woody PLant Variables for 
Multiple Linear Regression Analysis 

Case 
1# 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

July 29 1989 - Greenhouse at CAC 
Day of the year: 211 Plant # 4 
Heating time: 4.8 sees 
Thermistor Probe Heat Capacity: me= 0.0132 J/deg C 

Time=6.529 hours Mass flow rate=0.32 mierog/em2see 
Tf=22.3 degC Ta=23.8 degC Tl=35.12 degC 
File ID: DCT4A 

Time dT/dt T me dT/dT T - Tf T - Ta 
sees degC/see deg C J/s deg C deg C 

0 -131. 595 34.91052 -1.73705 12.61052 11.11052 
0.01798 -106.434 32.77847 -1.40493 10.47847 8.978473 
0.03596 -86.0814 31.05432 -1.13627 8.754323 7.254323 
0.05394 -69.6738 29.65926 -0.91969 7.359266 5.859266 
0.07192 -56.4359 28.52972 -0.74495 6.229724 4.729724 
0.0899 -45.7553 27.61440 -0.60397 5.314403 3.814403 

0.10788 -37.1381 26.87191 -0.49022 4.571918 3.071918 
0.12586 -30.1855 26.26888 -0.39844 3.968881 2.468881 
0.14384 -24.5759 25.77835 -0.32440 3.478353 1. 978353 
0.16182 -20.0500 25.37860 -0.26466 3.078601 1.578601 

0.1798 -16.3982 25.05209 -0.21645 2.752090 1. 252090 
0.19778 -13.4517 24.78467 -0.17756 2.484673 0.984673 
0.21576 -11.0744 24.56493 -0.14618 2.264937 0.764937 
0.23374 -9.15617 24.38367 -0.12086 2.083673 0.583673 
0.25172 -7.60835 24.23345 -0.10043 1.933452 0.433452 
0.2697 -6.35938 24.10827 -0.08394 1.808279 0.308279 

0.28768 -5.35151 24.00332 -0.07063 1.703320 0.203320 
0.30566 -4.53818 23.91467 -0.05990 1.614671 0.114671 
0.32364 -3.88172 23.83918 -0.05123 1.539185 0.039185 
0.34162 -3.35199 23.77432 -0.04424 1.474323 -0.02567 



Case 
It 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
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20 
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Time=8.367 hours Mass flow rate=2.40 mierog/em2see 
Tf=22.7 degC Ta=27.6 degC Ti=35.52 degC 
File IO: OCT48 

Time dT/dt T me dT/dT T - Tf T - Ta 
sees degC/see deg C J/s deg C deg C 

0 -116.811 35.22610 -1.54190 12.52610 7.626107 
0.01798 -95.0671 33.32794 -1. 25488 10.62794 5.727941 
0.03596 -77.3902 31.78312 -1.02155 9.083122 4.183122 
0.05394 -63.0668 30.52483 -0.83248 7.824835 2.924835 
0.07192 -51. 4519 29.49890 -0.67916 6.798900 1.898900 

0.0899 -42.0329 28.66138 -0.55483 5.961382 1.061382 
0.10788 -34.3949 27.97665 -0.45401 5.276657 0.376657 
0.12586 -28.2010 27.41583 -0.37225 4.715837 -0.18416 
0.14384 -23.1780 26.95549 -0.30594 4.255495 -0.64450 
0.16182 -19.1045 26.57663 -0.25217 3.876638 -1.02336 

0.1798 -15.8009 26.26386 -0.20857 3.563861 -1.33613 
0.19778 -13.1219 26.00467 -0.17320 3.304676 -1. 59532 
0.21576 -10.9489 25.78895 -0.14452 3.088953 -1.81104 
0.23374 -9.18668 25.60848 -0.12126 2.908480 -1. 99151 
0.25172 -7.75728 25.45659 -0.10239 2.756598 -2.14340 

