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PART I : EXPERIMENTAL ANALYSIS OF SUBSURFACE HEATING AND
IRRIGATION ON THE TEMPERATURE AND WATE R

WATER CONTENT OF SOILS

A. R. Sepaskhah

INTRODUCTION

Statement of the Problem

Important climatic factors affecting plant growth are soil temper -
ature and air temperature . The optimum soil temperature varies wit h
plant species and variety . The optimum root temperature for specie s
indigenous to warm climates is above that for temperate species (Neilse n
and Humphries, 1966) . It is known that within certain temperature ranges ,
biological activity doubles with each temperature increase of 10 C . But
temperatures too low or too high are lethal to plants (Salisbury and Ross ,
1969) . In general, air temperature controls reproductive growth while
vegetative growth is controlled by root temperature . High rates of pro-
duction depend on early germination, emergence, and vigorous vegetativ e
growth . In geographical regions where soil temperatures are not favorable
for seed germination and early vigorous growth, high yields are not pos -
sible without increasing the soil temperature to an optimum level . Un-
favorable soil temperatures at planting time often produce a poor stand
and consequently a reduced yield . Retarded growth of young seedling s
not only reduces yield but also adversely affects the quality of the crop
produced (Richards et al ., 1952) . Favorable soil temperatures may mak e
it possible to produce two or more crops per year or achieve earlier crop
maturity which may have marketing advantages (Boersma, 1970) .

Control of temperature in agricultural activities is limited pri -
marily to greenhouse horticulture . Several approaches to increasing
the soil temperature in the open field have been taken . Clarkson (1960 )
mulched soil with black polyethylene plastic . He observed that tem-
peratures were 20-25 F higher at the surface of the mulch and 2 inche s
above the mulch than at corresponding locations on non-mulched fields .
Petroleum mulch was used by Kowsar et al . (1969) to increase soil
temperature . The higher temperature in mulched soil was attributed t o
a blackbody effect of the petroleum mulch and the higher thermal conduc -
tivity of the soil resulting from the conservation of soil water belo w
the petroleum skin . Ridging may increase soil temperature by 3 C (Shaw
and Buchele, 1957) . Orientation of rows can affect soil temperature .
Larson and Willis (1957) showed that with north-south rows more radiation
is absorbed by the soil than with east-west rows . All these methods
depend on available energy and may not increase the soil temperature to
an optimum level under unfavorable circumstances .



Other methods for increasing the soil temperature have been dis -
cussed by Bunting and Cartwright (1957) . They suggested that heatin g
the soil by means of electrically energized heating cables would alway s
be too expensive, but that it might be possible to use waste heat from
power stations for this purpose . Boersma (1970) pointed out that surfac e
irrigation is not a feasible method for imparting the energy in condense r
cooling water to the soil . The large quantities of water that would b e
needed would keep the soil flooded most of the time . Boersma (1970) and
Boersma and Rykbost (1973) proposed an integrated system for multiple use
of the waste heat from power plants . They suggested, that as a part of an
integrated complex warm water be circulated through an underground syste m
of pipes thus heating the soil .

Underground heat sources impose a temperature field on th e
natural soil temperature distribution . The resulting temperature dis -
tribution depends on the source temperature, air temperature, and dept h
and spacing of the heat sources . Power plants with cooling towers ar e
normally designed so that the temperature of the effluent is between
26 .5 and 47 .5 C (Yarosh et al ., 1972) . The temperature of the cooling
water, the natural soil temperature regime, and the type of crop to be
grown, are important factors to be considered in the design of a subsur -
face soil warming system .

Energy dissipation in the soil depends on the temperature gradient ,
thermal conductivity, and depth and spacing, of the heat sources . Heat
source temperature, soil surface temperature, and depth of heat sourc e
are parameters that influence the magnitude of the temperature gradient .
Soil thermal conductivity is a critical parameter in controlling the rate
of energy dissipation from soil warming systems . The apparent therma l
conductivity of the soil is a function of the physical properties of the
soil . Important among these are soil texture, soil temperature, and soi l
water content . The total land surface area required to dissipate a give n
amount of energy, therefore, depends on the air temperature, heat source
temperature, soil type, soil water content, and depth and spacing of th e
heat sources .

Potential Problems and Opportunitie s

Moisture migration due to temperature gradients occurs in the soil .
This mechanism can produce a dry region around heat sources . Arman
et al . (1964), Milne and Mochlinski (1964), and Boersma and Rykbost (1973 )
reported that this drying can occur at low as well as high temperatures of
the heat sources and with any type of soil . Soil surrounding a heatin g
cable is dried to a stage at which the capillary film of water betwee n
soil particles is broken . Rewetting the soil is usually very slow (Miln e
and Mochlinski, 1964) . Rykbost (1973) found that the soil water conten t
decreased in the 60-90 cm layer with heat sources at the 90 cm depth .
A small but very dry core developed around the heat sources during the
summer .

2



A continuous supply of water near the heat source would prevent
the observed drying of the soil . Enough water should be supplied t o
maintain a constant and high level of water content . this system
would make use of the thermal gradients as a driving force toAistri -
bute the water through the soil profile. .

Subsurface irrigation even without heating the soil has give n
good results in terms of increased yields and decreased water require -
ments in comparison with other methods of water application (Hanson and
Williams ; 1968, Hanson et al ., 1970) . In principle, if water is intro -
duced slowly into or near the root zone of a plant, it will spread b y
capillary action in the soil and thus become available for utilizatio n
by the plant . If the location of the water application point and th e
rate of application is properly chosen, it should be possible to suppl y
the demand of the plant without any significant seepage losses and wit h
the region of moist soil maintained below the soil surface to minimize •
evaporation . The amount of water saved would be a function of the typ e
of crop, soil type, ambient conditions, and efficiency of the comparative
methods . Hanson and Williams (1968) and Hanson et al ., (1970) estimated
potential water savings to exceed 25 percent over furrow irrigation for
cotton in New Mexico . Zetzsche (19(14) and Newman (1965) reported com -
parable 1963 cotton yields on 42 percent less irrigation water in Texa s
using subsurface irrigation . Furthermore, more nearly optimum soil wate r
levels could be achieved with subsurface .irrigation than with conventional
methods of irrigation .

Scope of the Study

Experiments were set up in the laboratory to study the effect of hea t
source temperature on the temperature distribution around a line heat

.r

	

source in different soils . Different sinusoidal soil surface heat load s
were applied to study the effect of different climatic conditions on the
temperature distributions . Effects of heat source temperature, soi l
surface temperature, and soil texture on rite of•heat dissipation were
studied . Water was applied near the heat source to determine the rate of
water application required to maintain a constant soil. water content-a t
different heat source temperatures . Water content distributions and rate s
of water application were measured .

Field conditions were simulated by packing soils in containers wit h
inside dimensions of 48 x 40 x 4 cm. Thermal insulation was provided on
all sides, except the soil surface . A heat source was placed at a depth
of 32 cm and 1 .5 cm from one side of the box . The soil slab and heat
source thus represented a system of parallel, line heat sources with a
spacing of 77 cm placed at a depth of 32 cm with a lower boundary at 4 8
cm . Dimensions of the system were dictated by available laboratory
equipment . The heat source consisted of a copper tube (O .D . = 0 .7 cm )
with a resistance heater imbedded in it . Its temperature was controlle d
thermostatically during each experiment . A porous tube (O .D . = 0 .9 cm )
with pore sizes 'ranging from 60 to 70-microns was placed immediately

II
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above the heat source . Water was released from the tube to the sur-
rounding soil . Water was supplied with a Mariotte bottle connecte d

to the porous tube . The device was adjusted to maintain a soil wate r

suction of 2 cm H2O at the lower side of the porous tube .

4



THERMAL CONDUCTIVITY OF SOIL S

Experimental Procedure s

Values of the apparent thermal conductivity of the soil ar e
needed to predict temperature distributions and energy dissipation
rates for the proposed soil warming systems . The apparent thermal
conductivity varies with soil water content, texture, and temperature .
Experiments were conducted in the laboratory to measure the apparent
thermal conductivity as a function of soil water content at 25 C an d
45 C for'Quincy, Cloquato, and Chehalis soils .

The particle size distributions and other specifications of the soils
used in the experiments are shown in Table 1 . Measurements were made at
water contents ranging from oven dry to saturation and at 25 C and 45 C .

Table 1 . Physical properties of the soils used .

Particle Size Water Conten t
Soil Sand Silt

	

Clay

	

Porosity -1500

	

-30 Bulk
Joules/kg

	

Joules/kg Density

	 cm3/cm3	 g/cm3

Quincy
loamy sand 90 6 4 0 .475

	

0 .070

	

0 .185 1 .69

Cloquato
loam 43 37 20 0 .600

	

0 .140

	

0 .350 1 .1 8

Chehalis
silt loam 9 64 27 0 .600

	

0 .180

	

0 .395 1 .1 6

The samples were prepared by adding the amount of water required to
bring a prepacked, air dry, sample to the desired water content . The air
dry soil was packed in a glass jar that was tapped once on the top of th e
laboratory bench with each scoop of sample poured into it . The number of
scoops per jar was the same for each sample . Predetermined quantities of
water were applied to the samples such that no water was ponded on the
soil surface . This method of water application prevented trapping of air
in the samples . Samples with low water content were prepared by pouring
air dry soil on a plastic sheet and spreading it evenly in a thin layer .
Required amounts of water were then sprinkled onto the soil . It was
shaken in a plastic bag to distribute the water uniformly and packed int o
the jars . These were capped with a lid with a hole in the center t o

5



later receive the conductivity probe . The lid and the lid hole wer e
masked by tape to prevent water loss by evaporation . The container s
were kept in a constant temperature cabinet for 5-7 days to insure
uniform distribution of water and temperature throughout the sample s
before the measurements were made . Cabinet temperatures of 25 C an d
45 C were used .

Apparent thermal conductivities were obtained with a cylindrica l
probe (Schleirmacher, 1888 ; Hooper and Lepper, 1950), according t o

t
T - T 1=2

	

Saln t2 ,
1

where T - T 1 is the increase in temperature (C) near the heat sourc e
during the time period from t to t 2 in seconds, q is the total amoun t
of heat input (cal/cm sec), and A is the apparent soil thermal conduc -
tivity .

Results

Results of the measurements are shown in Tables 2, 3, and 4 .
Theoretical values of apparent thermal conductivity were calculated
according to the procedures described by de Vries (1963) . Ratios o f
experimental and computed values are also shown in the tables . Results
are shown graphically in Figures 1, 2, and 3 .

Figure 1 . Apparent thermal conductivity of the Quincy soil as a functio n
of water content measured at 25 C (open circles) and 45 C
(closed circles) . The solid line is based on calculation s
according to the de Vries (1963) model .
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Figure 2 . Apparent thermal conductivity of the Cloquato soil as a
function of water content measured at 25 C (open circles )
and 45 C (closed circles) . The solid line is based on cal -
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The computed results are in good agreement with experimenta l
values for Cloquato and Chehalis soils . The computed values ar e
systematically slightly higher at 25 C and slightly lower at 45 C at
low water content for both these soils . This may be due to incorrectl y
having assumed a linear relationship between the effective thermal con -
ductivity of the air and the soil water content at water contents belo w

e '

Experimental values for the Quincy soil (Table 2) at low water
contents are systematically lower than the computed results . The
quantity of water required'to'wet the soil samples to the desire d
level at low water content was very small . It was difficult to mi x
the required amount of water with the dry soil to obtain a unifor m
water content_in the samples . Non-uniform water distribution at lo w

' water content could result in experimental values of apparent therma l
conductivities lower than the values corresponding to the averag e
water content .

Theoretical estimates of the apparent thermal conductivity of a
soil can be obtained if the mineral composition, porosity, and wate r
content and the thermal conductivities of each of these components ar e
known . The accuracy of the thermal conductivities obtained by this pro-
cedure (de Vries, 1963) is sufficient for miny Bractical applications .
At water contents higher than 0 .2 to 0 .3 cm /cm , the predicted apparen t

. thermal conductivity diffeted from the measured values by about 10 per-
cent fo r ' Cloquato and Chehalis soils (Tables 3 and 4) . The deviation s
were greater than 10 percent for Quincy at almost all water contents
(Table 2), and at low water contents for Cloquato and Chehalis soils .
Variation of the apparent thermal conductivity in a given soil at a
given depth due to the nonhomogeneity of the soil and due to irregular
changes in the water content may be expected to be of the order of 5 t o
10 percent (de Vries, 1963) .

Discussion

Thermal Conductivity as a Function of Particle Siz e

The coarse textured Quincy soil has a higher thermal conductivity
than the fine textured Cloquato or Chehalis soils in the air dry state .
This difference may be attributed to the lower thermal conductivity of
the granular material in fine-textured soils . De'Vries (1963) reported
thermal conductivities . of 21, 11, and 7 meal/cm sec C for quartz, gra -
nite, and clay minerals, respectively . Nakahabandi and Kohnke (19'65 )
also showed the apparent thermal conductivity of air dry soil to in-
crease with particle size . Nagpal and Boersma (1974) comparing the ther -
mal conductivities of glass bead media of different sizes could not show
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the effect of grain size on the apparent thermal conductivity of th e
medium . Glass beads possess the same thermal conductivity regardles s
of bead size, These results suggest that the small differences in th e
thermal conductivities of the air-dry materials used in the experiment s
are duc to differences in the thermal conductivities of the particl e
materials and not to the size of the particles .

Thermal Conductivity as a Function of Soil Water Conten t

Apparent thermal conductivities of the three materials remaine d
unchanged as the water content increased from zero to certain specifi c
values (Figures 1, 2, and 3) . The amount of water in the soils a t
which the apparent thermal conductivities started to increase is show n
in Figure 4 as a function of clay content at 25 and 45 C . The indicate d
behavior can be explained by soil-water interactions . At low water
content molecules of water form only thin films on the soil particles .
As more water is added the thickness of the water films increases an d
wedges are formed at the contact points between particles . At very low
water content the water films on the surfaces are only a few molecule s
thick and water does not fill interstices between them (Wadsworth, 1944) .
The films are uniform and do not improve the thermal contact betwee n
soil particles, so that heat flow is not appreciably enhanced . The
amount of water required to produce films of a given thickness depend s
on the specific surface area of the particles which is a function o f
particle size, shape, and clay content . Clay particles are small bu t
have a high specific external and internal surface area . Clay soils need
to absorb more water than sandy soils to produce the wedges which con-
tribute to increased heat flow .

The water absorbed by the clay particles is tightly bound but ca n
be driven off at higher temperatures . Examination of Figures 1, 2, and
3 shows that the water content at which the bound water can be drive n
off and contribute to heat flow decreases as a function of temperatur e
(Figure 4) .

The apparent thermal conductivities of the three soils increase s
with water content except at very low water content . The increase in the
apparent thermal conductivity per unit of water added is greater in the
coarse-textured soil than in the fine-textured soils at both temperatures .
Similar observations were made by Smith (1939) and Nakshabandi and Kohnk e
(1965) . The rate of increase of the apparent thermal conductivity wit h
soil water content is highest at low water contents . Here the increase i s
due to the addition of water in the wedges at the particle contact points .
The surface through which heat is conducted increases rapidly with th e
first increments of water added . With further additions of water, soi l
pores gradually are filled and the rate of increase of the apparent ther-
mal conductivity becomes smaller .

12
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Apparent thermal conductivity differences between the three soil s
are more pronounced at the higher water contents . This again shows the
influence of the thermal conductivities of the particles themselves . The
sandy soil had a higher apparent thermal conductivity at water content s
near saturation . Similar results were obtained by Chudnovskii (1962) .
He measured the apparent thermal conductivities of quartz sand and o f
limestone with the same grain size distributions as a function of wate r
content . The difference between the apparent thermal conductivities o f
the two materials was small at the dry condition, but at a water conten t
of 20 percent, the ratio of apparent thermal conductivities of quart z
sand and limestone was 1 .5 .

Thermal Conductivity as a Function of Soil Water Potentia l

When the apparent thermal conductivity, is plotted as a function o f
soil water potential, a dissimilarity du g to textural differences appear s
(Figure 5) . These differences are greatest between coarse-textured
(Quincy) and fine-textured (Cloquato and Chehalis) soils at high wate r
potentials . No textural differences at soil water potentials lower than
about -400 Joules/kg were found at 25 C . _Results shown in Figure 5 are
best understood by considering the soil water characteristic curves for
the three soils (Figure 6) . These graphs show that most of the soil wate r
in Quincy loamy sand is withdrawn over a very narrow potential range, cor-
responding to•the range over which its apparent thermal conductivity de-
creases (Figure 5) . . The soil water characteristic curves for Cloquat o
and Chehalis , show that the gradual decrease of the thermal conductivitie s
for these twosoils corresponds with the gradual decrease of soil wate r
content as the water potential decreases . Nagpal and Boersma (1974) re-
ported pronounced textural differences in the relationship thermal con-
ductivity - water potential for glass beads at water potentials higher
than about -70 Joules/kg . The results , shown in Figure 6 are in agreemen t
with these findings .

ThermalConductivityas a Function of Porosit y

The apparent thermal conductivity of a porous medium is determined
by the thermal conductivities of its constituent fractions (solid, water ,
and air) . Porous materials with similar particles and similar total po-
rosities should have unique thermal conductivities at various volumetric
water contents . Skaggs and Smith (1967) calculated the thermal conduc-
tivity of a soil as a function of pore space and water content . Their
results showed an increasing resistance to heat flow at identical wate r
contents with increasing pore space . The effect of total pore space on
the apparent thermal conductivity was most pronounced at the highes t
soil water contents . -
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Figure 4 . Maximum water content range below which the apparent therma l
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Figure 5 . The apparent thermal conductivities of the Quincy, Cloquato ,
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Cloquato loam and Chehalis silt loam have a porosity of 60 percen t
and the thermal conductivities of the particles are identical . Total
porosity of the Quincy loamy sand is 46 .5 percent and the thermal con-
ductivity of its particles is higher . Similarities between the apparen t
thermal conductivities of the Cloquato and Chehalis soils as a functio n
of soil water content and their difference from Quincy soil was there -
fore expected and in agreement with literature reports . Nakshabandi and
Kohnke (1965) observed textural differences in the apparent thermal con-
ductivity versus soil water content relationship for fine sand, silt loam ,
and clay with porosities of 40, 48, and 58 percent, respectively . These
differences were attributed to differences in air-filled pore space a t
identical water contents . At higher water contents where good contac t
between particles increases the apparent thermal conductivity, the therma l
conductivity of the particles themselves becomes important . The highe r
apparent thermal conductivity of the sand at identical water contents i s
in part due to the higher thermal conductivity of the sand particles .

Thermal Conductivity as a Function of Temperatur e

Apparent thermal conductivities did not change much by the in-
crease in temperature from 25 C to 45 C at the very low water contents .
The slight increase of the apparent thermal conductivities of dry soil s
with temperature can be attributed to increased thermal conductivity o f
the air at higher temperatures .

The apparent thermal conductivities of the soils increased appre-
ciably as a function of temperature as soil water content increased .
The configuration of the water films on the soil particles remains th e
same at a given water content at 25 and 45 C and it should not chang e
the conduction between particles . But a substantial increase in the ap-
parent thermal conductivity occurred as a result of the temperature in -
crease . The higher apparent thermal conductivity at the higher tempera-
ture is due to enhanced vapor transfer through the air-filled pores . The
increases in the apparent thermal conductivities as a result of the tem-
perature increase from 25 to 45 C are smaller at the high water contents .
This is so because air filled pore space available for vapor diffusio n
is less .

- Effective thermal conductivity of an air-filled pore is due to hea t
conductance, Aa and convective vapor movement, av so tha t

Aeff .

	

Aa + Av '

	

(2)

where A changes slightly with temperature, increasing from 0 .0615 t o
0 .0650 mcal/cm sec C as the temperature increases from 25 to 45 C . How-
ever, av varies greatly with temperature .
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For water contents less than 6e , the effective conductivity of '
air varies as a result of decreasing relative humidity . It is usually
assumed that A decreases linearly with soil water content, fro m
A = as at x v 6 to zero at x = 0, so that the effective Conductivit y
oY airv in air-filled pores becomes :

x
Aa + Av = as + 6W(Av - av) '

e

where a s is the thermal conductivity due to vapor movement in wate r
vapor saturated air and x is the volumetric water content . An expres-
sion was given by Krischer and Rohnalter (1940) to calculate AS a s
follows

	

'

LDoP

	

dpo

	

(4 )

where A is the latent heat of vaporization (cal/g), R is the ga s
constant (0 .11 cal/g Kfor water vapor, D Is the diffusion coef -
ficient of water vapor in air (cm /sec),°P is atmospheric pressur e
(mm Hg), p is the saturation vapor pressure (mm Hg), and d p

e
/dT is

the slope °of the saturation vapor pressure versus temperature curv e
(mm Hg/C) .

Ratios of the apparent thermal conductivities of the three soil s
at 45 C and 25 C are shown in Figure 7 as a function of the pore . vo-
lume fraction available for vapor diffusion. The maximum values of th e
ratios are 2 .15, 2 .73, and 2 .96, respectively. Comparison of thes e
values with. the ratio of dp /dT at 45 and 25 C, which is equal t o
2 .61, suggests that increased vapor diffusion was the prime mechanis m
causing the increase of apparent thermal conductivity with temperature
at low soil water content . The ratio of

A45/A25
approaches one a t

air-filled porosities higher than 0 .95 and• lower than.0 .45 . It never
becomes equal to one because of the higher thermal conductivities o f
air and water at higher temperatures . The contribution of vapor dif -
fusion to apparent thermal conductivity increases as soil water con -
tent decreases or the air-filled pore volume increases .

The ratios of X4 /X25 are lowest for the Quincy sand . This is so
because the apparent thermal conductivity of the sand particles is
higher than that of the clay particles . The relative contribution o f
vapor transfer is therefore smaller .

The contribution of water vapor diffusion to the apparent therma l
conductivity depends on the vapor pressure gradient and the diffusio n
coefficient . These parameters both increase with temperature . The
vapor diffusion coefficient also increases with increasing air-filled
porosity . Therefore, the temperature effect on the apparent therma l

sx
v

	

RT (P-po ) dT ' -
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conductivity is greatest in soil with the highest air-filled porosity .
At extremely low water content the ratio A , 5/ A25 decreases (Figure 7) .
This decrease occurs because the air-fillea pores are not saturated
with water vapor at these low water contents . Philip and. de Vrie s
(1957) 1-eve shown that when the soil air is not saturated with wate r
vapor the value of A v is proportional to the relative humidity, pip ° ,
thus :

A =

	

A s
v po v

4Mo

o = exp
( pdRT)

where p is the water vapor pressure (mm Hg), M is the molecular weight o f
water (gram/mole), o is te surface tension of water (dyne/cm), p is th e
density of water (gr1m/cm ), d is the pore diameter (cm), R is the ga s
constant (8 .314 x 10 erg/mole K), and T is the Kelvin temperature . At
extremely low water content only small pores are filled with water . Ac-
cording to Equations 5 and 6, A decreases and so does its contribution ,
to the apparent thermal conductivity .

The maximum ratio of apparent thermal conductivities at 45 and
25 C occurred at the air-filled porosities of 0 .78, 0 .73, and 0 .70
in Quincy, Cloquato and Chehalis soils •respectively (Figure 7-) .
The3se 3alues correspond to water contents of 0 .11, 0 .15, and 0 .18
cm /cm .

At high water contents the pore volume available for vapor dif-
fusion is very small and discontinuous . The ratios approach one near
saturation . Temperature was , found to have only a small effect on th e
apparent thermal sondtctivities at water contents higher than .20 ,
0 .25, and 0 .30 cm ,/cm . in Quincy, Cloquato and Chehalis soils, respectively .

Conclusion s

The apparent thermal conductivities of soils change with wate r
content . The changes are greatest at water content levels between fiel d
capacity and wilting point. The apparent thermal conductivity does no t
vary with water content at extremely low levels . Water increases the
thermal contact between soil particles, and enhances heat flow in the soi l
by increasing soil apparent thermal conductivity . At low-water contents ,
'water molecules form layers on the surfaces of clay particles and do no t
contribute to heat flow . The water content at which the, water begins t o
have an effect on the apparent thermal conductivity was proportional t o
the clay content .

and

(5 )

(6)
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In unsaturated soil, air-filled pores are available for vapor dif-
fusion resulting from vapor density gradients . Vapor flow contribute s
to the apparent thermal conductivity . Its effect is greatest at low
water contents where enough water is available to produce saturated con-
ditions and enough pore space is present for vapor flow to occur .

The apparent thermal conductivity increased with temperature . This
increase, due to an increase in the thermal conductivity of water, i s
negligible . Temperature has a significant effect on the apparent thermal .
conductivity by increasing the vapor pressure gradients in air-filled pores .
In the range of water contents where vapor flow contributes significantl y
to the apparent thermal conductivity, the maximum a 5 /Avalues were
2 .15, 2 .73, and 2 .96 for Quincy, Cloquato, and Chehaii s 2 soils, : espectively .
The value of the vapor pressure ratio at 45 and 25 C is 2 .6 which is clos e
to the maximum ratios obtained for the three soils . Vapor diffusion did
not contribute significantly to the apparent thermal conductivity at wate r
contents above field capacity where the air-filled pore volume availabl e
for vapor flow is small and probably discontinuous .

A plot : of the apparent thermal conductivity versus soil water poten-
tial showed differences between soils with different textures except a t
water potentials lower than -300 to -400 Joules/kg .

The de Vries (1963) model can be used satisfactorily to calculat e
apparent thermal conductivities of soils using the thermal conductivitie s
of the solid particles, porosity, and water content .

A temperature increase from 25 to, 45 C .-increased the apparent ther -
mal conductivity almost three times at low water content . This suggests
that appreciable error may result from the use of a constant value fo r
the thermal conductivity in heat flow problems in soils .

ti
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Figure 8 . Geometry of the experimental soil slab used for the laborator y
experiments . The heat source representing the warm water pip e
was at a depth of 33 cm . The water source (not shown) was im-
mediately above the heat source .
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EXPERIMENTAL ANALYSIS OF SUBSURFAC E

SOIL WARMING AND IRRIGATION

Experimental Procedur e

Soil columns were used in laboratory studies to simulate the pro -
posed open field soil warming system . Soils were contained in a bo x
48 cm deep, 40 cm long, and 4 cm wide on the inside (Fi=gure 8) . The
box was made of 0 .5 cm thick acrylic plastic . DAmensions of the con-
tainer were dictated by available materials and laboratory equipment .
A heat source 0 .7 cm in diameter consisting of a copper covered elec -
trical resistance heating wire was placed 32 cm deep and 1 .5 cm from
the inside of the right hand wall of the box . This configuration sim-
ulated an open field soil warming system with heat sources buried 3 2
cm deep, 77 cm apart . Small holes were drilled through the wall o f
the box for the insertion of thermistors for temperature measurements .

An irrigation water source was placed above the heat source, 30 .cm
deep and 1 .5 cm from the right hand wall of the box . It consisted o f
a porous tube, 3 .5 cm long with and I . D . = 0 .9 cm, made of synthetic
material with pore sizes ranging from 60 to 70 microns . A graduate d
Mariotte bottle was connected to the porous tube such that a pressure
of -2 cm H2O was maintained in the soil next to it . The water source
configuration simulated a subsurface irrigation system, 30 cm deep wit h
a 77 cm spacing . Different evaporative conditions were simulated by
sinusoidal surface heat loads, applied with a resistance heater 10 cm .
above the soil surface . Experiments were 'conducted at three differen t
subsurface heat source temperatures .

Physical properties of the soils used are shown_in Table 1 . Air
dried soil materials were packed in the acrylic containers and saturate d
with water from below until free water appeared at the soil surface . At
this time the soil column was disconnected from the water source and ex-
cess water was allowed to drain . Surface evaporation was prevente d
during the drainage period . The column was then covered with styrofoa m
on all sides except at the surface and thermistors were inserted at the
predetermined points . All preparations and experiments were conducted
in a constant temperature room maintained at 22 + 1 C .

Experiments were initiated by preparing soil columns as described
above . The water content at a point close to the heat source was moni-
tored with a gamma-ray attenuation system . Water was applied by the
irrigation tube at a rate such that the water content at this particula r
point was not lowered from its initial value .

	

This criterion produce s .
a constant water content throughout-the soil at each combination of experi-
mental conditions . When the appropriate rate of water application wa s
established, several readings of water content were taken with the gamma-
ray attenuation system at predetermined points .
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Each experiment was continued until an equilibrium water conten t
distribution and temperature distribution was attained . Measurements
were then continued for three days during which periodic measurements
were made . A summary of the experiments is shown in Table 5 .

Table 5 . List of experiments conducted in the laboratory study of the
soil warming system .

Experiment Heat Source Subsurface Peak Rate
No . Soil Temperature Irrigation of Irradiation

oC Wat t

1 Quincy 29 yes 0
2 Quincy 29 yes 13
3 Quincy 29 yes 52
4 Quincy 29 yes 11 7

5 Cloquato 36 yes 0
6 Cloquato 36 yes 1 3
7 Cloquato 36 yes 52
8 Cloquato 36 yes 11 7

9 Chehalis 44 yes 0
10 Chehalis 44 yes 1 3
11 Chehalis 44 yes 5 2
12 Chehalis 44 yes 11 7
13 Quincy 29 no 117

Temperature Distribution s

Experimental Results

Temperature readings obtained at preselected points in time during
three days while equilibrium conditions existed were averaged . Figure 9
shows the temperature as a function of depth at 0 :00, 4 :00, 8 :00, 12 :00 ,
16 :00, and 20 :00 o'clock in the heated Quincy loamy sand at heat sourc e
temperatures of 29, 36, and 44 C and a sinusoidal surface heat load wit h
a maximum of 117 watts . The measurements were made in a vertical profil e
centered over the heat source . Subsurface heating raised the soil temper -
ature throughout the profile . The temperature rise was highest near th e
heat source . The effect of heating on the temperature of the soil wa s
small near the soil surface . The soil surface temperatures were below th e
air temperature at all heat source temperatures during the cooling period .

The soil surface temperatures at 8 :00 o ' clock were 19 .6 and 22 .4 C for
heat source temperatures of 29 and 44 C, respectively . They were les s
than the room temperature of 23 C near the soil surface during the coolin g
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period starting at 20 :00 o'clock and terminating at 8 :00 o'clock. The
room temperature of 23 C was the upper limit of the daily room temperatur e
variation . The thickness of the shallow surface layer with temperatures
below 23 C at 8 :00 o'clock was 19, 12, and 7 cm at heat source tempera -
tures of 29, 36, and 44 C, respectively . The temperature of the surfac e
layer increased during the heating period (12 :00 to 16 :00 o'clock) due to
the surface heating .

Equilibrium temperature isotherms are shown in Figures 10, 11, and
12 . No heat was applied at the soil surface in the experiments shown in
these diagrams . The heat source temperature influenced the temperatur e
of the area near the heat source greatly . Its effect decreased rapidl y
at points away from the heat source . The horizontal distance from the
heat source at which a 5 C increase in soil temperature occurred is
shown in Table 6 as a function of the temperature difference between heat
source and the unheated soil surface . The relationship was dependen t
on the soil texture .

Table 6 . Relationship between the horizontal distance (d) from the hea t
source, at which a 5 C temperature rise occurred and the differ-
ence in temperature between heat source and unheated soil sur-
face (AT) .

Soil
Source

Temperature AT d

oC oC
cm

Quincy loamy sand 29 6 4 . 0
Quincy loamy sand 36 13 10 . 0
Quincy loamy sand 44 21 15 . 0

Cloquato loam 29 8 3 . 5
Cloquato loam 36 13 9 . 5
Cloquato loam 44 23 12 . 5

Chehalis silt loam 29 6 2 . 5
Chehalis silt loam 36 13 9 . 0
Chehalis silt loam 44 23 12 .5

The isotherms shown indicate that a wide range of temperatures oc-
curs in a profile heated with line heat sources . This can be important
if the crop grown in the field has a narrow temperature range for optimu m
growth. Soil temperatures higher than the optimum root temperature may
have an adverse effect on crop production . The optimum root temperature
for many crops grown in temperate climates is about 25 C . Temperatures
higher than 25 C were observed near the heat source . The distance over
which temperatures higher than 25 C occurred was a function of the hea t
source temperature . The soil volume with temperatures higher than 25 C
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was very small at a . heat source temperature of 29 C but was considerabl e
at the heat source temperature of 44 C . The adverse effect of soil tem-
peratures above 25 C could be prevented by planting some distance away
from the heat source . Soil warming had little effect on the temperatur e
of the '-.pper 10 cm of the soil . This is the layer in which seed germinatio n
usually occurs . Optimum temperatures for germination of most seeds rang e
from 15 to 40 C (Mayer and Poljakoff-Mayber, 1963 ) '. When the :unheated soil
temperature is lower than the optimum temperature for seed germination, soi l
warming will not help to improve the seed germination .

Theoretical Consideration s

Equation 7, derived by Kendrick and Havens (1973) was used to cal-
culate theoretical Isotherms . This equation was develope d- for a semi-
infinite medium with a constant .surface temperature and constant appar-
ent thermal conductivity throughout .

1

	

N

T

	

-T

	

= -L
2x 2+(h-y2)

	

(ns-x)2+(h-y )
In

	

+ T-t In(x,y)

	

su

	

2rr-
x 2+(h+y) 2

	

(ns-x)2+(h+y) 2n=l
1n

(+)+( )

where x is the horizontal distance from the heat source (cm), h is the
distance from soil -surface to the heat source (cm), y is the vertical
distance from the soil surface (cm), q is the heat flow rate per unit
length of heat source (cal/cm sec), A is the thermal conductivity o f
the soil (cal/cm sec C), Trr

	

) is the temperature of the medium at an y
point in the system (C), ail '

	

is the .soil surface temperature (C) .
Several simplifying assumption sushould be considered in the applicatio n
of Equation 7 . These are : (i) constant, uniform soil apparent ther-
mal conductivity, (ii) no radial temperature variation in the cross-
section of the heat source, (iii) constant, uniform soil surface tem -
perature, (iv) steady-state operation, (v) heat is trarisf erred in th e
soil-in the radial direction only,`and (vi) all sources have the sam e
temperature and dissipate heat at the same rate . Experimental conditions
did not correspond to these assumptions . It was deemed desirable to test
the validity of this equation for the experimental conditions .

The soil surface temperature varied during the day according to th e
applied surface heat load in several of the experiments . A daily averag e
of the soil surface temperature was used in the calculations . The mea-
sured rates of energy dissipation per unit length of the heat source, q ,
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are shown in Table 7 . An average apparent thermal conductivity for
the soil column was used, although the conductivity was not unifor m
throughout the soil column because of variation in the soil water con -
tent and temperature . The soil column had a reflecting boundary a t
the lower end . Thus it did not present a semi-infinite medium as wa s
assumed in the derivation of equation 7 .

Table 7 . Energy dissipation rates in Quincy, Cloquato, and Chehali s
soils with different heat source temperatures and surfac e
heat loads .

Energy Dissipation Rate Per Uni t
Heat Source

	

Max . Surface	 	 Length of Heat Source
Temperature

	

Heat Load

	

Quincy

	

Cloquato

	

Chehalis

C Watts 	 cal/cm sec	

29 0 0 .0257 0 .0275 0 .0246
13 0 .0269 0.0213 0 .0199
52 0.0221 0 .0203 0 .0162
117 0 .0223 0.021 0

36 0 0 .0514 0 .0454 0 .0536
13 0 .0526 0 .0444 0 .0437
52 0 .0545 0.0466 0 .042 5
117 0 .0537 0 .0456 0 .051 1

44 0 0 .0784 0.0713 0 .0588
13 0 .0787 0.0651 0 .055 8
52 0.0734 0 .0664 0 .048 1
117 0.0682 0 .0571

Results of the calculations are shown in Figures 10, 11, and 12 .
Agreement between measured and computed isotherms was good . A summary
of the discrepancies between measured and calculated isotherms is shown
in Table 8 . Equation 7 underestimates temperatures near the heat sourc e
and overestimates temperatures near the soil surface . The heat sourc e
was placed 1 .5 cm from the right hand side of the box . It heated a
portion of the wall of the box near the heat sourc . Back radiatio n
may have increased the temperatures of the soil around the heat source
so that higher measured temperatures were obtained . Temperatures were
overestimated near the lower end of the soil column . The measured tem-
peratures converged to the air temperature at this boundary .

Figures 10, 11, and 12 show that the measured temperatures near the
soil surface were always a few degrees lower than the calculated one s
where a constant air temperature of 22+ 1C was imposed on the soil surface .
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Table 8 . Difference between measured temperatures and, temperatures calculate d
according to the Kendrick and Havens(1973) .model calculated-
measured at the indicated grid points in C (top) and in percent o f
the measured value (bottom) .