0.2697 -6.59782 25.32790 -0.08709 2.627906 -2.27209 
0.28768 -5.65731 25.21802 -0.07467 2.518025 -2.38197 
0.30566 -4.8942 25.12340 -0.06460 2.423404 -2.47659 
0.32364 -4.27511 25.04116 -0.05643 2.341164 -2.55883 
0.34162 -3.77277 24.96897 -0.04980 2.268970 -2.63102 
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Time=9.268 hours Mass flow rate=3.46 mierog/em2see 
Tf=22.9 degC Ta=28.1 degC Ti=35.72 degC 
File IO: OCT4C 

Time dT/dt T me dT/dT T - Tf T - Ta 
sees degC/see deg C J/s deg C deg C 

0 -112.643 35.46847 -1.48689 12.56847 7.368473 
0.01798 -91.4693 33.64002 -1.20739 10.74002 5.540020 
0.03596 -74.2989 32.15524 -0.98074 9.255243 4.055243 
0.05394 -60.4222 30.94843 -0.79757 8.048436 2.848436 
0.07192 -49.1982 29.96645 -0.64941 7.066457 1.866457 
0.0899 -40.1200 29.16632 -0.52958 6.266325 1.066325 

0.10788 -32.7771 28.51327 -0.43265 5.613277 0.413277 
0.12586 -26.8378 27.97919 -0.35425 5.079198 -0.12080 
0.14384 -22.0337 27.54134 -0.29084 4.641348 -0.55865 
0.16182 -18.1477 27.18133 -0.23955 4.281333 -0.91866 

0.1798 -15.0045 26.88427 -0.19806 3.984279 -1.21572 
0.19778 -12.4618 26.63815 -0.16449 3.738154 -1.46184 
0.21576 -10.4049 26.43322 -0.13734 3.533228 -1.66677 
0.23374 -8.7409 26.26163 -0.11537 3.361630 -1.83836 
0.25172 -7.39468 26.11699 -0.09760 3.216994 -1. 98300 
0.2697 -6.30546 25.99417 -0.08323 3.094173 -2.10582 

0.28768 -5.42405 25.88900 -0.07159 2.989002 -2.21099 
0.30566 -4.71079 25.79811 -0.06218 2.898114 -2.30188 
0.32364 -4.13356 25.71878 -0.05456 2.818784 -2.38121 
0.34162 -3.66629 25.64881 -0.04839 2.748810 -2.45118 
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Time=9.712 hours Mass flow rate=3.87 mierog/em2see 
Tf=22.9 degC Ta==27.8 degC Ti=35.72 degC 
File 10: OCT40 

Case Time dT/dt T me dT/dT T - Tf T - Ta 
It sees degC/see deg C J/s deg C deg C 

1 0 -116.522 35.47218 -1.53809 12.57218 7.672185 
2 0.01798 -93.7317 33.58931 -1.23725 10.68931 5.789316 
3 0.03596 -75.4194 32.07475 -0.99553 9.174754 4.274754 
4 0.05394 -60.7616 30.85526 -0.80205 7.955263 3.055263 
5 0.07192 -49.0183 29.87216 -0.64704 6.972169 2.072169 
6 0.0899 -39.6101 29.07846 -0.52285 6.178468 1. 278468 
7 0.10788 -32.0723 28.43650 -0.42335 5.536504 0.636504 
8 0.12586 -26.0330 27.91610 -0.34363 5.016109 0.116109 
9 0.14384 -21.1944 27.49311 -0.27976 4.593114 -0.30688 

10 0.16182 -17.3177 27.14815 -0.22859 4.248156 -0.65184 
11 0.1798 -14.2115 26.86572 -0.18759 3.965724 -0.93427 
12 0.19778 -11.7226 26.63339 -0.15473 3.733390 -1.16660 
13 0.21576 -9.72819 26.44120 -0.12841 3.541200 -1. 35879 
14 0.23374 -8.1301 26.28117 -0.10731 3.381177 -1. 51882 
15 0.25172 -6.84944 26.14693 -0.09041 3.246930 -1.65306 
16 0.2697 -5.82291 26.03334 -0.07686 3.133343 -1. 76665 
17 0.28768 -5.0002 25.93631 -0.06600 3.036312 -1. 86368 
18 0.30566 -4.34081 25.85255 -0.05729 2.952553 -1.94744 
19 0.32364 -3.81198 25.77943 -0.05031 2.879433 -2.02056 
20 0.34162 -3.38797 25.71484 -0.04472 2.814844 -2.08515 
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Time=11.191 hours Mass flow rate=4.74 mierog/em2see 
Tf=23.2 degC Ta=29.1 degC Ti=36.02 degC 
File 10: DCT4E 

Case Time dT/dt T me dT/dT T - Tf T - Ta 
H sees degC/see deg' C J/s deg C deg C 

1 0 -107.392 35.80482 -1. 41758 12.60482 6.704826 
2 0.01798 -86.9244 34.06432 -1.14740 10.86432 4.964322 
3 0.03596 -70.3848 32.65548 -0.92907 9.455484 3.555484 
4 0.05394 -57.0679 31. 51391 -0.75329 8.313913 2.413913 
5 0.07192 -46.3367 30.58771 -0.61164 7.387715 1.487715 
6 0.0899 -37.6889 29.83507 -0.49749 6.635074 0.735074 
7 0.10788 -30.7199 29.22229 -0.40550 6.022295 0.122295 
8 0.12586 -25.1038 28.72222 -0.33137 5.522226 -0.37777 
9 0.14384 -20.5780 28.31298 -0.27163 5.112987 -0.78701 

10 0.16182 -16.9306 27.97694 -0.22348 4.776947 -1.12305 
11 0.1798 -13.9909 27.69989 -0.18468 4.499899 -1.40010 
12 0.19778 -11.6218 27.47039 -0.15340 4.270396 -1.62960 
13 0.21576 -9.71231 27.27921 -0.12820 4.079211 -1.82078 
14 0.23374 -8.17313 27.11891 -0.10788 3.918912 -1.98108 
15 0.25172 -6.93255 26.98350 -0.09150 3.783508 -2.11649 
16 0.2697 -5.93231 26.86817 -0.07830 3.668173 -2.23182 
17 0.28768 -5.12601 26.76901 -0.06766 3.569016 -2.33098 
18 0.30566 -4.47577 26.68290 -0.05908 3.482904 -2.41709 
19 0.32364 -3.95135 26.60731 -0.05215 3.407311 -2.49268 
20 0.34162 -3.5285 26.54020 -0.04657 3.340202 -2.55979 
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Time=13.687 hours Mass flow rate=5.21 mierog/em2see 
Tf=23.7 degC Ta=33.1 degC Ti=36.52 degC 
File IO: OCT4F 

Case Time dT/dt T me dT/dT T - Tf T - Ta 
n sees degC/see deg C J/s deg C deg C 

1 0 -97.1942 36.28198 -1.28296 12.58198 3.181988 
2 0.01798 -79.1339 34.70230 -1. 04456 11.00230 1. 602308 
3 0.03596 -64.4562 33.41606 -0.85082 9.716066 0.316066 
4 0.05394 -52.5666 32.36770 -0.69387 8.667706 -0.73229 
5 0.07192 -42.9280 31.51219 -0.56664 7.812191 -1.58780 
6 0.0899 -35.1140 30.81301 -0.46350 7.113011 -2.28698 
7 0.10788 -28.7793 30.24057 -0.37988 6.540570 -2.85942 
8 0.12586 -23.6438 29.77087 -0.31209 6.070878 -3.32912 
9 0.14384 -19.4802 29.38448 -0.25713 5.684483 -3.71551 