29C 36C 44C
Depth 5 15 25 35 5 15 25 35 5 15 25 35

Quincy
5 -0 .1 -0 .1 -0 .2 -0 .3 -0.8 -0 .5 0 .6 -0 .6 0 .9 0 .9 0 .9 0 . 7

15 -0 .2 -0 .2 -0 .3 -0 .5 -0.3 -0 .4 -0 .8 -1 .0 1 .2 1 .4 1 .1 0 . 7
25 0 .0 '0 .0 -0 .2 -0.4 -0 .3 -0 .3 -0 . -0 .8 0 :5 2 .0 1 .6 1 . 1
35 0 .1 0 .0 -0.1 -0 .3 -0 .9 0 .2 0 .1 -0 .5 0 .0 2 .1 2 .5 1 . 5

,

	

45 -0 .8 -0 .3 -0.3 -0 .5 -0 .3 0 .7 , .0 .2 -0 .4 2 .5 2 .3 2 .5 2 . 0
Cloquato

5 -0 .9 -0 .5 -0 .6 -0.8 0 .7 1 .0 1 .1 1 .2 0 .4 0 .4 0 .2 0 . 1
15 -0 .4 -1 .0 -1 .2 -1,6 1 .8 1 .6 1 .4 0 .9 1 .2 1 .0 0 .6 0 . 4
25 0 .4 -0 .3 -0 .9 -1 .4 2 .2 2 .7 0 .9 1 .1 1 .7 1 .6 1 .6 0 . 8
35 0 .6 0 .0 -0 .6 -1 .0 2 .5 3 .3 2 .4 1 .3 2 .0 2 .7 1 .9 1 .2 .
45 0 .4 -0 .3 -0 .6 -0 .9 2 .3 2 .9 2 .2 1 .4 3 .6 2 .8 2 .0 1 . 2

Chehalis
5 1 .2 1 .2 1 .0 0 .8 1 .5 1 .8 1 .8 1 .7 0 .8 1 .0 0 .8 0 . 6

15 0 .7 0 .7 0 .5 0 .2 2 .3 2 .7 1 .9 1 .1 1 .8 1 .0 1 .1 0 . 5
25 1 .4 1 .0 0 .9 0 .5, 2 .7 2 .6 2 .6 1 .5 2 .0 2 .4 1 .8 1 . 1
35 0 .2 1 .4 1 .1 0 .7 1 .7 3 .1 2 .7 1 .9 0 .9 2 .5 2 .6 1 . 7
45 1 .8 1 .2 1 .1 0 .9 3 .6 3 .1 3 .0 1 ' .9 3 .5 3 .2 2 .9 . 1 . 9

	 %	

Quincy
5 0 .4 0 .4 0 .9 0 .9 3 .5 2 .2 2 .7 2 .7 3 .9 4 .0 4 .1• 3 . 2

15 0 .8 0 .8 1 .3 2 .1 1 .2 1 .6 3 .3 '4 .2 4 .6 5 .6 4 .6 3 . 0
25 -

	

0 .0 0 .0- 0 .8 1 .7 1 .0 1 .1 0 .4 3 .3 -1 :6 7:3 6 .3 4 . 5
35 0 .4 0 .0 0 .4 1 .3 2 .9 0 .7 0 .4 2 .0 0 .0 7 .4 9 .7 6 . 1
45 3 .0 1 .2 1-.2 . 2 .0 1 .1- 2 .7 0 .8 1 .6 8 .5 8:5 9 .8 8 . 1

Cloquato
5 4 .1 2 .3 2 .8 3 .8- 3 .1 4 .5 5 .0 5 .6 2 .0 2 .1 0 .7 0 . 4

15 1 .7 4 .3 5 .2 7 .0 7 .0 6 .6 6 .0 3 .9 4 .9 4 .3 2 .7 1 . 7
25

	

• 1 .6 1 .2 3 .8 6 .0 7 .6 10 .5• 3 .7 4 .6 5 .6 5 .9 6 .4 3 . 1
35 2 .2 '0 .0 -2 .5 4:2 8.1 12 :6 9 .7 5 .3 5 .7 10 .0 7 .5 5 . 1
45

	

• 1 .6 1 .2 2 .5 3 .8" 8 .4 11 .3 8 .9 5 .7 13 .2 10 .8 8 .0 4 . 9
Chehalis

5 5 .8 5 .9 5 .0 4 .0 6 .9 8 .5 8 .6 8 .2 3 .6 4 .7 3 .8 2 . 8
15 3 .0 .3 .1 2 .3 . 0 .9 9 .7 '11 .6

	

' 8 :3 4 .8 7 .2 ' 4 .2 4 .7 2 . 2
25 5 .6 4 .2 3 .9 2 .2 9 .6 10 .3 10 .9 6 :4 6 .6 9 .2 7 .3 4 . 6
35 0 .8 5 .8 4 .8 3 .1 5 .4 112 :0• 11 .1 8 .1 '2 .6 9 :1 10 .4 7 . 1
45 7 .4 5 .1 4 .8 4 .0 13 .7 12 .4 12 .5 8 .1 12 .7 12 .4 11 .7 7 .9
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The magnitude these differences decreased with depth, with only small
differences existing between calculated and measured values at the 12 cm
depth . The lower temperatures at the soil surface were the result of
evaporative cooling .

It appears that equation 7 can be used to predict soil temperatur e
isotherms for field conditions . The daily cycle of the soil surface
temperature may be approximated with a constant average temperature .

Temperature Variations at the Soil Surfac e

Temperatures measured as a function of time and depth are shown in
Tables 9, 10, and 11 . Maximum and minimum temperatures estimated from
the measured data as a function of depth are summarized in Table 12 fo r
the three levels of radiation .

The largest amplitudes were obtained for the Cloquato and Chehalis
soils . The amplitudes increased with higher heat flux density for al l
soils .

The temperature variation as a function of time and depth is given
by van Wijk and de Vries (1963) as follows :

~ t) = Tay+ A0 exp(-y/D) sin (wt+$0-Y/D),

	

(8)T (y

where T
t

is the temperature (C) at any depth y (cm) at time t (sec) ,
T is 4~&rage temperature at any depth in the soil column during a
pehod (C), A is the surface amplitude (C), D is the damping depth
(cm), w is the angular frequence (2Trv wherg v is_ihe frequency o f
temperature variation) equal to 7 .27 x 10 sec

	

for a diurna l
variation, and 00 is the phase constant .

The phase constant can be calculated fro m

wtl + 00 D = 2 ,

	

(9)

where t 1 is the time at which the maximum temperature at a depth
y occurs . Equation 8 describes the temperature variation abou t
an average temperature at any depth . The average temperature at an y
depth can be written as follows :

Tay = Ty + AO exp(-y/D) .

	

(10)

Substitution of Equation 10 in the Equation 8 yields ,

T (y,t) = Ty + AO [exp(-y/D)]{1 + sin (wt+40-y/D)},

	

(11 )

31



Table 9 . Measured and calculated soil temperatures at the indicated depth s
for Quincy soil with a source temperature of 29 C at three radia -
tioni loads .

1 .0 cm
Time meas . calc .
	 3 .0 cm
meas . calc .
	 6 .0 cm
meas . calc .
	 12 .0 cm
meas . calc .

13 Watt s

4 :00
8 :00

12 :00
16 :00
20 :00
24 :00

52 Watts

4 :00
8 :00

12 :00
16 :00
20 :00
24 :00

117 Watts -

4 :00
8 :00

12 :00
16 :00
20 :00
24 :00

C

	

C

21 .5

	

21 . 5
21 .6

	

21 . 7
21 .9

	

22 . 3
22 .6

	

22 . 5
21 .8

	

22 . 3
----

	

21 . 7

20 .9

	

21 . 5
20 .8

	

22 . 9
23 .6

	

25 . 6
25 .2

	

26 . 8
23 .3

	

25 . 3
21 .6

	

22 . 7

20 .4

	

20 . 5
20 .9

	

23 . 5
26 .7

	

29 . 8
32 .6

	

33 . 0
24 .8

	

29 . 9
21 .3

	

23 .7

C

21 .0

	

21 . 7
21 .5

	

21 . 9
22 .0

	

22 . 4
22 .5

	

22 . 6
21 .7

	

22 . 4
----

	

21 . 9

21 .1

	

21 . 7
20 .5

	

22 . 5
22 .8

	

24 . 8
25 .4

	

26 . 2
23 .6

	

25 . 4
21 .7

	

23 . 2

20 .4

	

20 . 8
20 .8

	

22 . 4
25 .9

	

27 . 9
32 .4

	

30 . 9
26 .0

	

29 . 4
21 .6

	

24 .9

C

	

C

22 .6

	

22 . 0
22 .7

	

22 . 1
22 .8

	

22 . 5
23 .1

	

22 . 7
22 .9

	

22 . 5
---- 22 . 3

22 .0

	

22 . 2
21 .9

	

22 . 4
22 .9

	

24 . 0
24 .9

	

25 . 3
24 .5

	

25 . 1
22 .8

	

23 . 5

21 .9

	

21 . 7
21 .7

	

22 . 5
23 .8

	

26 . 3
29 .1

	

29 . 2
26 .4

	

28 . 3
23 .0

	

24 .6

C

	

C

23 .3

	

22 . 7
23 .3

	

22 . 7
23 .4

	

22 . 9
23 .6

	

23 . 1
23 .6

	

23 . 4
----

	

22 . 9

23 .4

	

23 . 0
22 .8

	

22 . 7
23 .0

	

23 . 3
24 .3

	

24 . 3
24 .8

	

24 . 7
23 .7

	

24 . 1

22 .8

	

22 . 2
22 .8

	

21 . 8
23 .1

	

23 . 4
26 .4

	

25 . 5
26 .8

	

25 . 4
24 .3

	

24 . 2
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Table 10 . Measured and calculated soil temperatures at the indicated depth s
for Cloquato soil with a source temperature of 29 C at three radia -
tion loads .

1 .0 cm 3 .0 cm
Time meas . calc .meas . calc .

	 6 .0 cm
meas . calc .
	 12 .0 cm	
meas . calc .

13 Watt s

4 :00
8 :00

12 :00
16 :00
20 :00
24 :00

52 Watts

4 :00
8 :00

12 :00
16 :00
20 :00
24 :00

C

	

L .

	

19 .0

	

18 . 6

	

19 .6

	

19 . 0

	

19 .7

	

20 . 1

	

21 .0

	

21 . 0

	

20 .4

	

20 . 7

	

20 .0

	

19 . 5

	

19 .6

	

19 . 8

	

19 .9

	

20 . 2

	

20 .1

	

22 . 7

	

24 .3

	

24 . 8

	

22 .6

	

24 .4 '

	

21 .1

	

21 .7

C

	

C

	

19 .1

	

19 . 1

	

19 .4

	

19 . 3

	

19 .8

	

20 . 3

	

21 .0

	

21 . 2

	

20 .7

	

21 . 0

	

20 .3

	

19 . 9

	

20 .0

	

20 . 2

	

20 .2

	

20 . 4

	

20 .4

	

22 . 5

	

23 .9

	

24 . 2

	

23 .0

	

24 . 0

	

21 .3

	

22 .0

C

	

C

	

21 .1

	

19 . 8

	

21 .0

	

19 . 5

	

21 .2

	

20 . 2

	

22 .0

	

21 . 1

	

22 .1

	

21 . 4

	

21 .8

	

20 .7 '

	

22 .1

	

20 . 9

	

21 .8

	

20 . 6

	

22 .0

	

21 . 8

	

23 .4

	

23 . 4

	

24 .1

	

23 . 7

	

23 .0

	

22 .4

C

	

C

	

22 .2

	

21 . 0

	

21 .9

	

20 . 5

	

22 .1

	

20 . 7

	

22 .6

	

21 . 4

	

22 .9

	

21 . 9

	

22 .7

	

21 . 7

	

23 .0

	

22 . 0

	

22 .7

	

21 . 5

	

22 .8

	

21 . 9

	

23 .4

	

22 . 8

	

24 .3

	

23 . 3

	

23 .9

	

22 . 9

117 Watts .

4 :00
8 :00

12 :00
16 :00
20 :00
24 :00

	

22 .0

	

21 . 2

	

22 .1

	

22 . 4

	

23 .0

	

30 . 0

	

35 .5

	

36 . 4

	

29 .7

	

35 . 2

	

24 .2

	

27 .6

	

22 .0

	

21 . 5

	

21 .7

	

22 . 1

	

22 .7

	

27 . 4

	

32 .5

	

32 . 3

	

30 .0

	

31 . 7

	

24 .1

	

26 .4

	

23 .9

	

22 . 5

	

23 .3

	

21 . 7

	

23 .9

	

24 . 4

	

27 .8

	

27 . 9

	

30 .0

	

28 . 6

	

26 .0

	

26 .0

	

24 .4

	

23 . 3

	

23 .6

	

22 . 5

	

24 .0

	

23 . 1

	

25 .1

	

24 . 5

	

26 .4

	

25 . 3

	

26 .1

	

24 .8 .
J
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Table 11 . Measured and calculated soil' temperatures at the indicated depth s
,for Chehalis coil with a source temperature of 29 C at three radia -
tion loads .

1 .0 cm 3 .0 cm 6 .0 cm
Time meas .

	

calc . meas . calc . meas . calc .

13 Watts C C C C

4 :00 18 .7 19 .7 19 .2 20 .0' 21 .4 20 . 3
8 :00 20 .4 20 .7 20 .8 21 .0 21 .6 20 . 6

12 :00 21 .2 22 .4 21 .4 22 .7 21 .8 21 . 5
16 :4)0 21 .7 23 .1 22 .6 23 .4 22 .6 22 . 2
20 :00 20 .9 22 .1 21 .4 22 .4 22 .4 21 . 9
24 :00 20 .6 27 .4 20 .7 20 .7 22 .3 21 . 0

52 Watt s

4 :00 22 .3 21 .1 22 .7 21 .4 23 .8 21 . 2
8 :00 22 .5 22 .8 22 .7 22 .5 23 .6 21 . 9

12 :00 24 .5 26 .3 24 .0 25 .2 24 .0 23 . 6
16 :00 29 .0 28 .0 28 .4 26 .8 26 .4 25 . 2
20 :00 25 .1 26 .3 26 .1 25 .9 26 .4 25 . 2
24 :00 22 .8 22 .8 23 .0 23 .0 24 .6 23 . 6

117 Watt s

4 :00 23 .9 22 .6 24 .5 23 .0 25 .5 23 . 6
8 :00 23 .3 24 .7, 23 .6 24 .4 24 .7 23 . 6

12 :00 27 .2 31 .5 25 .6 29 .5 24 .9 26 . 8
16 :00 36 .7 35 .1 ---- 33 .3 30 .1 30 . 0
20 :00 39 .7 34 .1 31 .1 31 .9 30 .7 30 . 1
24 :00 .24 .9 27 .3 25 .4 26 .8 26 .7 26 .8

	 12 .0 cm	
meas . calc .

C

	

C

22 .2

	

21 . 3
22 .4

	

21 . 3
22 .7

	

21 . 7
22.9' . 22 . 1
22 .9

	

22 . 2
22 .5

	

21 . 7

24 .2

	

23 . 1
24 .1

	

22 . 7
24 .1

	

23 . 2
25 .4

	

24 . 1
25 .9

	

24 . 5
24 .8

	

24 . 1

26 .1

	

25 . 0
25 .2

	

24 . 1
24 .8

	

25 . 0
26 . 8

28 .4

	

27 . 7
27 .0

	

26 . 8
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Table 12 . Maximum and minimum temperatures, amplitudes, and time lag s
as a function of depth for Quincy, Cloquato, and Chehali s
soils with a heat source temperature of 29 C at three surfac e
heat loads .

Soil

Maximum
Surface

Heat Load Depth
Temperature

Maximum Minimum Amplitude

Watts cm °C °C °C

Quincy 13 1 22 .6 21 .5 0 .55
3 22 .5 21 .0 0 .75
6 23 .1 22 .6 0 .25

12 23 .6 23 .2 0 .20
52 1 25 .2 20 .4 2 .40

3 25 .4 20 .5 2 .45
6 25 .4 21 .7 2 .85

12 24 .8 22 .8 1 .00
117 1 32 .6 20 .4 6 .10

3 31 .4 20 .4 5 .50
6 29 .2 21 .7 3 .7 5

12 27 .2 22 .7 2 .2 5

Cloquato 13 1 21 .0 18 .6 1 .2 0
3 21 .1 18 .5 1 .3 0
6 22 .1 20 .6 0 .7 5

12 22 .9 21 .4 0 .7 5
52 1 24 .8 19 .6 2 .60

3 24 .6 19 .6 2 .5 0
6 24 .4 21 .6 1 .40

12 24 .3 22 .5 0 .90
117 1 37 .3 21 .7 7 .80

3 34 .4 21 .4 6 .50
6 30 .3 23 .3 3 .50

12 27 .1 23 .6 1 .75

Chehalis 13 1 22 .2 18 .7 1 .75
3 22 .6 19 .2 1 .70
6 22 .6 21 .1 0 .75

12 22 .9 22 .0 0 .45
52 1 29 .0 22 .1 3 .45

3 28 .4 22 .4 3 .00
6 26 .8 23 .5 1 .65

12 25 .9 24 .0 0 .95
117 1 36 .7 23 .3 6 .70

3 35 .1 23 .6 5 .75
6 31 .6 24 .6 3 .50

12 28 .4 24 .8 1 .80
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where Ty is calculated with equation 7 . '

Equations 9 and 10 were used to calculate the soil temperature
variation as a function of time and depth . A period of 24 hours wa s
used in these calculations . The damping depth, D, is related to th e
thermal properties of the medium and the angular frequency by the equatio n

D=
(2)/ .

	

(12 )

The surface amplitudes AO used in Equation 11 were calculated fro m
the equation

A
z
= A

0
e
-z/D

	

(13)

were A is the amplitude (C) at any depth . A values for each soi l
and radiation intensity are shown in Table 13 The plot of in A ver-
sus depth in cm, gives a straight line with a negative slope, which i s
the reciprocal of the damping depth . The intercept of this straigh t
line with the In Az axis is in An . The results of these operations are
shown in Table 13 . z Results of tNe calculations of the soil temperature s
as a function of time and depth in the three soils at a heat source tem-
perature of 29 C and at different radiation intensities are shown in
Tables 9, 10, and 11 . Observed temperatures were lower than calculate d
near the soil surface for all samples . Differences at the 1 cm dept h
were time dependent in all samples . The differences were higher at the
time of rising and falling temperature . This is due to the fact tha t
the rate of energy supply at the surface did not follow a perfect sinu -
soidal fluctuation while a sinusoidal model was used .

Conclusions

The effect of heat source temperature on soil surface temperature
is small in moist soils . Heat source temperatures of 29 and 44 C in -
creased the surface temperatures only 2 and 4 C respectively . The sur-
face temperature is mainly influenced by air temperature and not b y
heat source temperature . The proposed system of soil warming can no t
be expected to improve soil surface temperatures much to improve condi-
tions for seed germination in the spring . Other means for increasing th e
temperature of the soil surface, like petroleum mulching (Kowsar et al . ,
1969) must be used.

A portion of the soil column with heat source temperatures of 36 and
44 C had higher temperatures than the optimum range for plant growth :
High soil temperatures in the root'zbne 'cain be prevented by placing the
heat sources deeper and farther apart .
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Table 13 . Surface amplitudes and damping depths as a function of surfac e
heat load for Quincy, Cloquato, and Chehalis soils with a hea t
source temperature of 29 C .

Surface
Heat

	

Surface

	

Damping
Soil

	

Load

	

Amplitude

	

Depth

Watts
oc

cm

Quincy 13 0 .6 14 . 1
52 2 .9 11 . 8
117 6 .9 10 . 6

Cloquato , . 13 1 .3 9 . 2
52 3 .0 9 . 9
117 9 .5 6 . 4

Chehalis 13 1 .9 8 . 3
52 3 .9 8 . 2

'117 7 .7 8 .2

Energy Dissipation Rate s

The duration of the time periods during which the heat source was
energized were recorded with a Rustra k ,event recorder . Rates of energ y
input were calculated from these measurements . Results of energy input
measurements and experimental conditions are summarized in Table 14 .
These rates increased with heat source temperature for all three soils .
The energy dissipation rates were highest in the Quincy soil and lowes t
in the Chehalis soil for each temperature treatment .

The energy dissipation rates were plotted as a function of the dif -
ference between the average temperature of the heat source and the averag e
temperature at the 1 cm depth (Figure 13) . For the purpose of this analysi s
the daily average temperature at the 1 cm depth was used for the experiments •
with fluctuating surface temperatures . The correlation between the energy
dissipation rates and the temperature differences was determined by using
a least square method to fit the equation :

F = A + B(Ts-Tsu),

	

(14)

where F is the rate of energy loss (cal/cm2min), T is the heat source
temperature (C), T is the average soil temperature at 1 cm (C), and A
and B are constants. The solid lines shown in Figure 13 were calculate d
using Equation (14) and values of A and B shown in Table 15 .

37



U
L"+

•. 1
0
0'

0
4 4

Cl)
4 )

.u
Cd

0

Cd
a U
•rl
U) Cd
W O

b

O
bO rl
1 1 1.1
N cd
• •r4
CU

cd

CCdd N
UCd

44

Cl)

.b
N

4.J
CdU
TJ

IV •rl
Cd CU
31 iJ

Cn
•

1-C
0

4-I
4-1
0
CO

,-I
I

	

CO CT C• 1
1

	

\O CT -
Cd 1

	

m CV Ni - I
0 0 0 1

0)
1

0 0 0
U

0 •rl
1) Q

	

N O ul O
Cd C4

	

.--C CV 0 •-+
D UU

	

0 0 0 0
O .

	

.

	

.
r-I '-I

	

000 0
U Cd

U

u

ul -t CV ul
00 O C+1 M

ci 01 -t 01 01
•ri 000 0

O' O O O O

Cl)

	

~t Id') N. 00

	

. -i As N
O u1 m VD O0 OO CV

	

CO VD .o N.

	

00. 00 N. 1
0 0 0 0 0 0 0 1
0 0 0 0 0 0 O.

	

.-I 'O

	

st

	

O VD

	

%D
CO %D N CO N. N. CT Ill

0 0 N. 0 0 0 0
.

	

.

	

.

	

.

	

.

	

.

	

.
0000 000 0

	

O CT 00 0

	

V0 0 ,-4 CSI

	

N. 00 .-I .-I

	

As 00 O N

	

As n 00 00

	

O
0000 -I~ •--I•--I

O O O O O O O 0

00 00 -1 00

	

N O CID CV

	

I .I- 01
•

C.31 Ch•
O CV N OCVCV CV N

O
C4 CA O N

I

000001CA

	

N. O'000

	

I

	

001

00
▪

C '-4 .0

	

00 CA 01

	

•-4s-I, 4
.--I •--I N N N N C4 N N N N N 6VI

If) CT ul - ul O N. O CV In - .-+
U

	

4 .▪ .4C'41t

	

O O CV As

	

.-I .-I 01 As
N N N CV CV N N N CV CV CV CV

0-7Ct)

	

~t00 u1 CV

	

O ' C+) N.

U~ m
•

co co m

	

%D

	

u-)

	

ic) -,DCV
CV N NN • CI CI C•1 01 -t

CV O N 01

	

N .--I CO n

	

CT cq VD O'i
C )l

	

VI Cflst

	

VD VD u1In
CV NNN 010101011 - - 1 -t

01 M O .--C

	

CV N. 00 sot

	

01 u1 CO CT

01 CT
▪
CT 0 CT N. VD VD .0 C ) CV CV N

CA CA CA CA

	

0101 11c) ,-t~tsT .st

0C1 C4n 0Cr1N1. OMN1.
.-I u1

	

Cf) ...C

	

.1

	

s- I



.C
00 rI

C]

4a O
0 0

a4 1~
~^^z

	

r~ 0
1i -

N -4- cn
. E-1 •r1

E o

	

O 00
•0 iJ

0

	

0 0v
C/) H I

	

.i 0

	

0 0
0 caa u

a4J
•)C

	

•IC
-IC

	

•ICn

	

ONo,

	

o,

•IC
•ICn
rn r•1

o a
•ri

	

a)
U •rl

Al -A
W 4-i a) D,
1.1

44.4 o O ri
I•+ 0)
O O O
U 0 a)

4
a)

4J

a)
u
Ia

a)

a
ri

0

a)
u
Ia

a)
a U

a )

a) •r1 -~

	

a n

a)
a b

u
Ia
a )

0 W tV~
c+1

	

v,
v1

	

m
CO
[V

ri cd

r1 El 0

	

0 0 .--c .-~
Cl) u 0

	

0 0
4-1 a) a )

r^1 0

	

0 0 x
Cd 4J 1 J
CJ N

0
U
cd

a) a)

f•

	

rr7

	

.rl"4 -
0 O 0

a )
.1 o
a +-J
cd cd
H 0

o
r) r• I

U
cd
U w
cd
b u

O
A O'

4a
>a
O

a) 4-i

Cd

a
o • +

4 u 4

a)
cc

l -

Q, Irn 4a
•0

u

.
CN

CT 0' 0D 0o
•A

0)) 0 0 --l 00 4
4J o O o •rl 00 00
F+ .-I Ca a) a)
H cd

u
0 0 co

'J,

r i

Cd
r i
r i

u 0
u

cd
u

r1
0 CO .&J

0) CO
>, ca H u . ~
u cd Cd U

r-I a Cr 4J 0 cd
rl •r1 0 a) Cl) a.i 4 .)
0 0 r-I .C 'Ic Cl)

0' V C.7 •IC ctl

39



Figure 13 . Mean daily energy dissipation rates as a function of the dif-
ference between mean daily heat source temperature and mean
daily soil temperature at a depth of 1 cm .
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The value of B (slope of lines) is determined in part by the
thermal conductivity of the soil . It was highest for Quincy soil and
lowest for Chehalis soil . The regression lines should pass throug h
the origin . This result was not obtained . The regression lines inter-
cept the ordinate at 0 .00204, 0 .00499, and 0 .01395 for Quincy, Cloquato ,
and Chehalis soils, respectively . This deviation may have been cause d
by several factors which include : (i) experimental error, (ii) non-
steady-state conditions, (iii) leakage of energy from the heat sourc e
or from the lower end of the soil column, (iv) thermal inertia due t o
poor contact between electrical elements and the cover of the hea t
source, so that additional energy was required to raise the temperatur e
of the electrical element to overcome this contact resistance, (v) un -
derestimation of the differences between heat source and soil surfac e
temperatures resulting from the use of the temperature at a depth o f
1 cm . Furthermore, data points in Figure 13 were obtained from differ -
ent experimental soil columns with small differences in the water conten t
and hence thermal conductivity .

The possibility of energy leakage from the lower end of the soi l
column was investigated . Temperature gradients were calculated from
temperature measurements obtained with thermistors placed at the lowe r
acrylic wall of the soil container . Temperature gradients which caused
heat leakage occurred over areas near the side of the box below the hea t
source . Total rate of energy leakage was calculated by multiplying the
temperature gradients, energy leakage area, and thermal conductivity o f
the acrylic material . The rate of energy loss was found to be less than
5 percent of the total heat input at the heat source at a 44 C heat source
temperature . This percentage would be less for lower heat source tempera-
tures . The rate of energy loss at the lower end of the column was lo w
because of the low thermal conductivity of the acrylic material . This ma-
terial has a thermal conductivity of about 0 .45 mcal/cm sec C which is les s
than that of air dry soil . The thermal conductivity of moist soil is mor e
than 5 times that of the acrylic plastic .

A statistical analysis showed that the value of the intercept o f
Equation 14 with the ordinate, did not differ significantly from zero .
Hence, using regression analysis, straight lines were fit to the data in
Figure 13 which went through the origin according to the equation

F = B 1 AT,

	

(15 )

stating that the rate of energy loss, F, is proportional to the differ-
ence in temperature at the heat source and soil surface, AT . The values
of B 1 are shown in Table 15 .

Equation 15 can be used to describe the rate of energy loss i n
soil warming systems . According to Kendrick and Havens (1973) .

27ra

ln(2~-r) + ~`ln(ns)2~(2h-r)2

	

(16)
2

n=1

	

(ns) +r
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Using the design parameters, s = 77 cm, h = 32 1cm, r = 0 .5 cm and
N = 0 (for the laboratory column), the value B = 0 .033A was obtained .

1B = 0 .033A

Thermal conductivities were calculated by substituting values of
B1 from Table 15 . Calculated values of A are shown in Table 15 . Results
are in agreement with the measured values at the same water content .

Equation 15 can be written a s

F = GAAT, (17 )

where

2r
G

N {18)

The parameter G can be called the "shape factor" since it depends only
on the depth, spacing, and the radius of the heat source . The solution
of Equation (18) is independent of N for values greater than 6 . Depth
and spacing influence the "shape factor " , G, more than the radius of th e
heat source . The G value increases 43 percent by a ten-fold increase i n
the heat source radius at a depth and spacing of 30 and 30 cm, respectively .
A five-fold increase in spacing (from 30 to 150 cm) with a hea t, source
radius of 0 .5 cm increased G values only 31 percent . The G value increases
29 .5 percent by increasing the depth six-fold (from 30 cm to 180 cm) at a
spacing of 30 cm and heat source radius of 0 .5 cm . At a given heat sourc e
radius, spacing has the greatest influence on the "shape facto r" at the
shallow depths . At a heat source radius of 1 .0 cm an increase in spacin g
from 60 cm to 120 cm decreases G values 67 and 37 percent at 30 and 150 c m
depths .

Land Area Requiremtns

Thermal conductivity values shown in Table 15 and a AT value of 20 C
were used to calculate the total land area required to dissipate the waste
energy generated by a 1000 MWe power plant with an efficiency of 34 percent .
It was found that 2841, 3714, and 4390 hectares would be required fo r
Quincy, Cloquato and Chehalis soils, respectively, with the heat source s
buried 32 cm deep and 77 cm apart . A temperature change along the pipe s
was not taken into account in these calculations .

The shape factor is constant for a given installation, but values ,
of AT and A depend on the physical properties of the soil, source temper -
ature, and climatological factors . Energy dissipation rates may there-
fore be expected to vary seasonally . Irrigation and precipitation also

ln(
2h-r ) +

	

ln ((ns) 2+ (2h-r)2 )
r

	

n

	

(ns) 2+r2
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cause seasonal changes . The' rate of energy loss is more sensitive to
the thermal conductivity and AT than to the depth, spacing, and radiu s
of the heat source . In the Willamette Valley, Oregon high rates of
energy loss occur during the cold season when the air temperature is lo w
and the soil water content is high due to high precipitation and lo w
evaporation rates . High soil water content corresponds to high soi l
thermal conductivity. Temperature differences between the soil surface
and the heat source are low during the warm season and the soil water con-
tent at that time is also low due to lack of rainfall . These conditions
result in low rates of energy loss during the summer . Raising the heat

'source temperature increases AT and hence the rate of heat dissipation
for a given climatological condition . The value o f ' OT increases 78, and
167 percent by increasing the heat source temperature from 29 to 36 an d
44 C respectively with a soil surface temperature of 20 C . Such an increase
in AT increases the heat dissipation rate or decreases the total land are a
required to dissipate a given amount of waste heat . Results obtained b y
Rykbost (1973) indicate that a three-fold seasonal variation in energy dis -
sipation rate occurred in the Willamette Valley, Oregon with a minimum i n
the late summer and a maximum in the late winter .

Daily Heat Flux Cycle at the Soil Surfac e

Heat flux at the soil surface of the columns with sinusoidal radiation
loads can be analyzed using a model formulated by Gardner and Hanks (1966) .
The heat absorbed by a layer of thickness, Ay, is used to evaporate wate r
and raise th! temperature of the material in this layer . The total hea t
flux (cal/cm min), AH, into a layer of thickness, Ay, can be written a s

EL+CATDy
(19 )

AH =
At

or

AH = L ~t Ay + C ~t Ay, (20)

where E is the evapo r3ation (cm = AO • Ay), L is the heat of vaporizatio n
of water (5803ca1/cm ), C is the heat capacity of layer Ay, includin g
water (cal/cm C), AT is the change in temperature in time interval t(C) ,
Ay is the thickness of the layer (cm), E t 3is She time interval (min) ,
and AO is the change in water content (cm /cm ) .

The first member of the right side of Equation 20 represents the
heat used for evaporation and the second member the heat used for increasing
the temperature of the material . When the soil water content does not chang e
(dry condition or fixed soil water content), DO = 0 and Equation 2 0
becomes :

AH = C-t Ay,

	

(21 )

which is the sensible heat flux at the soil surface .

43



The soil water content remained unchanged during each experiment .
Therefore, Equation 21 can be used to calculate the sensible heat flux
at the soil surface for the experiments with sinosoidal heat loads . Thes e
calculations were made by dividing the column into layers varying in thick-
ness, Ay . The temperatures of the layer T Ay , is given by :

TDy = T (yl+y2 )/ 2

	

(22 )

For selected times t, the sensible heat flux was calculated using
Equations 21 and 22 . The heat capacity values needed in Equation 21 ar e
given by

C = xsCs + xwCw + xaCa (Cal/cm3C),

	

(23)

where x is the volume fraction, C is the heat capacity, and the subscript s
s, w, and a denote the solid, liquid, and gas phases . Since C is very
small, the term X C is usually neglected . The heat capacities of the
soils were3calculated using heat capacity values of 0 .68, 0 .56, 0 .56, and
1 .0 cal/cm C for the soil particles of the Quincy, Cloquato, and Chehali s
soils, and water, respectively .

Results of the calculations are shown in Figures 14, 15, and 16 .
These figures show the sensible heat flux for Quincy, Cloquato and Cheha-
lis soils as a function of time for the 13, 52, and 117 watts surface heat
loads . The daily total of energy exchanged at the soil surface can be ob-
tained by integrating the area under curves . The results are shown in
Table 16 . The quantities of sensible heat into and out of the soil column s
were not exactly the same . The small discrepancies were caused by error s
in estimating the temperatures and heat capacities .

Table 16 . Energy exchanged at the surface of soil columns of Quincy, Clo -
quato, and Chehalis soils with different surface heat loads and
a heat source temperature of 29 C .

Surface Sensible Heat Flux

Soil
Heat
Load In Out

Watts cal/cm2 cal/cm2

Quincy 13 9 .7 9 . 6
52 27 .9 29 . 4

117 63 .4 64 . 7

Cloquato 13 9 .3 8 . 7
52 27 .7 28. 5

117 53 .4 61 . 0

Chehalis 13 9 .0 9 . 2
52 28 .5 29 . 3

117 52 .3 53.6
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Conclusions

The energy dissipation rate was highest in Quincy soil and lowes t
in Chehalis soil at a given temperature difference between heat sourc e
and soil surface . When the surface temperature remains constant, th e
energy dissipation rate increases with heat source temperature . The re-
sults obtained showed good agreement with predictions from the theoretica l
model presented by Kendrick and Havens (1973) .

This model was developed for steady state conditions with a constant
soil surface temperature . Analysis of this study showed that it can be use d
to predict the energy dissipation rate for non-steady state conditions wit h
a varying soil surface temperature, by using an average surface temperature .
The model appears to be adequate for predicting land area requirements fo r
the dissipation of given amounts of waste energy .

The total land area required to dissipate the waste energy from a
1000 MWe power plant is higher in Chehalis soil than in Quincy soil . The
land area required depends more on the thermal conductivity and the dif -
ference between heat source and soil surface temperature than on the dept h
and spacing .

Water Movemen t

Soil Water Distribution Without Subsurface Irrigatio n

Quincy soil was subjected to a daily surface irradiation cycle
with a maximum rate of heat application of 117 watts for seven consecutive
days with the hest source temperature at 29 C . The initial soil water con-
tent was 0 .30 cm /cm . Changes in the initial soil water content were mea-
sured with a gamma ray attenuation system at four hour intervals at 78 pos -
itions in the soil column . The water content distribution existing on th e
seventh day is shown in Figure 17 . The soil water content was lowest i n
the region near the heat source and inc x3ease3d gradually at points away
from it3 Te water content was 0 .04 cm /cm near the heat source and
0 .14 cm /cm at the 5 cm depth . Plants cinnot3 survive in Quincy soil when
the water content decreases below 0 .10 cm /cm . The soil water conten t
was less than this critical value over most of the soil column . Soi l
water depletion also decreased the apparent thermal conductivity of the
soil, making the system less efficient as a heat dissipation mechanism .