10 0.16182 -16.1048.29.06562 -0.21258 5.365620 -4.03437 
11 0.1798 -13.3681 28.80150 -0.17645 5.101508 -4.29849 
12 0.19778 -11.1493 28.58178 -0.14717 4.881785 -4.51821 
13 0.21576 -9.3503 28.39805 -0.12342 4.698053 -4.70194 
14 0.23374 -7.89154 28.24350 -0.10416 4.543502 -4.85649 
15 0.25172 -6.70868 28.11261 -0.08855 4.412614 -4.98738 
16 0.2697 -5.74949 28.00091 -0.07589 4.300913 -5.09908 
17 0.28768 -4.97156 27.90477 -0.06562 4.204773 -5.19522 
18 0.30566 -4.34058 27.82125 -0.05729 4.121253 -5.27874 
19 0.32364 -3.82882 27.74796 -0.05054 4.047969 -5.35203 
20 0.34162 -3.41354 27.68298 -0.04505 3.982989 -5.41701 



statistical Results and Values of the Parameters 
with Intercept in the Packed Beads 

WATER FLOW RATE: 0.0 ml/min 
1Step 1 Variable Entered 1 

(Forced Variable) 
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M u 1 tip 1 e Reg res s ion A n a 1 y sis 

Multiple R 
R Square 
Adjusted R Square 
Std. Err. of Est. 

.999 F Change 

.999 R Square Change 

.999 Sum of Sq Change 
.103912E-01 % of SS Change 

13958.010 
.999 

1. 507146 
99.87 

Date: 10/13/89 Time : 1 2 : 3 5 : 0 2 

Coefficient Reg. 
B( 1) -.12767900 
B( 0) .58958210 

A n a 1 y sis 

Regression 
Residual 

Total 

Sum of Squares 
1.50714600 

94375200E-02 

1. 50909000 

A N A L Y SIS o F 

o f V a ria n c e 

Degrees of 
Freedom 

1 
18 

Error 
Mean Square F-test 
1. 5071460 

.10798620E-0313958.01 

20 cases from file: A:MLR1D' 

RES I D U A L S 
=========================================================== 

Number of positive residuals: 11 
Largest positive residual: .113426E-01 

Number of negative residuals: 9 
Largest negative residual: -.189016E-01 

Number of sign runs: 3 
Significance of sign runs test: .0003 

Average absolute residual: .857713E-02 
Residual sum of squares: .194375E-02 



Residual mean square: 
Residual standard deviation: 

Durbin-Watson statistic: 
Auto-correlation coefficient: 

.107986E-03 

.103916E-01 

.134375 
.918 
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*********************************************************** 

1Step 2 Variable Entered 2 
(Forced Variable) 

M u 1 tip 1 e Reg res s ion A n a 1 y sis 

Multiple R 
R Square 
Adjusted R Square 
Std. Err. of Est. 

.999 F 

.999 R Square 

.999 Sum Sq 
.106898E-01 \ SS 

Change 
Change 
Change 
Change 

-7363.489 
.000 

.9235048E-06 
.00 

Date: 10/13/89 Time: 12 : 3 5 : 04 

Regression 
Coefficient 
B( 1) -1.1725340 
B( 2) 1.0448550 
B( 0) 3.2017230 

A n a 1 y sis o f 

Regression 
Residual 

Sum of Squares 
1.50714800 
.194381500E-02 

Variance 

Degrees of 
Freedom 

Error 
Mean Square 
.75357400 

.11434200E-03 
2 

17 

F-test 

6594.52 

Total 1.50909000 20 cases from file: A:MLRID 

A N A L Y SIS o F RES I D U A L S 
=========================================================== 

Number of positive residuals: 
Largest positive residual: 

Number of negative residuals: 
Largest negative residual: 

11 
.113421E-Ol 

9 
-.189031E-Ol 
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Number of sign runs: 3 
Significance of sign runs test: .0003 

Average absolute residual: .857739E-02 
Residual sum of squares: .194381E-02 

Residual mean square: .114342E-03 
Residual standard deviation: .106931E-01 

Durbin-Watson statistic: .134356 
Auto-correlation coefficient: .918 

*********************************************************** 

WATER FLOW RATE: 3.1 ml/min 
lStep 1 Variable Entered 2 

(Forced Variable) 

M u 1 tIp 1 e Reg res s Ion A n a 1 y sIs 

Multiple R 
R Square 
Adjusted R Square 
Std. Err. of Est . 