In a drying soil column with no subsurface heating, the water con-
tent is usually highest in the lower region of the column and decrease s
gradually toward the evaporating site at the soil surface . The soil wate r
content distribution in the column with soil warming was quite different .
It was lowest near the heat source and increased toward the soil surface .
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'•Figure 14 . Daily energy flux cycles at the surface of the Quincy soi l
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Figure 17 .
Distribution of water in a
Quincy soil exposed to a hea t
source temperature of 29 C for,
seven days at a room tempera-
ture of 22 C . Heat was applied
at the soil surface as describe d
in the text . The solid lines con -
nect points of the same wate r
content . They are labelled i n
percent of total volume . The
initial water content was .30
cm /cm . No water was added t o
the soil surface or near the hea t
source .
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Water depletion near the heat source occurs as a result of mass
flow and vapor flow . Surface tension of water decreases with increasin g
temperature, thus weakening the forces retaining water in the warm re -
gions and causing mass flow toward the cool regions to occur . This mecha-
nism continues until all the capillary water has been removed and the
capillary channels are broken . At this water content the hydraulic con-
ductivity of the soil is very low . As the soil water content decreases ,
large interconnecting air filled pores become available for vapor diffusion .
The water vapor pressure in the pore spaces in the high temperature region s
exceeds that in the lower temperature regions . Hence water vapor movemen t
is initiated . The vapor pressure gradients are maintained by evaporation
in the high temperature regions and condensation in the low temperature
regions . The vapor movement and subsequent condensation creates a hydrau-
lic gradient opposite to the temperature gradient . The evaporation may be
compensated for by a return flow of water resulting from these hydraulic
gradients . If the ratio of hydraulic conductivity to vapor diffusivity i s
very low, the vapor diffusion process ceases only when all capillary wate r
has been removed from the high temperature region. The water content o f
the soil next to the heat source at which an equilibrium between evapo -
ration and return mass flow is established depends on the heat source tem-
perature, soil type, and rate of liquid and vapor transfer .

Once most of the capillary water has been removed, the hydraulic
conductivity is very low . Consequently, even by ceasing energy input a t
the heat source, a zone once dried out may take a long time to regain its
normal water content (Milne and Mochlinski, 1964 ; Boersma and Rykbost ,
1973) . Milne and Mochlinski observed the recovery of water in soil aroun d
power transmission lines when water was available to wet the soil profile .
They reported that the water content in the wet zone of a sandy soil re-
covered from about 2 .7 percent to about 5 .0 percent, but in the dry zon e
only from about 0 .4 percent to 0 .6 percent . They also found that the re -
covery, of water in clay soil was negligible .

Soil Water Distribution with Subsurface Irrigatio n

Soil columns packed with Quincy, Cloquato, and Chehalis soils wer e
subjected to heat source temperatures of 29, 36, and 44 C and daily cycles
of surface irradiation with maximum rates of heat application of 0, 13 ,
52, and 117 watts . The soil water content at a point close to the hea t
source was monitored continuously with the gamma-ray attenuation system .
Water lost by evaporation at the soil surface was replaced from a porous
cup located 2 cm above the heat source . Water was applied at 4 hour in -
tervals until midnight . The next supply of water was made at 8 :00 a .m. in
the morning . Water was applied from the subsurface irrigation system a t
a rate such that the water content at the point close to the heat sourc e
did not decrease below its initial value . Water requirements to preven t
drying around the heat source were determined by trial and error . Arbitrary
rates of water were initially applied and the water content at a point nea r
the heat source was monitored by the gamma-ray attenuation system at short
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time intervals between consecutive water application periods . The accepted
water application rate wa s3the3one which resulted in a water content varia -
tion of less than 0 .005 cm /cm at this point during the water application
intervals .

When a constant rate of water application was obtained for a par-
ticular treatment, application was continued at this rate for three days .
During this period, several readings of soil water content were take n
with the gamma-ray attenuation system at predetermined points in the soi l
columns . Averages of these readings were calculated and used to plot the
soil water distribution in the soil columns . An example is shown in Fi-
gure 18 . The soil water content decreased toward the soil surface with
the steepest gradients immediately above the heat source . Average value s
of soil water content as a function of depth were calculated for two re-
gions each 5 cm wide . These are shown in Figure 19 . The region labeled
"over" was above the heat source, while the region labeled "away" wa s
centered 20 cm from the heat source . The water contents of the regions ar e
shown in Tables 17, 18, and 19 as a function of depth, heat source temperature ,
and rate of surface irradiation . Data for Chehalis soil with heat sourc e
temperatures of 44 C were not obtained due to a mechanical failure of the
equipment . The soil water content was highest in the regions near the hea t
and water source and gradually decreased towards the soil surface . The
water content near the heat and water sources was nearly the same at al l
heat source temperatures and surface heat loads . The soil water content o f
the surface layer was lowest at the highest rate of surface heat application .

Comparison of Figure 17 with Figure 18 shows that it was possible t o
supply water to the entire column and maintain a high water content with the
subsurface irrigation system . The soil water content was near field capacity ,
which is generally the optimum water content for crop production, throughou t
the column . The subsurface water application rates that were attained ap -
pear adequate to meet the evaporation needs in subsurface heating and irri-
gation systems for different climatic conditions .

Water Application Rate s

Water application rates from the subsurface irrigation system, re-
quired to prevent drying around the heat sources for different soils at dif-
ferent heat source temperatures and surface heat loads, are shown in Tabl e
20 . Water requirements increased with surface heat load (potential evapo -
ration) and heat source temperature . The water requirements were higher fo r
the Quincy soil than for the Cloquato or Chehalis soils . This is so because
the Quincy soil with its coarse texture has a higher hydraulic conductivit y
than the Cloquato and Chehalis soils .
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Table 20 . Water application rate a s
ture . surface heat load,

a
and

function of heat source tempera-
soil type .

Heat Source
Temperature

Surface
Heat Load

Water Application Rat e
Quincy Cloquato

	

Chehalis

C Watts 	 mm/day	

29 0 3 .00

	

2 .25

	

1 .50
13 3 .75

	

3 .00

	

2 .63
52 4 .50

	

3 .38

	

3 .00
117 4 .88

	

3 .38

	

3 .19

36 0 3 .75

	

3 .00

	

1 .88
13 4 .50

	

3 .75

	

2 .25
52 4 .88

	

4 .13

	

3 .00
117 5 .25

	

4 .50

	

3 .75

44 0 4 .50

	

3 .38

	

2 .25
13 4 .88

	

4 .13

	

3 .00
52 5 .63

	

4 .88

	

3 .38
117 6 .00

	

5 .63

	

3 .75

Water Application Rates as a Function of Heat Source Temperature

The water application rates were plotted as a function of the temper-
ature difference between the heat source and the soil surface at differen t
surface heat loads (Figures 20, 21, 22, and 23) . These rates were evaluated
in terms of potential evaporation rates for the laboratory conditions a s
measured by a weighing procedure . The soil container was filled with water
and subjected to the different radiation cycles used in the experiments .
The decrease in weight of the column ove r- a period of time was used to esti -
mate the potential evaporation for the laboratory conditions . These rate s
were 2 .5, 3 .3, 5 .2 and 10•.3 mm/day at sinusoidal surface heat loads wit h
peak rates of 0, 13, 52 and 117 watts, respectively .

The water application .rates increased with increasin g . temperature dif -
'

	

ferences between the heat source and soil surface for all three soils .
Straight lines were drawn through the experimental points and the slopes of
these lines (mm/day C) were obtained .. No statistical procedure was use d
since adequate data points were not available for each line . The result s
are given in Table 21 . The rates were-highest for the Quincy soi l ,and
lowest for the Chehalis soil . The rates increased with increasing surfac e
heat load because more energy for evaporating water was available at the
soil surface .
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Figure 20 . Water use rates as a function of the temperature differenc e
between heat source and soil surface for Quincy, Cloquato, and
Chehalis soils with no surface heating
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Figure 21 . Water use rates as a function of the temperature differenc e
between heat source and soil surface for Quincy, Cloquato, and .
Chehalis soils at a surface heat load cycle with 13 watt s
maximum rate .
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Figure 22 . Water use rates as a function of the temperature differenc e
between heat source and soil surface for Quincy, Cloquato, and
Chehalis soils at a surface heat load cycle with a 52 watt s
maximum rate .
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Figure 23 . Water use rates as a function of the temperature differenc e
between heat source and soil surface for Quincy, Cloquato, and
Chehalis soils at a surface heat load cycle with a 117 watt s
maximum rate .
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Table 21 . Rate of increase of water application rate per unit temperatur e
difference between heat source and soil surface at differen t
surface heat loads for Quincy, Cloquato and Chehalis soils .

Surface Water Use Rate/(T
s-Tsu)

Heat Load Quincy Cloquato

	

Chehalis

Watts	 mm/day C	

0 0 .075 0 .056 0 .039
13 0 .091 0 .059 0 .042
52 0 .100 0 .078 0 .040
117 0 .113 0 .100 0 .05 7

Rates of Water Loss with Subsurface Irrigation but No Subsurface Heating

The rates of water flow that would occur in the soil columns without
subsurface heating but with subsurface water application, at the imposed
surface heat loads were obtained . The assumption that these rates are
proportional to the temperature differences as shown in Figures 20 through
23 was used for this analysis . Temperature differences for the experiment s
were assumed to be the differences between the daily average temperature s
at the soil surface and the average temperature of the column equilibrated
at room temperature without subsurface heating. Using these temperature
differences, water loss rates were obtained from Figures 20 through 23 . Re-
sults are shown in Table 22 .

Table 22 . Rates of water loss from Quincy, Cloquato, and Chehalis soil s
without subsurface heating, but with subsurface water application .

Surface

	

Measured Rate of Water Loss (mm/day )
Heat Load

	

Evap . Rate Quincy

	

Cloquato

	

Chehalis

Watts

	

mm/day 	 mm/day	

0

	

2 .5 2 .45

	

2 .05

	

1 .30
13

	

3 .3 3 .10

	

2 .80

	

1 .95
52

	

5 .2 3 .65

	

3 .00

	

2 .65
117

	

10 .3 3 .80

	

3 .20

	

2 .90

The rate of water application without subsurfave heating is highes t
for the Quincy soil and lowest for the Chehalis soil . The Quincy soil
with its higher hydraulic conductivity passes water more easily . The
Quincy soil can meet the evaporative demand at surface heat loads o f
0 and 13 watts, but not at the higher surface heat loads . The Cloquato
and Chehalis soils can not meet these evaporative demands . The hydraulic
conductivities of these soils are inadequate to sustain the required flow
rates . The soil surface layers of Cloquato and Chehalis soils therefore
dried at the higher surface heat loads (Tables 17, 18, and 19) .
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As the surface heat load increases a layer of soil near the surfac e
dries out . This dry soil layer then becomes a barrier to water movement .
Hence, the rate of water loss increased little by increasing the heat load
from 52 to 117 watts .

Water Application Rates in Relation to Crop Requirement s

Potential evaporation rates and consumptive use values for the
Willamette Valley growing season are shown in Table 23 . Evaporation
in the laboratory, measured by the weighing procedure varied from 7 .50
cm/month to 30 .90 cm/month. Table 24 shows the consumptive use rates fo r
alfalfa and water application rates achieved with the subsurface irriga-
tion system without subsurface heating and with a heat source temperature
of 44 C . The laboratory conditions cover the range of potential evaporatio n
occurring in the Willamette Valley (Table 23) . The water supplied by th e
subsurface irrigation system is not sufficient to meet the highest crop re-
quirements as indicated by the consumptive use for alfalfa when no energy
is supplied at the heat source . However, with a heat source temperatur e
of 44 C sufficient water can be supplied to meet the crop requirements in
Quincy and Cloquato soils, but not in Chehalis soils .

Table 23 . Potential evaporation and consumptive use in the Willamett e
Valley .

Month

	

Field* Consumptive*
Potential Use For

Evaporation Alfalfa

cm/month cm/month

April 6 .90 4 .03
May 14 .27 10 .43
June 16 .30 13 .35
July 24 .18 16,2 3
August 20 .19 14 .03
September 12 .29 9 .70
October 6 .06 3 .68

*Data obtained from Watts et al . (1968) .
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Table 24 . Rates of water loss from heated soil columns compared wit h
consumptive use rates for alfalfa .

Consumptive
use for
Alfalfa

Hea t
Source
Temp .

Surfac e
Heat
Load

Water Application Rate
With No Subsurface Heating
Quincy

	

Cloquato

	

Chehalis

cm/month C Watts 	 cm/month	

10 .43 0 7 .35

	

6 .21

	

3 .8 1
13 .35 13 9 .24

	

8 .34

	

5 .85
16 .23 52 10 .24

	

9 .00

	

7 .7 4
14 .03 117 11 .25

	

9 .21

	

8 .6 1

Water Application Rate
With Subsurface Heatin g

10 .43 44 0 13 .50

	

10 .14

	

6 .75
13 . 13 14 .64

	

12 .39

	

9 .00
16 .23 52 16 .89

	

14 .64

	

11 .14
14 .03 117 18 .00

	

16 .89

	

11 .25

Subsurface Irrigation near Power Transmission Line s

Drying of the soil near power transmission lines has been observed .
Extremely high cable temperatures due to drying of the soil resulted, whic h
caused power transmission failure . Cooling the cables was proposed t o
eliminate this problem . Maintaining a high soil water content in the soi l
profile was also recommended by power transmission engineers . The practical
value of water cooling for power transmission cables in the ground was ex-
amined by Milne and Mochlinski (1964) and Arman et al . (1964) . Cooling was
done by circulating water in pipes near the cables or by irrigating the soi l
with a perforated pipe from which water seeped into the soil near the cabl e
right below . A huge volume of water was required for cooling with the piping
system as compared with the irrigation method . The space between the cir-
culating pipe and cables still dried out . This led to lower heat exchange
rates between the circulating water and the cable . Subsurface irrigation
was more efficient in cooling the cables . The function of the water wa s
strictly to maintain a high apparent thermal conductivity in the soil .
The amount of water required was small compared with that needed for th e
removal of heat by the circulation method . It was estimated that the ir-
rigation method of cooling only used 10 percent of the water needed fo r
the circulation method of cooling (Arman et al ., 1964) .

59



Conclusions

Surface evaporation and temperature gradient' induced water flo w
depleted the soil water to below the wilting point in only a few days
in soils heated with subsurface heat sources . Water depletion wa s
most severe near the heat source .

Subsurface irrigation provides water to the soil to substitute for
the water evaporated at the soil surface and migrated from the heat sourc e
region under temperature gradients . Subsurface irrigation makes it pos-
sible to maintain a soil water content near field capacity . As a resul t
of the higher soil water content, the apparent thermal conductivity in soi l
with subsurface irrigation is 4 to 6 times greater than that in soil column
with no subsurface irrigation for fine textured and coarse textured soils
respectively. Hence the total land area required to dissipate a given amoun t
of heat decreases 4 and 6 times in fine textured and coarse textured soils ,
respectively .

The subsurface irrigation system by itself is not sufficent to sup-
ply the consumptive use demand for crops in the Willamette valley . How-
ever, when used in conjunction with the subsurface heating system, subsur-
face irrigation would be a feasible irrigation method .
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PART II : PHYSIOLOGICAL EFFECTS OF LOW

ROOT TEMPERATURES ON T1p GROWTH

OF CORN SEEDLING S

E . W . R . Barlow

__INTRODUCTION

Low root temperatures limit the rate of water uptake by plants .
Lowering the soil temperature decreases the rate of movement of wate r
from the soil to the absorbing surfaces of the roots . The translocation
of water through the roots is also decreased . A first consequence o f
lowering the root temperature is that a water stress is imposed on the
shoots . In the following experiments the effect of lowering the roo t
temperature on plant growth was evaluated by measuring the effects o n
plant water potential and its relation to leaf elongation, photosynthe-
sis, and transpiration .

The mild to moderate phase of water stress which may result from lo w
root temperatures is of interest because even well watered plants commonl y
experience mild to moderate water stress during the course of a clear sunny
day (Turner and Begg, 1973 ; Carbon, 1973) . In spite of the frequency o f
its occurrence, the effect of mild to moderate water stress on plan t
growth has not been investigated thoroughly . This may be so because it
has not been considered important since mild water stress is not visually
obvious and must be detected by plant water potential measurements . Rela-
tive water content (relative turgidity) is rather insensitive as a measur e
of mild water stress because a very small change in water content can cor-
respond to a decrease of several bars in the leaf water potential and a
large decrease in the turgor pressure (Hsiao, 1973) .

Cell expansion generally is considered to be the parameter mos t
sensitive to a small decrease in plant water potential (Iljin, 1957 ;
Slatyer, 1969 ; Kramer, 1969 ; Hsiao, 1973) . This hypothesis was first
made in 1908 by Balls and later confirmed by Loomis in 1934 . More re-
cently the availability of linear variable differential transducer s
(LVDT's) that enable leaf elongation to be monitored on a minute b y
minute basis, have enabled Acevedo, Hsiao and Henderson (1971) and
Barlow and Boersma (1972) to measure the extremely rapid response of
leaf elongation to small changes in plant water potential . The rapid
changes in the rate of cell expansion are due to the decrease in cel l
turgor pressure that occurs when the leaf water potential decrease s
quickly (Boyer, 1968 ; Green, 1968 ; Hsiao, 1973) .
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Photosynthesis is believed to be less sensitive to water stress
than leaf elongat :on, but this has not been demonstrated conclusivel y
by concurrent measurements on the same plant (Wardlaw, 1969 ; Boyer ,
1970a ; Acevedo et al ., 1971) . Wardlaw (1969) measured both net photo -
synthesis and leaf elongation, but not water potential, on the 7th an d
8th leaves of water stressed Lolium temulentum plants for 3 days . He
found that leaf elongation began to decline 10 hours after the onset of
mild water stress, while photosynthesis was not affected until 22 hours
had elapsed . Boyer (1970a) measured leaf enlargement, net photosynthesi s
and leaf water potential on different corn plants subjected to the same
water stress for a number of days and reported that leaf enlargement de -
creased sharply at a leaf water potential of -2 to -4 bars and completely
stopped at -8 bars whereas net photosynthesis was not affected greatly un-
til the leaf water potential was at least -12 bars . These measurements
were made over a 24 hour dark period . The relationship between net photo-
synthesis and leaf enlargement may not be the same when measured in the
light . Finally Acevedo et al . (1971) monitored leaf elongation and ne t
photosynthesis simultaneously on a water stressed corn plant and found
elongation to be sharply reduced before photosynthesis was noticeably af -
fected . However Acevedo et al . did not report the leaf water potential s
at which the changes in leaf elongation and net photosynthesis took place .

This summary would indicate that a clearer understanding of the re- '
lationship between leaf elongation, photosynthesis, and leaf water potential _
may be gained by simultaneously monitoring these parameters on a plant sub-
jected to a short term water stress such as that normally encountered in
the diurnal stress cycle in the field .

If mild stress causes a sharp reduction in the rate of leaf elongation ,
it is of interest to consider the physiological effects of this reduction on '
other plant functions, in particular photosynthesis . The most immediate ef -
fect of a reduction in the rate of cell expansion is a concurrent decrease =
in the photosynthate requirement for the biosynthesis of cell walls and pro -
toplasm in the elongating cell . This would result in•an accumulation o f
photosynthate in the sink region and then a decrease in the size of the
growth-sink for photosynthate in the elongating leaf .

In other physiological studies, where photosynthate sink size has
been manipulated by chemical, environmental or excision treatments, sub-
stantial reductions in the photosynthetic rate of the source leaf have
resulted (Humphries, 1963 ; Burt, 1966 ; Sweet and Wareing, 1966 ; King, ,
Wardlaw and Evans, 1967) . ' These studies have led to a revival . of interes t
in the source-sink hypothesis (Boussingault, 1868) which postulates tha t
the rate of photosynthate accumulation in the leaf is an internal facto r
controlling photosynthesis . The evidence for the source-sink hypothesi s
was reviewed by Neales and Incoll (1968), who concluded that while there is
a sound physiological basis for the hypothesis, its biochemical basis suffer s
from a lack of evidence . Subsequent to this review the photosyntheti c
carboxylating enzymes of both C3 and C4 plants have been shown to have al -
losteric properties (Preiss and Kosuge, 1970 ; Coombs, Baldry and Bucke ,
1973), thereby suggesting the possibility of photosynthate regµlation o f
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these enzymes . Despite these promising discoveries the mechanism of photo -
synthate regulation of photosynthesis in the source leaf remains to be de -
monstrated .

In spite of its unproven biochemical mechanism, the source-sink hy-
pothesis does provide a mechanism whereby mild water stress may decreas e
photosynthesis indirectly by causing photosynthate to accumulate in the
sink leaf and ultimately in the source leaf . Although much of the direc t
effect of water stress on reducing photosynthesis has been ascribed t o
stomatal closure (Brix, 1962 ; Troughton, 1969 ; Boyer, 1970b ; Kreideman an d
Smart, 1971), there is increasing evidence that changes in intracellular
processes also may be important (Slavik, 1965 ; Boyer and Bowen, 1970 ; Red-
shaw and Meidner, 1972) . None of the above workers measured photosynthate
levels in their plants, but Redshaw and Meidner (1972) did postulate tha t
the intracellular factor affecting photosynthesis in their experiments ma y
have been a photosynthate accumulation . In contrast Boyer and Bowen (1970 )
concluded that at leaf water potentials below -11 bars the intracellula r
factor affecting photosynthesis was a reduction in photochemical activity .
Other workers have reported no decrease in photochemical activity of plant s
until water stress became very severe (Nir and Poljakoff-Mayber, 1967 ; San-
tarius, 1961) . Consequently the mechanism of intracellular inhibition re -
mains an open question with the possibility of photosynthate regulation
under conditions of mild stress certainly not excluded . Finally it should
be noted that stomatal closure could result from prior changes in intracel-
lular processes ; e . g . Meidner (1962) has shown the size of the stomata l
aperture in corn leaves to be very sensitive to the internal C O2 concentration .

In addition to its possible regulation of photosynthesis, a reductio n
in cell expansion can also affect the relative plant growth rate, in th e
long term, by affecting the photosynthetic area available for light inter -
ception (Slatyer, 1973) .

Because of the importance of cell enlargement to the growth of the
plant and its susceptability to mild water stress a series of laborator y
experiments were conducted to, firstly examine the effects of temperature
induced mild water stress on leaf elongation and the effects of leaf elonga -
tion on other plant functions, and secondly to examine some of the ke y
axioms of the,source-sink hypothesis as applied to water stress . The ex-
periments included the measurement of leaf elongation, net photosynthesis ,
transpiration rates, and soluble carbohydrate levels of young corn plant s
subjected to different levels-of water stress of varying duration . Thes e
experiments were followed by studies of the effect of mild water stress ,
sufficient to reduce the rate of leaf elongation on the metabolism of bot h
the elongating leaf and the mature leaf supplying the elongating leaf wit h
photosynthate .
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SEQUENTIAL EFFECTS OF LOWERING THE ROOT TEMPERATURE

ON LEAF ELONGATION, PHOTOSYNTHESIS, AND TRANSPIRATIO N

Introduction

This experiment involved the simultaneous measurement of lea f
elongation, net photosynthesis, and transpiration rates at successivel y
lower values of i during short stress periods imposed sequentially b y
lowering the root ctemperature in small increments during a 12 hour period .
These measurements made the evaluation of the relative sensitivity of lea f
elongation, photosynthesis, and transpiration to water stress of increasin g
severity, possible .

The continuous measurement of photosynthesis and transpiration als o
made it possible to partition the diffusive resistances to carbon dioxid e
transfer into stomatal and mesophyll components . The theory and metho-
dology of these calculations is described in Appendix I .

The source-sink hypothesis postulates regulation of photosynthesi s
by a feed-back type mechanism operating at the molecular or organell e
level . Therefore, if such an intracellular mechanism is controlling th e
photosynthetic rate in a water-stressed plant, any decrease in the rate o f
photosynthesis should be accompanied by a concurrent increase in the meso-
phyll resistance to carbon dioxide transfer .

In this experiment, 2 to 3 week old corn plants were water stresse d
for periods up to 10 hours by rapidly lowering the root temperatur e
(Brouwer, 1964) . The simultaneous measurements of leaf elongation, photo -
synthesis, transpiration, and leaf water potential were conducted durin g
this short stress period . Because low root temperatures have been shown
to influence the activity of the shoot meristem in young corn plants (Watts ,
1972b), the influence of shoot meristem temperature on the above physio-
logical parameters also was evaluated .

Methods and Material s

Description of Apparatu s

In order to measure simultaneously the rate of net photosynthesis ,
transpiration and leaf elongation, and the leaf water potential, it wa s
necessary to construct a carbon assimilation system that incorporated an
in situ leaf thermocouple psychrometer and a linear variable differentia l
transducer (LVDT) .

An open carbon assimilation system operating in the differentia l
mode, similar to that described by Bierhuizen and Slatyer (1964) wa s
constructed . The system is illustrated diagrammatically in Figure 24 .
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A photograph of the equipment is shown in Figure 25 . The essential
features of this system are described below .

Air Control System . The first requirement of the system was t o
control the CO concentration, water vapor pressure, temperature an d
flow rate of the air entering the leaf chamber . A near constant CO2
concentration was attained by pumping atmospheric air through an ai r
inlet filter on top of the building and well removed from any exhaus t
ducts . The C02 concentration of the atmospheric air was free fro m
rapid variations, the maximum rate of change recorded being 2 vpm hour -1 .
Because the infrared gas analyzer (IRGA) was operated in the differentia l
mode using to inlet air as a reference gas, gradual variations less than
2 vpm hour

	

did not affect the precision of the CO 2 measurement .

The flow rate of entering atmospheric air, drawn from the roo f
by pump P 1 , was regulated by a valve V1 . The temperature and relativ e
humidity were adjusted by successive passage through two temperature con-
trolled water baths (B 1 and B 2 )

	

First 3the air was passed through a sin -
tered glass diffuser, containing 500 cm of distilled water, in water bat h
B 1 , saturating it at the temperature of B 1 , then it passed through a
copper coil in bath B

2
set at the temperature desired in the leaf chamber .

The relative humidity of the air directed to the leaf chamber was thu s
equal to the ratio of the saturation vapor pressure (S .V .P .) at the tem-
perature of the bath B over the S .V .P . at the temperature of the bath B 2 .
After passing bath B 2 the air flow was divided . The reference air steam
went directly to thedifferential psychrometer via regulating valve V
through a copper coil in bath B . The air stream enroute to the lea f3
chamber passed through regulating valve V2 and flowmeter F (1-9 L min - 1
capacity) to regulate and measure the flow rate . The proportion of inle t
air flowing through the reference and leaf chamber channels were regulate d
by V I and V2 respectively . After passing across the leaf in the lea f
chamer, the sample air flowed on through a copper coil parallel to th e
reference air line in bath B 2 to the differential psychrometer via exhaus t
valve V4 and a copper coil in bath B2 . The sample air flow was reduced t o
a rate equalling that of the reference air flow entering the differentia l
psychrometer by regulation of exhaust valve V 4 .

The sample and reference air streams then followed parallel, but
separate paths through the differential psychrometer, drying columns D 1 ,
D2 , switching valves V S , -V6 , V7 , regulating valves V8 , V9 , flowmeters
F2 , F3 (0 .1 to 1 .5 L min capacity) to the IRGA .

The twin drying columns were modified lucite laboratory gas drying
columns in which air passed first through indicating drierite then an -
hydrous magnesium perchlorate .

Switching valves V5 , V6 , V7 permitted entry of CO2 standards into the
system for calibration of the IRGA at the beginning of each run . Regulating
valves Vg and V9 are used to equalize the flow of the standard C O2 gases .
These valves (V9 and V9) did not regulate the flow of the leaf chamber an d
reference air, which was achieved by valves V1 , V2 , V3 , and V4 . Flowmeter s
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F22 and F3 monitored the flow rate of air in the reference and leaf chamber
cFiannels, respectively, coming from the differential psychrometer to th e
IRGA .

Throughout the gas system 0 .635 mm O .D . (1/4") copper tubing wa s
used wherever possible . Where flexible connections were required, 0 .635
rim O .D . (1/4") high density nylon tubing was used . All conections wer e
made with Swagelock gas-tight fittings .

Because the accuracy of the measurement of CO exchange is mos t
often limited by the accuracy with which the air flow through the lea f
chamber is known (Janac, Catsky and Jarvis, 1971), flowmeter F 1 was cali-
brated in situ with a wet test gas meter .

The Leaf Chamber . The leaf chamber wa s . constru6ted of lucite with
inside dimensions of 25 x 12 .5 x 2 .5 cm, as illustrated in Figure 26 .
The upper and lower surfaces of the chamber consisted of walls 1 .25 cm apart
forming water jackets, through which water from bath B2 was circulated b y
pump P2 (Figure 24) . .The leaf was held in position in the center of th e
chamber by nylon threads stretched across it . The air inlet and outlet on
opposite sides of the chamber consisted of 24 pairs of holes (0 .4 mm diameter )
spaced 1 cm apart along a 10 mm O .D . lucite distribution tube . An equal
number of holes faced downwards, and upwards at an angle of 45°, to ensure
equal air flow rate across each side of the leaf . Uniform air mixin g
within the chamber was ensured by two electric fans in the bottom of the
chamber whose speed was controlled by a variable DC power source . With
the leaf in position, an air tight seal between the upper and lowe r
half was obtained with thick (4 mm) closed-cell neoprene rubber . The
chamber halves were held together with 10 lightly tightened wing nuts .

A 40 SWG Type T thermocouple was attached to the center nylon sus-
pension thread so that it pressed against the underside of the leaf, for
leaf temperature measurements .

Transpiration Measurements . The transpiration rate of the leaf in
the leaf chamber was determined by measuring the difference between the
water vapor pressures of the air passing over the leaf and the reference
air stream with the differential psychrometer positioned in bath B2
(Figure 27) . The basic design of the differential psychrometer was simila r
to that described by Slatyer and Bierhuizen (1964) .

The sample and reference air streams were first brought to the same
temperature by passing through separate copper coils, soldered together
and placed in bath N . The air flows were then introduced to identical
wet bulb probes positioned in a 7 .5 x 5 x 5 cm lucit block also situated
in bath B (Figure 24) . A 40 SWG Type T thermocouple was placed a t
the tip or each lucite wet bulb probe which was covered with a small di-
ameter cotton sleeve wick . The probes were sealed and held at the cente r
of each inlet tube (6 .75 mm diameter) by 2 0-rings on the probe base s
(Figure 27) . The effective cross-sectional area of the wet bulb probe was



Figure 26 . The leaf chamber, with the top removed, showing the experimenta l
leaf held in place by the nylon threads, and the attachment o f

the in situ thermocouple psychrometer immediately outside th e
chamber .

OUT LET

r

Figure 27 . Cross-section of the wet bulb assembly of the differential
psychrometer used for transpiration measurements .
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15 .5 mm2 leaving a crIss-sgctional area of 20 .0 mm2 for air flow . 1
an air flow of 500 cm min , the ventilation rate was 12 .5 m min-4 . The
wick reservoirs were 25 ml scintillation vials with the caps glued to the
lucite block . The seals between bottle and cap were obtained with silicone
rubber gaskets .

A third thermocouple of the same type was placed in water bath B9 .
The thermocouples were wired to measure the difference between the wet bulb
temperatures of the air streams and the actual wet bulb temperature of the
air leaving the leaf chamber . The thermocouple output was measured wit h
a Keathley 150B Microvoltmeter and recorded on a potentiometric recorder .

For this differential psychrometer arrangement the psychrometri c
equations for the air streams may be written(Bierhuizen and Slatyer, 1 9.64 )
as

(ewr-er) = A(t-twr) ,

(ews -e
s ) = A(t-tws ) ,

where t is the temperature of the airstreams or the temperature of wate r
bath B since both air streams have passed through copper coils in thi s
bath, t and t are the wet-bulb temperatures of the reference and sampl e
air streams respectively, e and e are the respective saturated wate r
vapor pressures of the air streams aE this wet bulb temperature, and er and
es are the actual vapor pressures . A is the psychrometric constant .

Subtracting (24) from (25) yield s

Ae = er - es = A(twr-tws ) + (ewr-ews) .

	

(26 )

From this equation Ae, the difference in vapor pressure of the two ai r
streams caused by leaf transpiration can be calculated . since (t -t ) i s
measured with the differential

	

and

	

wr wspsychrometer

	

( ewr-ew ) can be obtained -
1from tables . Ae can be converted to water vapor concentration (c) in mg L

using the equation

Ae
c = P (e-)

s

where e and p are the saturation vapor pressure and density of wate r
vapor aE the B2 bath temperature, respectively . The transpiration rat e
(E) can be calculated using the equation

E=~5 ,

where S is the area of the leaf in the leaf chamber, and F is the flo w

and

(24)

(25 )

(27 )

(28 )
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rate through the leaf chamber measured with flowmeter F 1 . A sample cal-
culation of transpiration rate using the above method is presented i n
Appendix II .

The differential psychrometer was calibrated with a Cambridge Dew-Poin t
Hygrometer using saturated air at several temperatures . A wide range o f
relative humidities and air flow rates were used . A comparison betwee n
results obtained with the differential psychrometer and the Cambridge Dew-
Point Hygrometer is presented in Appendix III . The effect of air flow rate
on psychrometer response is illustrated in Figure 28 . It sows- hat maximum
wet bulb depression occurred at flow rates as low as 309 cm -Tin . The
IRGA ideally requires a gas flow rate of 500 to 1000 cm min , so that th e
differential psychrometer easily satisfied the design criteria of the system .

Photosynthesis Measurements . Net photosynthesis was measured by de -
termining the difference in CO concentration (AC 02) between the leaf chambe r
and reference air streams, witft an infrared gas analyzer (IRGA) . Before
passing through the IRGA the air streams were dried, because water vapo r
interferes with the measurement of CO 2 by the IRGA .

The photosynthetic rate was then calculated with the equatio n
AC02 x F

Pn

	

S

	

'

	

(29 )

where
-4

C0 2 is in mg L-1 , F is the flo! rate measured with flowmeter F 1 in
L min , and S is the leaf area in cm .

The IRGA was calibrated with standard CO mixtures . Air with a cali-
brated C02 concentration approximately equal to that of the air to b e
used in system was passed through both sample and reference tubes, while
the analyzer was zeroed . With this mixture flowing through the reference
tube, a calibrated mixture with a lower concentration (50-100 vpm lower )
was passed through the sample tube allowing the analyzer output to be ad-
justed to the sensitivity required . Within these narrow concentration
ranges the analyzer output was essentially linear and no further calibratio n
gas was required (Janac, Catsky and Jarvis, 1971) . In normal operation th e
analyzer output was recorded with a 10 my potentiometric strip chart recorder .

Light Source . Light was provided by a 2500 watt xenon long arc lam p
mounted in such a way that its height above the plant, and thus light intensity ,
could be easily varied . The lamp was equipped with a quartz outer and an
infrared (IR) inner filter to reduce excessive ultra-violet and IR trans -
mission (Jarman, Barlow, and Boersma, 1974) . With this filter combination ,
the lamp produced a visual spectrum similar to natural sunlight (Figure 29) .
Although the lamp still exhibited a prominant infrared peak at 900 nm, the
total energy emitted in the IR region was only 44% of the total radiation ,
which is very similar to natural daylight .

In addition to varying lamp height above the plants, the intensity o f
radiation could be varied by three choke taps . _9n the high power setting
the lamp produced a radiant flux of 965 watts m (1 .38 langley min ) an d
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a visual luminous flux of 7550 ft . c . at a distance of 38 cm from th e
burner . The radiant flux of the lamp on the medium and low power set-
tings were respectively 75 and 50 percent of the high power setting .

Leaf Elongation Measurements . The leaf length was monitored conti-
nuously with a linear variable differential transducer (LVDT), connecte d
to a potentiometric chart recorder (Hsiao, Acevedo, and Henderson, 1970 ;
Barlow and Boersma, 1972) . The LVDT is an electromechanical transduce r
which produces an electrical output proportional to the displacement o f
a separate moveable iron core . A cotton thread taped to the tip of the
youngest unrolled leaf connected it to the LVDT core via a low frictio n
pulley . The iron core weighed less than 2 g and did not affect the rat e
of elongation, after an initial stretching period .

Leaf Water Potential i . An in situ leaf thermocouple psychromete r
(Neumann and Thurtell, 1972Y constructed after the design of Campbell an d
Campbell (1974) was used to monitor the water potential of the leaf bein g
used for net photosynthesis and transpiration rate measurements . It was
supported by the leaf chamber, but attached to the leaf outside the cham-
ber . Before the psychrometer was attached to the leaf, the contact are a
was wiped with a Kimwipe moistened with xylene which removed part of th e
cuticle . The area was then cleaned with distilled water and thoroughl y
dried . The psychrometer was attached by placing the leaf in the slit o f
the block assembly and sealing the thermocouple assembly to the leaf wit h
a 90% lanolin-10% bees-wax mixture (Campbell and Campbell, 1974) . The
psychrometer output was measured with a Wescor HR-33 Dewpoint Microvolt -
meter . Prior to use, the psychrometer was calibrated using small piece s
of filter paper (Whatman #1) moistened with KC1 solutions of known wate r
potential .

The initial equilibration time of the thermocouple psychrometer ,
after it was attached to the leaf was 1-3 hours . In practice, the in situ
leaf psychrometer was always given an equilibration time of 12 hours o r
more by attaching it to the leaf the night before beginning experimenta l
measurements . After this initial equilibration period, the time necessar y
to adjust to changes in i was approximately 15 minutes . On corn it wa s
necessary to facilitate vapor transfer by removing part of the cuticl e
with xylene to achieve the indicated equilibration times . However, with
other plant species such as soybean and cocklebur cuticle removal was no t
necessary to obtain reasonable equilibration times . Apparently the stomata ,
situated in the enclosed area of the corn leaf, closed quickly in respons e
to the darkness imposed by the thermocouple assembly, making it necessar y
to obtain vapor equilibrium by the cuticular pathway .