.999 F Change 

.999 R Square Change 

.998 Sum of Sqs Change 
. 131413E-Ol % of SS Change 

12377.540 
.999 

2.137533 
99.85 

Date: 10/13/89 Time : 15 : 0 2 : 3 9 

Regression 
Coefficient 
B( 2) -.13182650 
B( 0) .45377660 

A n a 1 y sis o f Variance 

Degrees of Error 
Sum of Squares Freedom Mean Square F-test 

Regression 2.13753300 1 2.1375330 
Residual .310858100E-02 18 .17269890E-03 12377.54 

Total 2.14064100 20 cases from file: A:MLR4D' 
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A N A L Y SIS o F RES I D U A L S 
=========================================================== 

Number of positive residuals: 11 
Largest positive residual: .143916E-Ol 

Number of negative residuals: 9 
Largest negative residual: -.238387E-01 

Number of sign runs: 3 
Significance of sign runs test: .0003 

Average absolute residual: .108520E-01 
Residual sum of squares: .310858E-02 

Residual mean square: .172699E-03 
Residual standard deviation: .131415E-01 

Durbin-Watson statistic: .134842 
Auto-correlation coefficient: .918 

********************************************************** 

1Step 2 Variable Entered 3 
(Forced Variable) 

M u 1 tip 1 e 

Multiple R 
R Square 
Adjusted R Square 
Std. Err. of Est. 

Date: 10/13/89 

Regression 
Coefficient 
B( 2) -.76700120 
B( 3) .63517430 
B( 0) 2.0417140 

Reg res s ion A n a 1 y sis 

.999 F Change 

.999 R Square Change 

.998 Sum of Sqs Change 
.135202E-01 % SS Change 

-6530.793 
.000 

.9617737E-06 
.00 

Time: 15 : 02 : 4 0 

A n a 1 y sis o f Variance 

Degrees of Error 
Sum of Squares Freedom Mean Square F-test 

Regression 2.13753500 2 1.0687680 
Residual .310865600E-02 17 .18286210E-03 5846.74 

Total 2.14064100 20 cases from file: A:MLR4D' 
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A N A L Y SIS o F RES I D U A L S 
=========================================================== 

Number of positive residuals: 11 
Largest positive residual: .143918E-01 

Number of negative residuals: 9 
Largest negative residual: -.238394E-Ol 

Number of sign runs: 3 
Significance of sign runs test: .0003 

Average absolute residual: .108523E-01 
Residual sum of squares: .310866E-02 

Residual mean square: .182862E-03 
Residual standard deviation: .135227E-01 

Durbin-Watson statistic: .134823 
Auto-correlation coefficient: .918 

*********************************************************** 

WATER FLOW RATE: 6.5 ml/min 
1Step 1 Variable Entered 3 

(Forced Variable) 

M u 1 tip 1 e Reg res s ion A n a 1 y sis 

Multiple R 
R Square 

.999 F Change 

.999 R Square Change 

.999 Sum of Sq Change Adjusted R Square 
Std. Err. of Est. .125895E-01 % SS Change 

16217.460 
.999 

2.570392 
99.89 

Date: 10/13/89 

Regression 
Coefficient 
B( 3) -.13830110 
B( 0) .61910850E-01 

Time: 15 : 07 : 22 
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A n a 1 y sis o f Variance 

Degrees of Error 
Sum of Squares Freedom Mean Square F-test 

Regression 2.57039200 1 2.5703920 
Residual .285294000E-02 18 .15849670E-03 16217.46 

Total 2.57324500 20 cases from file: A:MLR3D' 

A N A L Y SIS o F RES I D U A L S 
----------------------------------------------------------------------------------------------------------------------

Number of positive residuals: 
Largest positive residual: 

Number of negative residuals: 
Largest negative residual: 

Number of sign runs: 
Significance of sign runs test: 

Average absolute residual: 
Residual sum of squares: 

Residual mean square: 
Residual standard deviation: 

Durbin-watson statistic: 
Auto-correlation coefficient: 

11 
.136672E-Ol 

9 
-.229156E-01 

3 
.0003 

.103846E-01 

.285294E-02 

.158497E-03 

.125895E-Ol 

.134026 
.918 

*********************************************************** 

1Step 2 Variable Entered 2 
(Forced Variable) 

M u 1 tip 1 e 

Multiple R 
R Square 
Adjusted R Square 
Std. Err. of Est. 

Date: 10/13/89 

Reg res s ion 

.999 F 

.999 R Square 

.999 Sum of Sqs 
.129534E-01 t SS 

A n a 1 y sis 

Change 
Change 
Change 
Change 

-8557.934 
.000 

.4471924E-06 
.00 

Time: 15:07:23 



Regression 
Coefficient 
B( 3) -.52157540 
B( 2) .38327450 
B( 0) -.89627600 

A n a 1 y sis 

Sum of Squares 
Regression 2.57039100 

o f V a ria n c e 

Degrees of Error 
Freedom Mean Square 

2 1.2851960 
Residual .285288400E-02 17 .16781670E-03 
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F-test 

7659.53 

Total 2.57324500 20 cases from file: A:MLR3D' 

A N A L Y SIS o F RES I D U A L S 
----------------------------------------------------------------------------------------------------------------------

Number of positive residuals: 
Largest positive residual: 

Number of negative residuals: 
Largest negative residual: 

Number of sign runs: 
Significance of sign runs test: 

Average absolute ~esidual: 
Residual sum of squares: 

Residual mean square: 
Residual standard deviation: 

Durbin-Watson statistic: 
Auto-correlation coefficient: 

11 
.136668E-Ol 

9 
-.229154E-01 

3 
.0003 

.103844E-Ol 

.285288E-02 

.167817E-03 

.129544E-01 

.134042 
.918 

*********************************************************** 
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WATER FLOW RATE: 0.7 ml/min 
1Step 1 Variable Entered 2 

(Forced Variable) 
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M u 1 tip 1 e Reg res s ion A n a 1 y sis 

Multiple R 
R Square 
Adjusted R Square 
Std. Err. of Est. 

1. 000 F 
1.000 R Square 
1.000 Sum Sqs 

.563760E-02 % SS 

Change 
Change 
Change 
Change 

57320.410 
1.000 

1.821787 
99.97 

Date: 10/13/89 Time: 15 : 10 : 30 

Regression 
Coefficient 
B( 2) -.14189140 
B( 0) .56200410 

A n a 1 y sis o f Variance 

Regression 
Residual 

Sum of Squares 
Degrees 
Freedom 

1 
18 

1. 82178700 
.572482500E-03 

of Error 
Mean Square 

1.8217870 
.31804590E-04 

F-test 

57320.41 

Total 1. 82235900 20 cases from file: A:MLR2D' 

A N A L Y SIS o F RES I D U A L S 
=========================================================== 

Number of positive residuals: 
Largest positive residual: 

Number of negative residuals: 
Largest negative residual: 

Number of sign runs: 
Significance of sign runs test: 

Average absolute residual: 
Residual sum of squares: 

Residual mean square: 
Residual standard deviation: 

Durbin-Watson statistic: 
Auto-correlation coefficient: 

11 
.615904E-02 

9 
-.l28077E-01 

3 
.0003 

.451180E-02 

.572483E-03 

.318046E-04 

.563956E-02 

.108646 
.950 

*********************************************************** 
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