Control of Root and Shoot Environment . A lucite root chamber mea-
suring 21 .5 x 19 .5 x 31 cm and insulated with polystyrene, was use& t o
control root temperature and soil water potential (Figure 24) . Tfie tempera-
ture of the osmotic solution in the chamber was controlled by continuousl y
circulating the osmotic solution through a heat exchanger placed in wate r
bath B3 (Figure 24) . The temperature of the soil contained in the cellulos e
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acetate membranes in this chamber was monitored by a type T thermocouple
placed in the so i l - This thermocouple was calibrated against a Hewlett -
Packard quartz thermometer .

The entire carbon assimilation system was situated in a controlled
environn.ent growth room.

Experimental Procedure

Corn (Zea mays L . var . Pride 5) plants were grown in a reach-in

	

'
growth chamber . When the plants reached the 7 leaf stage (2-3 weeks old) ; _
the roots were enclosed in a cellulose acetate membrane and placed in the
temperature controlled osmotic root chamber located in the controlle d
growth room set at 27 .5 + 1 C and a R .H . of 55 + 1% . Plants were placed
in the chamber one day before the experiments were initiated to allo w
acclimatization .

The bottom section of the leaf chamber together with the in situ
thermocouple psychrometer was placed on the 5th leaf of the corn plant ,
the night before the experiment was started . The narrow distal portion
of this leaf was cut off to enable a uniform broad section to be place d
in the chamber (Figure 26) . The cut end was sealed with a nonphytotoxi c
90% lanolin-10% bees-wax mixture .

Net photosynthesis, transpiration, and U were mets4ured on the 5t h
leaf because Hofstra and Nelson (1969) have shown by C translocatio n
studies on Pride 5 corn plants of the sale age, that the 5th leaf is th e
major source of photosynthate for the rapidly expanding 7th leaf .

On the morning of the experiment the LVDT was connected to the 7t h
leaf by a piece of cotton thread stuck to the tip of the leaf with a smal l
piece of "scotch" tape . At the beginning of each experimental run th e
IRGA was calibrated using standard C 0 2 mixtures, and the zero base lines o f
both IRGA and differential psychrometer were established by passing re-
ference air through both branches of the system, by-passing the leaf chamber .
The leaf chamber was then sealed by placing the upper half in position, and
connected to the gas system .

The height of the xenon lamp above the leaf chamber was adjusted in
each experiment so that the light intensity at the surface of the leaf
in the chamber wag about 381 W m

2
(3900 ft . c .) . The quantum flux wa s

753 p Einstein m s .

The temperatures of the water baths B11 and B2 (Figure 24) were adjuste d
so that the air entering the chamber was of the same temperature and relative
humidity as the growth room, namely 27 .5 C and 55% respectively .

Experimental measurements were commenced 1 1/2 - 2 hours after the
light was turned on by determining the initial nonstress rate of ne t
photosynthesis, transpiration, and leaf elorigatiori, at a root temperature o f
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27 .5 C . After steady state values were achieved at this temperature, th e
root temperature was decreased 3 .5 to 4 .5 C by lowering the temperature ,
of water bath B g . When the thermocouple, placed in the soil with th e
roots, indicated that a new equilibrium had been achieved, the plant was
allowed to grow for another 45 minutes at this temperature, before 4) root
and leaf temperatures were measured . Then the root temperature was lowere d
again and the procedure was repeated . In this manner the root temperature
was incrementally lowered to approximately 10 C to obtain a series o f
successively lower values of 4) .

In a second series of experiments the root temperature was maintaine d
at 27 .5 C while the temperature of the shoot apical meristem was varie d
between 5 and 30 C . This was accomplished by placing a lucite wate r
jacket around the meristem region of the corn stalk (Watts, 1972b) . The
lucite chamber, which was 5 cm high and 3 .2 cm in diameter, was sealed t o
the corn stalk with a catalytic type silicone rubber, the day before be -
ginning measurements . Water from bath B3 was circulated through the chambe r
to control meristem temperature . A type T thermocouple was inserted in the
outlet of the chamber to monitor its temperature . The experimental pro -
cedure discribed above was followed in these experiments . In all experi -
ments, measurements were completed within 10 hours of exposing the plants
to light .

Calculation of Transfer Resistance s

The total resistance to water vapor transfer by the leaf, ErH 0
was calculated from the equation (Appendix I) .

	

2

[H20] c-[H20] a
Er,,

	

=

	

E

E was the measured rate of transpiration . The water vapor concentratio n
within the leaf, [H20] was calculated from leaf temperature data, assumin g
the air within the leaf to be saturated (Gaastra, 1959) . The water vapo r
concentration [H .) 0] of the air entering the leaf chamber was measured b y
the reference wet bulb of the differential psychrometer . The boundary
layer resistance to C02 transfer r s measured with leaf models constructe d
of blotting paper, was 0 .96 sec cm .

The total resistance to C O 2 transfer was calculated from the equation

(30)

ErCO2

	

En
(31 )

[CO
2 ] a-[CO2 ] chl

Pn is the net photosynthetic rate, [C O2 ] a is the CO concentration of th e
air entering the leaf chamber, and [C0

2 ] c
1 is the C02 concentration

at the chloroplast fixation sites, which is assumed to be zero (Gaastra ,
1959) . The validity of the latter assumption has recently been challenged
by Whiteman and Koller (1968), who proposed that the C O2 concentration a t
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the compensation point provides a better estimate of [Co ] hl. However ,
it is unlikely that the assumption of [CO ] chl = 0 resulted in a significai t
error in these experiments because Forrester, Krotkov, and Nelson (1966) ,
and Moss (1971) have shown the C 02 compensation point of Zea mays L . to be
zero . F,!cause of the above observation and the impracticality of deter -
mining the C0 2 compensation point at each level of water stress, the
assumption

of[C02]chl 0 was used in these calculations .

The stomatal resistance to CO2 transfer was calculated from

DH2O

rS
= ErH2O(DCO ) -

ra.

2

A value of 1 .60 was used for the diffusitivity correction term (Fuller ,
Schettler, and Giddings, 1966) . The mesophyll resistance to C O2 transfer

. was calculated from the equation

rm = ErC02 -(ra + rs) .

	

(33)

A sample calculation of these resistances is presented in Appendix II .

Results and Discussion

Under the constant environmental conditions of the growth room th e
photosynthetic rate of nonstress control plants was almost constant for
a 12-hour light period (Table 25) . Consequently, the effects of tempera -
ture and water stress on photosynthesis and transpiration have been re -
ported as a percentage of the nonstress rate measured on the day
of experimentation .

The net photosynthesis values shown in Table 25 are somewhat lower
than those previously reported for Zel mays L . (Hesketh, 1967), because
the'light intensity was low (381 w m ) . This low light intensity wa s
used because higher light intensities were found to severely inhibit
leaf elongation (Figure 30 ) 2 The inhibition of leaf elongation, by the
light intensity of 980 w m was probably due to the direct inhibitor y
effect of light on leaf elongation (Sachs, 1965) and lowering of the leaf
water potential caused by the intense radiation (Figure 30) . The inhir
bitory effects of high light intensities and large radiant fluxes on leaf
elongation have been noted previously by Loomis (1934), and Hsiao, Acevedo ,
and Henderson (1970) . Therefore, because the aim of this experiment wa s
to measure the response oft leaf elongation to plant water stress, a lower
light intensity (381 w m ) that did not severly inhibit leaf elongation
(Table 25) was selected .

(32)
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Lowering the root temperature from 27 .5 to 10 .0 C in small increments
had a different e2iect on leaf elongation then on net photosynthesis and
transpiration (Figure 31) . The rate of leaf elongation decreased steadil y
with each decrease in root temperature until it reached zero at a roo t
temperature of 12 C . In contrast, net photosynthesis and transpiration
were still proceeding at more than 80% of the nonstress rate when the roo t
temperature reached 12 C . The effects of low root temperature on lea f
elongation are at least two-fold . Firstly, lowering the root tempera-
ture can decrease the rate of water adsorption by the plant roots an d
thereby induce water stress within the plant (Kuiper, 1964 ; Kleinendors t
and Brouwer, 1970) . In this experiment the

	

decreased with each de-
crease in root temperature below 27 .5 C (Figure 32), indicationg that low
root temperatures reduced the rate of water uptake by the root system .
However, the extent of this reduction was not constant with each decreas e
in root temperature, as there was a sharp discontinuity in the curv e
at a critical temperature in the vicinity of 13 C . This would indicate
a change in the activation energy for water transport at this critical
temperature . Discontinuous temperature response curves have been previousl y
reported for water uptake, membrane ATPase activity, membrane permeability ,
and mitochondrial respiration (Kuiper, 1964 ; Kemp, Groot, and Reitsma, 19 6.9 ;
Hope and Aschberger, 1970 ; Lyons and Raison, 1970) . The likely causes of _
these changes were recently reviewed by Kuiper (1972), who postulated that '
they may be correlated with changes in membrane structure . In particular ,
a hydrophobic melting of the membrane lipid molecules may begin at the
critical temperature resulting in a transition in membrane structure from
the lamellar to the globular phase, which is more permeable to water . S.udh
a structural change may be accompanied by a collapse of the ice-like water
structure to form polarized water around the lipid protein structure . It
is also possible that this change from the lamellar to the globular phase
could be caused by a change in the supply of metabolic energy resulting
from conformational changes of key enzymes .

The second manner in which soil temperature may influence the rate o f
leaf elongation is by directly affecting the temperature of the shoo t
apical meristem (Watts, 1972a, 1972b) . When corn is in the 7 leaf stag e
the apical meristem is close to the soil surface and tends to follow soi l
temperature rather than air temperature because of conduction up the stalk
and the flow of cold liquid up' the xylem (Beauchamp and Torrance, 1969 ; Watts ,
1972b) . Low soil temperatures do not affect directly the temperature of the
plant leaves (Beauchamp and Torrance, 1969) or their physiological function .
Consequently low root temperatures influence leaf elongation directly by
the temperature effect on the apical meristem and indirectly by lowerin g
i and cell turgor but only affect net photosynthesis and transpiration in -
directly by decreasing

c
.

In order to evaluate the effect of successively lower

	

values on
these functions, it was necessary to quantify the direct effect of low soil
temperatures on shoot apical meristem activity and leaf elongation in th e
absence of water stress . This was accomplished by growing corn plants a t
a soil temperature of 27 .5 C, and independently varying the temperature o f
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Figure 30 . Changes in leaf elongation (leaf 7) and leaf water potential
(leaf 5) during a 700 mi2ute illumination period at a hig h
light intensity (980 wm ) .
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Figure 31 . Steady state rates of leaf elongation (leaf 7), net photosynthesi s
and transpiration (leaf 5) of a corn plant with 7 unrolled leave s
at soil temperatures ranging from 10 to 30 C .
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the shoot apical meristem by enclosing it in a small lucite water jacke t
connected to a controlled temperature recirculating water bath . In this
manner, leaf elongation, net photosynthesis, and transpiration were measure d
at shoot apical meristem temperatures varying from 5 to 30 C (Figure 33) .

Lowering the shoot apical meristem temperature in small increment s
of 5 C did not affect net photosynthesis or transpiration Furthermore ,
the

	

of the experimental plant did not decrease by more than 0 .7 bar s
in any experiment . However, the shoot meristem activity, as measured by
the rate of leaf elongation was affected markedly by lowering its tempera -
ture . Unlike the effect of root temperature on * c , leaf elongation was a
continuous exponential function of meristem temperature down to 5 C . The
Q10 of leaf elongation throughout the entire temperature range was constant
of 1 .73 which was slightly lower than the Q 10 value of 2 for leaf growth
reported by Chao and Loomis (1948) and Watts (1972b) . The water jacke t
did not enclose all of the elongating region as well as the meristem, s o
that some elongation may have continued irrespective of the meriste m
temperature . Furthermore, the high evaporative demand in the growth roo m
caused a large flux of warm water to continuously move through the coole d
meristem, and it is unlikely that the temperature of the meristem inside
the enclosing leaf sheaths was as low as that of the circulating water .
Both factors would tend to decrease the observed Q 10 value .

The lack of an effect of the low meristem temperatures on net photo-
synthesis, transpiration, and * would indicate that these had little ef -
fect on translocation or other physiological functions, except for de -
creasing the apical meristem activity . This is consistent with the wor k
of Thrower (1965) and Weatherly and Watson (1969) who found that trans -
location was restricted somewhat at chilling temperatures, but that it did
not stop until the temperature was below 0 C .

The important observation from the meristem collar experiment (Figure
33) was that although decreases in the temperature of the apical meristem did
decrease the leaf elongation rate, meristem temperatures as low as 5 C did
not stop the leaf elongation . In contrast a soil temperature of 12 C
stopped leaf elongation (Figure 31) . Furthermore at temperatures ranging
from 15 to 30 C approximately 65% of the reduction in the rate of lea f
elongation can be attributed to the lowering of the apical meristem tem-
perature (Figure 34) . Below the critical temperature of approximately 13 C
the *c decreased rapidly (Figure 34) and sub-threshold cell turgor pressures
were probably the major factor limiting leaf elongation in this region
(Figure 34) .

The effect of p on net photosynthesis, transpiration, and leaf elonga -
tion can now be evaluated by plotting the

	

values obtained in the roo t
temperature experiment in Figures 35 and 36 . Duplicate experiments are
plotted separately because the * values for each plant at each soil tem -
perature were different and a composite curve of both plants lacked clarity .
It was not possible to make a quantitative correction for the effect o f
lowered meristem temperature on leaf elongation . Consequently the leaf
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Figure 35 . Steady state rates of leaf elongation (7th leaf), net photosyn -
thesis, and transpiration (5th leaf) of a corn plant with 7 un-
rolled leaves as a function of the water potential of the 5t h
leaf . Plant 1 .
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Figure 36 . Steady state rates of leaf elongation -(7th leaf), net pKotesyn-
thesis, and transpiration .(5th leaf) of a :corn plant with 7 un-
rolled , leaves as a function of ' the 'water potential of the 5th
leaf . Plant 2 .
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elongation rate plots in Figures 35 and 36 show leaf elongation rate de-
creasing prematur-ly because most of the reduction in leaf elongation a t
high

	

values (higher soil temperatures) is due to the effect of soi l
temperature on apical meristem activity .

The sensitivity of leaf enlargement to small changes in

	

(Hsiao ,
1973) was demonstrated clearly by the short term steady state measure -
ments of this experiment . Each decrease in the * resulted in a decreas e
in the rate of leaf elongation (Figures 35 and 364 . Leaf elongation even -
tually ceased at a * c of -9 .1 in one plant and -9 .6 bars in another, which
is in good agreement with the value of -9 .2 bars obtained by long term
steady-state measurements . Both Boyer (1970a) and Acevedo et al . (1971 )
reported that corn plants of similar age stopped leaf enlargement at a
* of -7 to -8 bars . The discrepancy between these estimates is probabl y
due to differences in light intensity as Boyer made his measurements in
the dark, and Acevedo et al . used a light intensity of 1100 ft . c ., which
is less than 1/3 of that used in this experiment . It is likely that th e
values of -9 .0 to -9 .5 bars obtained in these experiments more closel y
approximate the field situation .

Photosynthesis and transpiration responded similarly to decreasing
, although net photosynthesis was affected to a greater extent at an y

particular value of * c in both plants . Both net photosynthesis and tran-
spiration were decreaed slight by

	

values near -8 bars, but did no t
exhibit large decreases until values cof -11 to -12 bars were reached .
Sequential short term responses of leaf elongation, net photosynthesis ,
and transpiration have not been measured previously although Boyer (1970a )
related photosynthesis and leaf elongation to the

	

of corn in a wate r
stress study lasting several days and found a similar pattern to that il-
lustrated in Figure 36 .

Calculation of the diffusion resistances to C 0 2 transfer showed tha t
the decrease in net photosynthesis was due to increases in both the meso-
phyll ( rm) and stomatal resistances Us) (Figure 37) . The increases in
both r and r followed the same pattern and appeared to begin at appro-
ximatefy the same degree of stress . The mesophyll resistance increased a
little more than the stomatal resistance with increasing stress, but the
ratio of the resistances remained approximately the same . The increase s
in r , which indicate a degree of nonstomatal control over net photosyn-
thesrs during water stress may result from physical, photochemical, bio-
chemical, or metabolic factors affecting the rate of net photosynthesis .
These can not be specifically identified because r was calculated as a
residual term. A number of workers have recently reported similar increase s
in r under water stress conditions (Slatyer, 1973 ; Hansen, 1971 ; Redshaw
and Leidner, 1972) . Redshaw and Meidner (1972) concluded that the increase s
in r of water stressed tobacco plants were probably due to an increase i n
the rate of CO evolution or an increase in the chemical resistance to C 02
fixation . An increase in the respiration rate that increased the compen -
sation sation point above zero, would have produced an artificial increase in rm
in this experiment as the assumption [CO ]

	

=0 would no longer be correct .
2

However, Wesselius and Brouwer (1972) reported the respiration rate of wate r
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stressed corn to increase by less than 2 percent, and, therefore, it is
unlikely that increased respiration rate was the cause of the .increase in
rm in this experiment .- Boyer (1971) and Wesselius and Brouwer (1972) d e-
monstrated nonstomatal influences on photosynthesis, in water stressed
sunflower and corn plants by using elevated C O2 concentrations . Boyer and -
Bowen (1970) illustrated that the reduction of photosynthesis-.in sunflower
leaves was paralleled by the loss of Hill reaction activity in vitro .

In summary it would appear that the nonstomatal factors influencin g
photosynthesis could be physical constrictions impeding the transfer
of CO2 to the fixation sites, a loss of photochemical activity, or bio-
chemical inhibition of carboxylation reactions . All these mechanism s
have been proposed by Neales and Incoll (1968) as possible consequences
of photosynthate accumulations in the photosynthetic source leaf . There-
fore the possible mechanisms of nonstomatal control of photosynthesis ar e
at least consistent with the source-sink hypothesis under consideration .
Although photosynthate levels were not measured in this experiment, the
different sensitivity of leaf elongation and photosynthesis to-water stress
(Figures 35 and 36) would make the accumulation of photosynthate likely a t
moderate water stresses (-8 to -11 bars) . 'However, this experiment did no t
establish a cause and effect relationship .

* .
The parallel responses of net photosynthesis and transpiration to

increasing water stress, coupled with an increase in r, recorded in thi s
study, are worthy of further comment because they illustrate, aptly, a
point made by Hsiao (1973) in a recent review of water stress effects on
growth . Although much of the evidence in favor of a dominant stomata l
control of photosynthesis during water stress is based on studies showing
a close parallel between photosynthesis and transpiration responses to
water stress (Brix, 1972 ; Barrs, 1968 ; Boyer, 1970b ; Hansen, 1971), this - .
does not rule out the possibility of nonstomatal involvement particularl

y if the stomata are regulated by CO 2 concentration inside the leaf .

Finally the rapid physiological responses of the young corn plants
to water stress illustrated in this experiment may be indicative of plant
response in the field to the diurnal cycle of water stress . The sensitivity
of leaf elongation to high light intensity, soil temperature, and iU reported
is in good agreement with earlier gbservations by Loomis (1934) tha€ lea f
elongation is reduced, frequently, by adverse environmental conditions in
the field, and often may be restricted to dark periods . Grobbelaar (1963 )
in a study of the responses of young corn plants to root temperature found
that leaf area, rather than net dry matter production per unit'weigh t
(photosynthesis) was the main determinant 'of differences in relativ e
growth rate . Leaf enlargement may he a Very imrortant factor limitin g
production in similar situations .
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EFFECT OF REDUCED LEAF ELONGATION O N

PHOTOSYNTHESI S

Introduction

Results of the experiments discussed above suggested that a mod-
erate water stress (-9 to -12 bars) may cause an accumulation of photo-
synthate in the sink leaf and ultimately in the source leaf by decreasin g
the size of the growth sink within the rapidly expanding young leaf . It
was proposed that this carbohydrate accumulation in the source leaf could _
be one of the nonstomatal factors causing the photosynthetic rate to de-
crease during mild water stress . Several other workers also have propose d
that decreased leaf elongation (Wardlaw, 1969 ; Boyer, 1970a) or decrease d
translocation of photosynthate (Zolkevick, Drusakova, and Lizandr, 1958 ;
Hartt, 1963) could lead to accumulation of photosynthate in the source lea f

thus regulating the photosynthetic rate . However none of these worker s
have directly measured photosynthesis in relation to photosynthat e
accumulation in the whole plant situation . It was pointed out above tha t
the direct association of photosynthate accumulation with reductions in
rate of photosynthesis is of prime importance in establishing the validit y
of the source-sink hypothesis where applied to plant reactions to water

stress .

Experiments were designed seeking to establish a relationship between
sink size, photosynthate accumulation, and photosynthetic rate by mani -
pulating the rate of leaf elongation with the aid of changes in soil or
apical meristem temperature . It was reasoned that if photosynthate ac -
cumulates in the plant in response to a decrease in the size of the growt h
sink, then the pattern of photosynthate accumulation in plants stressed b y
lowering the soil temperature should be different from that of plant s
stressed by lowering the temperature of the apical meristem . It was
shown that lowering the soil temperature adversely affected the rate o f
elongation of the 7th leaf, by decreasing the temperature of the apical
meristem, as well as by decreasing the plant water potential . This de-
crease in

	

also would reduce the rate of cell enlargement of the 6t h
leaf, whichcis importing little photosynthate (Hofstra and Nelson, 1969 )
but is still expanding . Therefore if the growth sink in this leaf i s
reduced, photosynthate produced in this leaf may accumulate . Consequently
lowering the soil temperature may result in the accumulation of photosyn-
thate in the source leaf 5, the independent leaf 6, and the sink leaf 7 .

	

1

In contrast, inhibiting leaf elongation by lowering the temperatur e
of the apical meristem may result in the accumulation of photosynthat e
only in the source leaf 5 and the sink leaf 7 . Photosynthate may
not accumulate in the independent leaf 6 because this leaf is growin g
predominately by cell expansion using its own photosynthate (Sharman ,
1942) and the low temperature of the meristem should not affect it s
growth .
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Methods and Materials

Corn plants in the 7 leaf stage were placed in the temperature con-
trolled root chamber of the carbon assimilation system in an identica l
manner to that described above . An initial nonstress measurement of lea f
elongation, net photosynthesis, and 4 were taken at a soil temperature o f
27 .5 C . The soil temperature was then rapidly lowered to 15 C and ne t
photosynthesis, leaf elongation ; and * were monitored for 6 hours at thi s
soil temperature . At the end of the 6chour period samples were take n
from leaves 5, 6, and 7 and placed in a freezer at -15 C to be analyze d
for soluble carbohydrate content . The entire leaf and sheath portions o f
leaves 6 and 7 were sampled, whereas only the leaf chamber portion of lea f
5 was sampled . Control plants for carbohydrate analysis were grown at a
soil temperature of 27 .5 C- or the same duration and under identica l
light intensities (381 w m ) . Each experiment was replicated thre e
times .

Apical meristem temperature was lowered by passing 6 C wate r
through the lucite meristem collars described above . The experimental
procedure was the same as described for the soil temperature experi -
ment with the exception that control plants without meristem collar s
were run concurrently in this experiment .

Soluble carbohydrates were extracted with 80 percent ethanol and
measured by the anthrone method . As the dry weight of the sampled leave s
could not be determined, the dry weight of the 80 percent-ethanol-insoluble
residue was determined . Soluble carbohydrate content then was reported
as a percentage of the 80 percent-ethanol-insoluble residue .

Results and Discussion

Lowering the soil temperature to 15 C for 6 hours caused

	

to
decrease rapidly to values between -8 .5 and -9 .5 bars . There was a ten-
dency for * to continue to decrease slightly during the 6 hour stres s
period but €hese decreases never exceeded 1 .0 bar and

	

did not fal l
below -10 bars in any treatment . The small decrease inc the leaf elonga -
tion between 80 and 360 minutes (Figure 38), is probably a result of thes e
small decreases in . The net photosynthetic rate was more than 80 per -
cent of the initial nonstress rate, when

	

was greater than -10 bar s
(Figure 34) . Therefore it is unlikely tha€ the 47 percent reduction in
the rate of net photosynthesis after 360 minutes at a soil temperatur e
of 15 C was due to a decrease in *c per se (Figure 38) .

The soluble carbohydrate levels of leaves 5, 6 and 7 were increased
significantly by the 6 hour stress period at a soil temperature of 15 C
(Table 26) . Although the carbohydrate increases in leaves 6 and 7 wer e
1 1/2 to 2 times that in leaf 5, this may not be significant becaus e
leaf 5 was more mature and only the blade portion within the leaf chamber
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was analyzed . These increases in soluble carbohydrates indicate tha t
the 80 to 90 percent reduction in leaf elongation (leaf 7) caused by the
soil temperature stress, effectively reduced the size of the leaf growt h
photosynthate sinks . Lowering *c caused photosynthate accumulations o f
approximately the same magnitude in the sink leaf 7 and the independent
leaf 6 . This was predicted because of the general effect of decreased c
on cell enlargement (Boyer, 1968 ; Green, 1968) .

Table 26 . Effect of lowering the soil temperature from 27 .5 C to 15 C fo r
6 hours on the rates of leaf elongation (leaf 7), net photo-
synthesis (leaf 5), and the soluble carbohydrate content o f
leaves 5, 6, and 7 .

Parameter Stress Control Significance

Soluble carbohydrates LSD0 .05
0 .05

(% Res . wt . )

Leaf 5 37 .6 29 .5 3 . 2
Leaf 6 43 .3 29 .4 7 . 2
Leaf 7 71 .3 49 .2 11 . 4

Photosynthesi s

(mg C02dm 2hr-1 ) 14 .1 26 .4 6 . 6

Leaf elongation

7 .5 56 .2 8 . 7(um min 1 )

The decrease in the size of the photosynthate sink in leaf 7, and
possibly other photosynthate sinks in the plant as well caused the soluble
carbohydrate level of the source leaf 5 to increase by 27 percent . This
increase was accompanied by a 47 percent decrease of the net photo -
synthetic rate of this leaf . The pattern of decrease in the photosyntheti c
rate was almost linear from 97 percent to 53 percent of the initial rate .
In contrast, leaf elongation decreased rapidly to 25 percent of its pre -
stress rate and declined very slowly for the remainder of the stress perio d
(Figure 39) . If photosynthesis is regarded as a measure of source activit y
and leaf elongation as a measure of sink size, it follows that the patter n
illustrated in Figure 39 corroborates the present concept of source-sin k
regulation (Neales and Incoll, 1968) . Namely, that a large decrease in
sink size is followed by a gradual decline in source activity as photo -
synthate accumulates, first at the sink and then at the source .

When leaf elongation was decreased by lowering the temperature of the
apical meristem region to 6 C the *c remained relatively constant an d
did not fall below -7 bars throughot the experiments . The pattern of re-
action of photosynthesis and leaf elongation to this treatment was simila r
to that produced by lowering the soil temperature (Figure 39) . However
there were some important differences .

Difference

	of Control

127 . 4
147 . 3
144 . 9

53 . 4

13 . 3
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Figure 39 . Effect of lowering the shoot apical meristem temperature fro m
27 .5 to 6 .0 C on the rates of leaf elongation (leaf 7) and ne t
photosynthesis (leaf 5) of a 7 leaf corn plant .

O

94



The reduction in net photosynthetic rate of 24 percent caused by th e
decrease in the size of the photosynthetic sink was approximately one-half
that caused by lowering the soil temperature to 15 C (Table 27) . Ther e
are two possible explanations for this result . Firstly, the reduction in
the rate of leaf elongation was smaller than that produced by lowering the
soil temperature . Secondly, as predicted in the introduction, the meriste m
collar produced a more specific metabolic effect than the general wate r
stress produced by the soil temperature treatment . This more specific ef -
fect would affect fewer photosynthate sinks within the plant . Although
Hofstra and Nelson (1969) found leaf 7 to be the major photosynthate
sink for leaf 5, the sum of all other sinks in the plant accounted fo r
more of the photosynthate produced in leaf 5 than did leaf 7 . The lack
of a significant increase in the soluble carbohydrate level in leaf 6
is further evidence to support this point (Table 27) .

Table 27 . Effect of lowering the shoot apical meristem temperature fro m
27 .5 C to 6 C for 6 hours on the rates of leaf elongatio n
(leaf 7), net photosynthesis (leaf 5), and the soluble carbo -
hydrate content of leaves 5, 6, and 7 .

Parameter Stress Control Significance Difference

Soluble carbohydrates LSD of Control
(% Res . wt .)

0 .05
0 .05

Leaf 5 38 .2 31 .1 4 .2 122 . 8
Leaf 6 30 .2 31 .4 n .s . 96 . 5
Leaf 7 73 .6 52 .7 7 .1 139 . 7

Photosynthesis

(mg C02dm 2hr-1 ) 19 .2 25 .2 1 .1 76 . 2

Leaf elongation

10 .3 48 .3 8 .5 21 . 3(um min 1)

The significant increase in the soluble carbohydrate levels of leaves
5 and 7, but not leaf 6, when leaf elongation is decreased by lowering the
temperature of the apical meristem, is consistent with the hypothesis put
forward in the introduction of this chapter . Therefore, the photosynthat e
accumulations measured in this experiment are a result of a decrease in
the size of the photosynthate sinks . More specifically, the large reduc-
tions in the rate of leaf elongation that occur under mild water stres s
conditions can lead to photosynthate accumulations in the source leaf and a
subsequent reduction in photosynthetic rate . This indirect effect of wate r
stress on net photosynthesis had not been previously demonstrated .
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APPENDIX I

Outl: .ie of the Theory and Methodology Involved in the
Computation of the Diffusive Resistances to Carbo n

Dioxide Flow During Photosynthesi s

The ease with which CO
2

moves into a leaf in the process o f
photosynthesis and the ease with which water vapor moves out of the
leaf in the process of transpiration, exerts a large influence on the
rates of these processes . The resistances encountered by CO 2
molecules moving into the leaf to the fixation sites in the chloroplasts ,
may be used to quantitatively describe the physiological response s
that may limit the rate of photosynthesis . The resistance s
encountered by water vapor molecules may be used in a similar
manner . Along each diffusion pathway there are several discrete
segments which may be identified by position or transfer mechanism .
As several of these pathway segments are common to both CO2 and
water vapor, the simultaneous measurement of photosynthesis and
transpiration enables all resistances to be either measured or cal -
culated .

The diffusion resistances encountered by water vapor leavin g
the leaf are r the stomatal resistance and r the boundar y
layer resistance . CO entering the leaf follows the same pathway and
therefore encounters the same boundary layer and stomatal resist -
ances . However, as CO I must also dilfuse'from the substomata l
cavity to the carbon fixation sites in the mesophyll or bundle sheath
cells, a further CO2 resistance, the-mesophyll resistance (r m) is
defined (Gaastra, 1959) . As these resistances are in seriesthe tota l
resistance is equal to the sum of the individual resistances (Bange ,
1953) . Neglecting the negligible C O2 and water vapor transfer through
the cuticle (Jarvis, 1971) the total resistances to C O2 and water vapo r
transfer may be written

ErH20 = ra

	

s+

r = ra + rs + rm .rCO
2

The resistances are quantified in the following manner . The transfer
of CO2 into and water vapor out of the leaf occurs by molecular diffu -
sion, therefore by Fick's first law, the net flux of mass per uni t
area and time q , anywhere within the pathway is proportional to the
gradient of partial pressure, or at atmospheric pressure, the gra-
dient of concentration dc/dz so that ,

dc
qv = -Dv dz ,

	

_ A-3

and

A-1

A-2
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[H20]cE[H20]a
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2

where E is the transpiration rate [K m-2 s-l ], [H20] and [H20] c are
the water vapor concentration [Kg m ] in the air ana interior of th e
leaf respectively . The stomatal resistance (r s ) can be obtained by

• Iirst estimating the boundary layer resistance (r a) .

rs = ErH2O - r
a .

	

A-8

	

The boundary layer resistance r a can be measured by determining

	

- '
the rate of water loss from blotting paper leaf models with similar geometr y
to the leaf . The total resistance to CO 2 transfer is obtained from
the equation

[C0
2 ] a

-[CO
2 ] ch .

[s m
-l

] ,

	

A-9
PH

, where PN is the net photosynthetic rate [Kg m-2s-l ], [C02 ] a and
[C02]c 17 are the CO 2 concentrations in the air and at the chloro -
plast ilxation sites respectively, As r

a
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calculated from the transpiration rate, the mesophyll resistance ( rm)
can be calculated from the equation

DH 0
rm = ErCO - (rs + ra) (D

2
)

2

	

C02
A-10

where the correction term (DH 0
/D
C0 ) is necessary to accoun t

for the difference in effective molecular diffusivities of C O2 and
water vapor .

Although the mesophyll resistance was defined as a diffusio n
resistance, its estimation as a residual resistance by the above
method means that it contains all that is not accounted for by the
stomatal and boundary layer resistances and therefore includes photo -
chemical and biochemical processes unrelated to the transfer of C O2
through the cell . In this study the use of mesophyll resistance a s
a residual term was practically expedient, because the study aime d
to differentiate between stomatal and nonstomatal influences reducin g
the photosynthetic rate during plant water stress .

II

104



APPENDIX II

Calculation of Transpiration Rates From Differentia l
Psychrometer Reading s

Data From Chart Recorder

AT, : the temperature difference between reference and sampl e
wet bulbs was 101 p V

AT2 : the temperature difference between reference wet bulb an d
water bath B 2 (27 .5 C) was -240 pV

thermocouple calibration was 41 pV per degree C .

Therefore,

OT, = 2 .46 C

AT 2 = -5 .85 C .

As reference temperature was 27 .5 ,

T r , temperature of reference wet bulb is 21 .65 C
(27 .50-5 .85)

Ts , temperature of sample wet bulb is 24 .11 C (T r + LiT1 ) .

From Equation 26,

Lie = es - er = A(tws-twr) + (ews-ewr) ,

where (tws - twr) is Li
T 1 and e

s
and e r are the saturated vapo r

pressures at T and T respectYvely . X, the psychrometric constant ,
is 0 .667 mb vapor pressure per degree C, so tha t

Le = (0 .667 x 2 .46) + (30 .011 - 25 .871) ,

Lie=5.78mb

The saturated vapor pressure (e ) at 27 .5 C is 36 .71 mb and the ,
density of water vapor (p) in saturated air at 27 .5 C is 26 .46 mg L .

and
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From Equation 27,

c = A(ee) ,
s

c = 26 .46 x.(5 .78/36 .71) ,

c = 4 .17 mgL 1 .

If the leaf area in the chamber is 40 c m2 and the flow rate through
the chamber is 3 .63 L min , the transpiration rate. E is ,

E = 4 .17 x (3 .63/40) ,

E = 0 .378 mg cm
-2min 1 ,

E = 2 .271 g dm -2hr-1 .

Pn = 30 .9 mg CO2 dm 2hr-1 = 0 .086 pg CO2 cm2s- 1

E = 2 .407 g H2 O dm 2hr_1 = 6 .686 pg H2O cm 2 s-1

T
c

= 30 .00 C

Ta = temperature of air entering the chamber = 27 .50 C

T r = temperature of reference wet bulb = 21 .65 C

r
a
= 0 .96 s cm- l

[CO ] a = 345 vpm = 0 .610 pg c m - 2
2

[CO2}

	

= 0 vpm

The saturated vapor pressure at 21 .65 C is 25 .87 mb and the _ 3
density of water vapor in saturated air at 27 .5 C is 26 .46 pg cm .

Calculation of CO2 Transfer Resistances From Photo -
synthesis, Transpiration, and Leaf Temperature Dat a
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The water vapor concentration of the air entering the lea f
chamber is

[H20] a = 26 .46 (25 .87/36 .71)

= 18 .65 pg cm
3

The water vapor concentration inside the leaf is the-later vapor
density of saturated air at 30 .00 C, which is 30 .34 pg cm

[H20] c = 30 .34 ug cm-3 .

Substituting in Equation 30

=
[H20] c-[H20]a

ErH2O

	

E

30 .34 - 18 .65

	

-1
6 .686

	

s cm

	

,

= 1 .75 s cm
1

The total resistance to CO2 transfer is calculated from Equation
31,

[C0
2 ] a-[CO2 ] chl

ErC02 =

	

Pn

. = 0 .610/0 .86 s cm- l

=7.09scm l

As DH
0/Dc0

is 1 .60 and ra is 0 .96 s cm-l the stomatal resistance
2

	

2
to CO2 transfer is,

DH
2
0

rs
= ErH2O(DCO ) - r

a

2

(1 .75 x 1 .60) - 0 .96 ,

=1.84scm l

The mesophyll resistance to CO2 transfer is

rm = ErCO2 - (ra + rs) ,

= 7 .09 - 2.8 ,

= 4 .29 s cm- l
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